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Abstract

Medium scale morphodynamics. Along many coastlines in the world tidal flat areas
can be found. Their morphology is generally changing at varying temporal and spatial
scales due to natural influences, e.g. tides and waves, and anthropological activities,
such as the construction of coastal structures and dredging. The processes which are
responsible for these morphological changes are the hydrodynamics and the sediment
transport. Depending on the bathymetry, these processes can be highly complex. The
morphological changes on the medium scale are here defined as changes on the scale of
tidal channels, tidal flats and sand banks. Their dynamics occur on the medium term
periods of up to about ten years.

Analysis of the relevant morphodynamic processes.The understanding of the
hydrodynamics and sediment dynamics can be improved through a variety of measure-
ments as well as by representing the processes in a mathematical model. Both methods
have been applied to analyse the relevant processes for the medium scale morphological
evolution over the last twenty years of the tidal channel system of the central Dith-
marschen Bight, a tidal flat area on the German coast in the southeastern North Sea.
Extensive field data of the hydrodynamics and sediment dynamics have been analysed
and a complex numerical model was set up.

Analysis of observed morphological evolution and relevant processes. The
tidal channel system in the central Dithmarschen Bight consists of two channels that
connect to the open North Sea and merge in the middle of the area to form a single
channel that penetrates further into the tidal flat area. Enclosed by and adjacent to
these channels several tidal flats and shoals are found. The large mean tidal range of
3.2 m and incoming waves of up to 3.5 m, in combination with mean sediment grain
sizes in the order of 100 to 250 µm, allow for significant medium scale morphological
changes. These include a general narrowing and deepening of the channels, channel
migration and a shoreward migration of the enclosed tidal flat.

Modelling of the medium scale morphodynamics. Partly in previous works,
extensive calibration and validation studies have been carried out for the individual
process models for flow, waves and sediment transport. The resulting models have
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been coupled to a model for morphological updating to form a morphodynamic model.
An approach has been followed in which a limited number of representative condi-

tions in terms of tides, swell, wind and storm conditions were defined. The obtained
representative tidal cycle has a tidal range close to the mean tidal range in the area,
slightly (7 to 20 %) lower than the ranges proposed in literature. The influence of storm
conditions on the morphodynamic model results was found to be very limited and these
have thus been considered as part of the representative swell and wind climates. These
climates were considered as first estimates and have been adjusted in the calibration.

The morphodynamic model has been calibrated and validated, considering the
medium scale morphological evolution over periods of approximately ten years. The
evaluation of the model results was based on the changes in the location of depth
contours, volumetric analysis of several sub-domains and comparison of the medium
scale sedimentation and erosion patterns. The most significant improvements in the
calibration were achieved by adjustment of the representative swell and wind climates
and by the application of a variable definition of the Bijker’s constant in the applied
sediment transport formula. It led to a model that reproduced the majority of the
observed medium scale morphodynamics rather well. The validation showed that the
medium scale behaviour of the investigated area can be properly represented by the
morphodynamic model.

Analysis of modelled morphodynamic processes. The validated morphodynamic
model has been applied to analyse the significance of the main driving forces, i.e. tide,
swell, locally generated waves and wind, for the medium scale morphodynamics, on the
basis of comparisons of the modelled morphological changes over a period of two years.
It could be concluded that the tidal and swell conditions have the most significant effects
on the western and middle parts of the study area, which could thus be classified to be
mixed energy coastal areas. The eastern, sheltered part could be identified as highly
tide-dominated.

The main driving force behind the observed expansion of the central tidal flat Ter-
tiussand to the Northeast and South, as well as the erosion of its western part, was
concluded to be swell. The medium scale morphological evolution of the investigated
area mainly depends on the balance of the tide, responsible for initiating and main-
taining the channels, and the swell, causing an equalising of the tidal flats and channels.

Prediction of ten years of morphological evolution. The extensive calibration
and validation of the medium scale morphodynamic model, as well as of the underlying
individual process models, gives good confidence in the prediction of the morphological
evolution over periods of about ten years. The model predicts the breakthrough of the
tidal flat Tertiussand, causing some significant morphological changes.
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Zusammenfassung

Mesoskalige Morphodynamik. Viele Küstengebiete der Erde bestehen aus Wattge-
bieten. Deren Morphologie ändert sich im Allgemeinen in variierenden zeitlichen und
räumlichen Skalen auf Grund von natürlichen Einflüssen wie z.B. Tiden und See-
gang, und anthropologischen Eingriffen wie z.B. den Bau von Küstenbauwerken und
Baggermaßnahmen. Die Prozesse, die für diese morphologischen Änderungen verant-
wortlich sind, sind die Hydrodynamik und der Sedimenttransport. In Abhängigkeit
der Bathymetrie können diese Prozesse hochkomplex sein. Die mesoskaligen morpho-
logischen Änderungen sind hier definiert als Änderungen in der Größenordnung von
Tiderinnen, Wattflächen und Sandbänken. Deren Dynamik erfolgt in mittelfristigen
Perioden von bis zu etwa zehn Jahren.

Analyse der maßgeblichen morphodynamischen Prozesse. Das Verständnis
der Hydrodynamik und der Sedimentdynamik kann durch eine Vielzahl von Messun-
gen sowie durch die Abbildung der Prozesse in einem mathematischen Modell verbessert
werden. Beide Methoden wurden verwendet, um die maßgeblichen Prozesse der mesoskali-
gen morphologischen Entwicklung der letzten zwanzig Jahre im Gebiet der zentralen
Dithmarscher Bucht zu analysieren, ein Wattengebiet an der deutschen Küste in der
südöstlichen Nordsee. Umfangreiche Naturmessungen der Hydrodynamik und der Sedi-
mentdynamik wurden analysiert und ein komplexes numerisches Modell wurde erstellt.

Analyse der beobachteten morphodynamischen Entwicklung und maßgeb-

liche Prozesse. Das Gebiet in der zentralen Dithmarscher Bucht besteht aus zwei
Rinnen, die mit der Nordsee verbunden sind und sich in der Mitte der Bucht zu einer
dritten Rinne vereinigen, die weit in das Wattengebiet hineinreicht. Eingeschlossen
und angrenzend an diese Rinnen befinden sich mehrere Wattflächen und Untiefen. Der
große mittlere Tidehub von 3.2 m und Wellen von bis zu 3.5 m in Verbindung mit mitt-
leren Korngrößen von 100 bis 250 µm lassen signifikante mittelfristige Änderungen zu.
Diese beinhalten eine generelle Verengung und Vertiefung der Rinnen, Rinnenmigration
und eine landwärtsgerichtete Verlagerung des eingeschlossenen Wattengebietes.

Modellierung der mesoskaligen Morphodynamik. Teilweise in vorangegangenen
Arbeiten, wurden umfangreiche Kalibrierungs- und Validierungsstudien für die einzel-
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nen Prozessmodelle für Strömung, Wellen und Sedimenttransport durchgeführt. Die
entstandenen Modelle wurden zu einem morphologischen Update-Modell gekoppelt um
zusammen ein morphodynamisches Modell zu bilden.

Ein Ansatz wurde verwendet in dem eine begrenzte Anzahl von repräsentativen
Bedingungen im Hinblick auf Tiden, Dünung, Wind und Sturmbedingungen definiert
wurde. Der daraus entstandene Tidezyklus hat einen Tidehub, der in der Nähe des
mittleren Tidehubs liegt. Dieser ist niedriger (7 bis 20 %) als die in der Literatur
vorgeschagene Tidehübe. Der Einfluss von Sturmbedingungen auf die Ergebnisse des
morphodynamischen Modells stellte sich als sehr begrenzt heraus und wurde deshalb
als Teil der repräsentativen Dünungs- und Windklimas berücksichtigt, die als erste
Abschätzung angesehen und während der Kalibrierung angepasst wurden.

Das morphodynamische Modell wurde unter Berücksichtigung der mesoskaligen
Entwicklung in einem Zeitraum von etwa zehn Jahren kalibriert und validiert. Die
Auswertung der Modellergebnisse basiert auf den Änderungen von Tiefenlinien, vo-
lumetrischen Analysen von verschiedenen Teilgebieten und Vergleich von mesoskali-
gen Sedimentations- und Erosionsmustern. Die signifikantesten Verbesserungen in der
Kalibrierung wurden durch die Anpassung der repräsentativen Dünungs- und Wind-
klimas und durch die Anwendung einer variablen Definition der Bijker Konstanten in
der verwendeten Sedimenttransport-Gleichung erzielt. Dies führte zu einem Modell,
das die Mehrheit der beobachteten mesoskaligen morphodynamischen Änderungen gut
nachbilden kann. Die Validierung zeigte, dass das mesoskalige Verhalten des Unter-
suchungsgebietes vom morphodynamischen Modell passend nachgebildet werden kann.

Analyse der modellierten morphodynamischen Prozesse. Das validierte mor-
phodynamische Modell wurde angewandt, um die Bedeutung der wichtigsten Antriebs-
kräfte, d.h. Tide, Dünung, örtliche Windsee und Wind für die mesoskalige Morphody-
namik zu analysieren, auf der Basis von Vergleichen zwischen modellierten morpho-
logischen Änderungen im westlichen und mittleren Teil des Untersuchungsgebietes.
Deshalb kann dieser Bereich als mixed energy klassifiziert werden. Der östliche, geschütz-
te Teil des Gebietes wurde hingegen als stark tide-dominiert identifiziert.

Die wichtigste Kraft für die beobachtete Ausbreitung des Wattgebietes Tertiussand
in Richtung Nordost und Süd, sowie die Erosion dessen westlichen Teils ist Dünung. Die
mesoskalige morphologische Entwicklung des Gebietes ist hauptsächlich abhängig vom
Gleichgewicht der Tide, die die Ursache für die Schaffung und Erhaltung der Rinnen
ist, und der Dünung, die einen Ausgleich zwischen Wattflächen und Rinnen verursacht.

Zehnjährige Vorhersage der morphologischen Entwicklung. Die umfangrei-
che Kalibrierung und Validierung des morphodynamischen Modells, sowie der zugrun-
deliegenden Prozess-Modelle gibt Vertrauen in die Vorhersage der morphologischen
Entwicklung über einen Zeitraum von zehn Jahren. Das Modell sagt einen Durchbruch
von Tertiussand vorher, der signifikante morphologische Änderungen verursacht.
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Chapter 1

Introduction

1.1 General

Along many coastlines in the world tidal flats can be found. In the North Sea, tidal
flat areas are present along the Dutch, German and Danish coasts, together building
the Wadden Sea. The bathymetries of many of these areas are changing at varying
temporal and spatial scales, under the natural influence of the tides, waves, wind and
storm conditions, as well as the anthropological influences, such as dredging, suppletion
and the construction of coastal structures. In return, these morphological changes have
an effect on the tidal flow and waves. The interactions between the hydrodynamics
and the morphology are defined as morphodynamics. They take place in the form of
transport of sediment and the subsequent re-orientation of the hydrodynamics.

Morphodynamic processes occur at various spatial scales, ranging from small scale
ripples over medium scale sand banks and tidal flats to large scale dynamics of coastal
areas. De Vriend [1997] presented an overview of processes at different temporal and
spatial scale as shown in Figure 1.1. It shows the relationship between the spatial and
temporal scales. The spatial scale is defined by dimensions of the process or underlying
feature; the temporal scale by the period over which significant changes are expected.

This thesis focusses on the medium scale morphodynamics, concerning the be-
haviour of morphological features on the scale of large tidal channels, tidal flats and
sand banks. Their dynamics occur on the medium term, here defined as periods of up
to circa ten years.
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Figure 1.1: Scale range in coastal morphology (morphological time scale Tm in seconds). After
[De Vriend, 1997].

The understanding of the medium scale morphodynamic behaviour of coastal areas
can be improved through the analysis of:

• measurements of the hydrodynamics, sediment dynamics and morphology, and
related characteristics of the considered area; and

• results of a mathematical model representation of the area and its dynamics.

The necessary measurements include – the spatial and temporal variation of –
the characteristics of the hydrodynamic processes, such as water levels, current ve-
locities and wave heights, periods and directions at various locations in the investiga-
tion area. These are completed by observations of the local wind conditions inducing
wind-induced currents and generating waves. Secondly, the main characteristics of the
available sediment and the sea bed have to be known, e.g. the grain size distribu-
tion, cohesiveness and presence of non-erodible features. Furthermore, observations
concerning the quantity and direction of the sediment transport, both as bed and as
suspended load transport are important. And finally, bathymetric measurements on
the considered temporal and spatial scale to analyse the morphological evolution of the
study area are needed.

An extensive collection of measurements and observations concerning the above-
mentioned processes and characteristics has been analysed in this study.
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Several mathematical modelling approaches are available for simulation of coastal
morphodynamics. An overview is presented by Hanson et al. [2003]. Line models can
be applied for estimation of the horizontal progress or retreat of an iso-depth line, e.g.
the coastline (shoreline models), or the vertical changes of a cross-shore coastal profile
(profile evolution models). Although they can incorporate multiple lines, the two-
dimensional horizontal behaviour of the underlying processes is not represented in this
type of models. Instead of line models, multi-dimensional, process-based models can
be used at various levels of aggregation, ranging from parameterised conceptual models
to complex numerical models. This approach is appropriate when phenomena in the
horizontally two-dimensional, or even three-dimensional space are to be represented.
Conceptual models can be applied to analyse the main hydrodynamic and morphody-
namic mechanisms of an area, considering the exchange of water and sediment between
a limited number of sub-domains. These models do not provide information about the
transformation of morphological features. For this purpose, complex numerical models
can be used. In complex models the significant hydrodynamic and morphodynamic
processes are resolved at a much higher spatial resolution, enabling a detailed repre-
sentation of the hydrodynamics, sediment dynamics and morphology.

In the underlying work, the complex numerical modelling approach has been ap-
plied to represent and investigate the medium scale morphological evolution and sig-
nificant hydrodynamic and morphodynamic processes. On the basis of previous works,
a medium scale morphodynamic model has been created, consisting of calibrated and
validated individual process models for flow, waves and sediment transport.

1.2 Main research topic

In this study both of the afore-mentioned approaches, i.e. measurements and mathe-
matical modelling, have been combined to increase the understanding of the medium
scale morphodynamics for the tidal channel system in the central Dithmarschen Bight.

This tidal flat area is part of the German Wadden Sea between the estuaries of
the rivers Elbe and Eider. The central Dithmarschen Bight contains large tidal flats
and shoals, and a number of channels of varying size. The relatively large tidal range,
with a mean value of approximately 3.2 m, and the unsheltered outer tidal flats, in
combination with largely available – mainly non-cohesive – sediments with relatively
small median grain sizes (100 to 250 µm) make the area highly dynamic.

Where in previous model studies of the medium scale morphodynamics of the cen-
tral Dithmarschen Bight [Hirschhäuser & Zanke, 2002; Hoyme, 2002] the focus has been
on the sheltered Meldorf Bight in the eastern part, here it is concentrated on the more
exposed tidal channel system, where significant wave action can be found.
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The main goals of this study have been to analyse the morphological evolution over
the last 20 years on a medium scale and to identify the relevant processes of the tidal
channel system of the central Dithmarschen Bight on the basis of observations of the
relevant physical processes and properties and the results of a process-based, numerical
model.

To achieve these goals, the following objectives have been defined:

• analysis of the morphological evolution over the last 20 years and characterisation
of the dominant processes in terms of hydrodynamics, sediment dynamics and
geological build-up, on the basis of field measurements;

• combination of validated process models for tidal flow, waves and sediment trans-
port into a morphodynamic model;

• definition of an optimal approach for medium scale morphodynamic modelling as
well as representative boundary conditions to drive the model;

• calibration and validation of the optimised morphodynamic model on the basis
of simulations over a period of 10 years; and

• application of the model to determine the dominant processes for the observed
morphological changes and to predict future morphological evolution.

1.3 Outline of the thesis

In Chapter 2 the investigated area of the central Dithmarschen Bight is described.
The geological build-up and the main characteristics of the hydrodynamics, sedimen-
tology, sediment transport and morphological changes are discussed on the basis of
previous investigations and recently carried out measurements.

Chapter 3 describes the process models for simulation of tidal currents, swell and
locally generated waves and suspended and bed load sediment transport. The applied
modelling approaches and the results of the calibration and validation of each of these
(coupled) models is presented.

In Chapter 4 the applied approach for medium scale morphodynamic modelling is
discussed, followed by the description of the coupling of the process models and the
model for morphological evolution to build the medium scale morphodynamic model.
The extraction of representative conditions in terms of tides, waves and winds is pre-
sented.
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Chapter 5 presents the calibration and validation of the medium scale morphody-
namic model on the basis of periods of 10 years.

Chapter 6 discusses the application of the morphodynamic model to define the domi-
nating processes for selected morphological changes in the study area, in the light of the
observed characteristics. It is followed by the presentation of the results of a prediction
of the medium scale morphological evolution over a period of 10 years.

In Chapter 7 the main conclusions of the study are presented, followed by some
suggestions for future research.
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Chapter 2

The Dithmarschen Bight

2.1 Introduction

The underlying dissertation focuses on the morphodynamic processes of the tidal chan-
nel system in the central part of the Dithmarschen Bight, located in the southeastern
part of the German Bight between the Elbe estuary in the South and Eider estuary in
the North (see Figure 2.1).

The domain of interest within the Dithmarschen Bight consists of the Piep tidal
channel system, formed by the channels Norderpiep, Suederpiep and Piep, and the
neighbouring tidal flats. The western boundary of the domain lies in depths of 10 –
15 m. In the East the Meldorf Bight can be found, surrounded by the dike-protected
coastline.
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Figure 2.1: Location of the Dithmarschen Bight in the southeastern part of the North Sea.
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In this Chapter the characteristics of the area of investigation are discussed. In
Section 2.2 the geomorphological background and classification are presented. This is
followed by a description of the hydrodynamics in Section 2.3. Subsequently, the spa-
tial and temporal variation of the salinity and temperature of the water is described
(Section 2.4) and the meteorological conditions are discussed (Section 2.5). The sedi-
mentological aspects are presented in Section 2.6. Finally, in Section 2.7 an analysis of
the morphological changes over the last 20 years is presented.

2.2 Geomorphology and classification

2.2.1 Geomorphology

A brief description of the general geomorphology of the study area is presented here.
For a detailed description is referred to Asp [2003]. After the last Ice Age the sea level
rose relatively quickly from a level some 100 m lower than at present. During this
Holocene Transgression the North Sea started to progress in southern direction. The
rise continued up to about 5000 B.C. at approximately 1.2 m per 100 years. During
this period the sedimentation of the Wadden Sea area was initiated [Behre, 1994].

After 5000 B.C. the Holocene Transgression continued at a lower pace and was
subject to fluctuations leading to temporary steady states of the coastline and even
some regression. The currently existing morphology of the Dithmarschen Bight started
to develop around 1600 B.C., from whereon the sedimentation of the bight could no
longer be followed by the sea level rise of the Holocene transgression [Wieland, 1984;
Ehlers, 1988]. The coastline was located some 10 km more eastward than at present.

The gradual sedimentation initiated the building of the extensive tidal flat areas.
Westward of the former coastline, sedimentation continued, resulting in marshes which
in time became main-land [Dittmer, 1960], also due to a sequence of dike constructions.
The last dike constructions took place in 1972 (see Figure 2.2), reclaiming 11.5 km2

in the southeastern part of the Meldorf Bight, and in 1978, reducing the area of the
Meldorf Bight by another 22.5 km2. These land reclamations reduced the area of the
Meldorf Bight by 40 %.

Rohde [1977] studied the more recent sea level rise along the German North Sea
coast. He estimated the sea level rise at 0.3 m per 100 years between 1600 and 1920 A.D.
and a reduced 0.2 m per 100 years up to present. Wieland et al. [1984] also found an
average rise of circa 2 mm/year for the mean high water level at Buesum over a 30-year
period up to 1979. The current trend of global warming can cause an increase in the
speed at which the sea level rise takes place in the future. Depending on this speed
and the availability of sediment, the tidal flats of the Wadden Sea may increase or
decrease on the long-term. Although important for the general long-term evolution of
the Wadden Sea, the effects of the sea level rise will not be addressed in this thesis
since it is focussed on the medium-term morphodynamics.
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Figure 2.2: Dike constructions in the Meldorf Bight in 1972 and 1978.

2.2.2 Morphological classification

The current state of the tidal flats, with absence of barrier islands, depends strongly
on the tidal range [Ehlers, 1988]. For the Dithmarschen Bight the mean tidal range is
about 3.2 m. Davies [1964] classifies an area as microtidal for a tidal range between
0 and 2 m, mesotidal for a tidal range between 2 and 4 m and macrotidal for tidal
ranges over 4 m. Hence, the Dithmarschen Bight is classified as mesotidal (see also
Section 2.3).

Figure 2.3: Morphological variations depending on the tidal range according to Hayes [1975].
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Hayes [1975, 1979] presented a model whereby the morphology of coastal plain
shorelines of tide-dominated coasts can be explained as a result of the governing tidal
range. The aforementioned categories for the tidal range formed the basis for this
model, as shown in Figure 2.3. It shows a preference for areas with a mesotidal range
for tidal inlets and tidal deltas. Furthermore, an inverse correlation between tidal
range and the occurrence of barrier islands can be seen. With increasing tidal range a
tendency towards tidal flats and marshes can be found.

Ehlers [1988] concluded that this classification does not hold for the region of tidal
flats in the southeastern German Bight, including the Dithmarschen Bight. In this area
tidal flats and sand ridges are dominant, although the tide is classified as mesotidal by
Davies [1964] and Hayes [1975]. Therefore, Ehlers [1988] modified the tidal classification
of the model, as shown in Figure 2.4. From this adapted model, it follows that the
dominant morphological features for the lower macrotidal range are tidal flats, salt
marshes and linear tidal ridges, where barrier islands, inlets and tidal deltas may be
present on a smaller scale.

The hence indicated presence of these features can be verified from Figure 2.1. Tidal
flats are widely spread over the area. Salt marshes can be found at a smaller scale on
the lee side of the shoal Trischen [Ehlers, 1988] and in the transition zone between the
tidal flats and the main land where no dike construction took place. Barrier islands
cannot be found, although the shoal Trischen tends towards supratidal dimensions.
Logically, inlets as such are therefore absent. However, the entrance of the channel
Suederpiep, enclosed between the flat Tertiussand and the shoal D-Steert, does show
similarities with typical Wadden Sea inlets.

A more extensive description of the individual morphological features and their
behaviour follows in Section 2.7.

Figure 2.4: Adapted model for dependency of the morphological variations on the tidal range.
From [Ehlers, 1988].
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2.3 Hydrodynamics

2.3.1 Tidal conditions

The tidal conditions in the Dithmarschen Bight depend on the rotation of the semi-
diurnal tidal wave around the amphidromic point in the southeastern North Sea (see
Figure 2.5). The tidal wave progresses counter-clockwise along the German Wadden
Sea coast, where the tidal range increases from West to East.

Reineck [1978] presented an overview of the main direction and magnitude of the
tidal currents, as shown in Figure 2.6, based on the spatial variation of the tidal ranges
and the morphology in shallower areas. It gives a general impression of the dominant
water movement in the German Bight. It shows that the main current directions due
to the tidal wave are either East to West or vice versa in the Dithmarschen Bight.
The flow characteristics shown in this figure are rather generalised and do not show
the more detailed local variations due to bathymetry-determined flow convergences and
divergences.

Figure 2.5: Amphidromic systems in the North Sea, with co-tidal and co-range lines in metres
[Brown et al., 1989].
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Figure 2.6: Direction and magnitude of the tidal currents in the German Bight. The rectangle
indicates the Dithmarschen Bight. Adapted from Ehlers [1988], after Reineck
[1978].

The tidal conditions can be differentiated into vertical and horizontal conditions.
The vertical tide concerns the amplitude, period and shape of the tidal wave, whereas
the horizontal tide indicates the induced tidal currents.

Vertical tide

The tidal signal is dominated by the semi-diurnal M2 constituent, with a period of
approximately 12 hours and 25 minutes. The average tidal range in the central Dith-
marschen Bight measures about 3.1 m in the southern and 3.4 m in the northern part.
Near Buesum the average high water level reaches circa 1.6 m above mean sea level
(MSL) – or Normal Null (NN) as it is generally referred to in Germany – and the av-
erage low water level about 1.6 m below MSL. The difference between neap and spring
tidal range is approximately 0.9 m. The most severe onshore storms can result in a
water level set-up of more than 4 m.

Besides by its period and amplitude, the shape of the tidal curve is furthermore
defined by its asymmetry. The tidal wave is essentially a shallow-water wave and is
thus influenced by the sea bed. This influence becomes stronger with decreasing water
depth. The Dithmarschen Bight is a typical type 1 tidal basin, defined by Dronkers
[1986] as a basin where the tidal basins have deep channels – depth much larger than
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the tidal amplitude – and/or high tidal flat areas – above MSL. The major channels
in the central Dithmarschen Bight are circa 10 to 15m deep and about 50 % of the
area dries during low tide. With increasing water level, this type 1-basin has a smaller
relative increase of the flow cross-section than the relative increase of storage surface.
Based on Dronkers [1986], this leads to a longer slack water period before flood than
before ebb, resulting in a shortened flood phase and a lengthened ebb phase. From
an analysis of water level measurements in the Norderpiep and Suederpiep, an average
flood phase duration of 6 hours and an ebb phase duration of 6 hours and 20 minutes
has been found. Thus, the water level measurements confirm the described behaviour.

Horizontal tide

The asymmetry of the tidal curve leads to higher flood velocities and more moderate
ebb velocities in the channels, although this also depends on the available cross-section
through which the water flows into or out of the domain. The local flow paths are
strongly influenced by the presence of the channels and shoals. The mean maximum
velocities are about 1.2 to 1.5 m/s in the channels and 0.3 to 0.7 m/s on the tidal flats
[Reimers, 1999]. The hydrodynamics may vary significantly due to wind- and wave-
effects, especially those related to severe storm events. Extreme velocities may reach
up to 2 m/s in tidal channels and up to 1 m/s on the tidal flats.

From 1999 until 2002 a large number of vessel-based ADCP-measurements (Acous-
tic Doppler Current Profiler) have been carried out within the central Dithmarschen
Bight1. The measurements were taken along various transects, as shown in Figure 2.7.
During a full tidal cycle of approximately 12.5 hours, the vessel sailed constantly from
North to South and vice versa along a single transect. Depending on the length of the
transect and the vessel speed, this resulted in typically 30 minute intervals between
measurements at the same location along a transect.

The transects T1, T2 and T3 formed the basis for the majority of the carried out
measurements. Every three months a campaign has been carried out, where different
phases of the spring tidal cycle were covered. The results of these measurements resulted
in an extensive set of data which yields a high quality insight in the current velocities
in the main tidal channels.

Based on the limitations of the vessel and measurement devices, these campaigns
have only been carried out during relatively calm weather conditions. Rough conditions,
with high waves and stronger currents, would result in failing devices or unacceptably
large measurement inaccuracies.

1These measurements were carried out within the PROMORPH research project, carried out by the
Research and Technology Centre Westcoast, Buesum, Germany. See Zielke et al. [2000]
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Figure 2.7: Locations of the transects along which vessel-based ADCP-measurements have
been made.

2.3.2 Wave conditions

The wave conditions in the area depend on the swell waves approaching from the open
North Sea as well as on the locally generated wind waves. The distribution of the wave
conditions over the study area depends strongly on the local bathymetry. The local
variation of the average wave characteristics is discussed below, followed by descriptions
of the observed swell and wind wave conditions.

Distribution of the wave conditions

At the western edge of the domain the water depths range between 10 and 16 m. Swell
waves therefore enter the area practically undisturbed by the bathymetry. Within 5
to 10 km from the western edge, water depths reduce to values between 0 and 4 m on
the tidal flats, depending on the stage in the tidal cycle. Thus, most incoming swell
waves will break in this part of the domain. Only in the tidal channels the waves can
penetrate further into the domain, however they may be hindered by the out-flowing
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Figure 2.8: Wave rose - probability of occurrence per combination of direction (nautical con-
vention) and significant wave height interval. Based on measurement data at Sylt
from 1986 to 1993 from Froehle & Kohlhase [1995].

ebb currents. Generally, only little swell energy remains eastward of the edge of the
tidal delta. During storm surges this dissipation area shifts landward but is still located
on the same tidal flats. Hence the eastern part of the domain is dominated by locally
generated wind waves. This can be seen from wave measurements which show shorter
wave periods, typical for wind generated waves.

Swell

The swell depend on the wave energy generated on the remote wind conditions on the
North Sea. The amount of energy and characteristics of these waves are related to
the fetch length and duration of the wind condition. Furthermore, swell from different
source areas may be superimposed. This depends on the time of occurrence of the
generating wind events and the travelling time of the waves from the source area to the
Dithmarschen Bight.

Due to its location, the Dithmarschen Bight is only subject to swell waves from
the sector West-Southwest to North-Northwest. The largest fetch lengths can be found
within the sector Northwest to North-Northwest.

Long-term measurements

The only available long-term wave statistics are from the nearby Island of Sylt, some
70 km north of the study area. These statistics are based on data recorded from 1986
to 1993 by a wave buoy about 5 km off the coastline at the centre of the island [BMFT,
1994; Froehle & Kohlhase, 1995].
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Figure 2.9: Location of the wave buoys from the measurements by [Niemeyer et al., 1995].

The average water depth at the buoy location is about 13 m. The conditions are
relatively similar to those at the western edge of the study area since depth-induced
wave breaking is negligible at this location. The probability of occurrence per wave
height and direction is shown in the wave rose of Figure 2.8.

As can be seen, swell waves up to 2 metres have their highest probabilities at 300◦N
(West-Northwest). For waves higher than 2 m, the dominating direction shifts towards
the West. Some 60 % of the occurring waves came from the sector between 270 and
330◦N. The highest waves in this data set have heights of 5.5 m and the average wave
height is 1.07 m.

Local short-term measurements

Shorter term measurements2 have been made during September 1996 with two wave
buoys near the western edge of the domain and three in the Meldorf Bight [Niemeyer
et al., 1995]. One of the outer buoys was located in the northern part of the Dith-
marschen Bight, the approximate locations of the other four are shown in Figure 2.9.

The western buoy, denoted as Pos 2, was situated at a water depth of about 14 m.
The buoys Pos 3, Pos 4 and Pos 5 were located near the banks of the main channel
and in one of its branches at approximate water depths of respectively 6, 5 and 3 m.

2These measurements have been carried out by the Coastal Research Station of the Lower Saxon
State Board for Ecology at Norderney (CRS) and the Office of Rural Development in Husum (ALR).
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Figure 2.10: Time series of the significant wave heights at the five wave buoys.

An analysis of the recordings yields the time series of the significant wave heights
shown in Figure 2.10. The highest significant wave heights occurred at the two western
buoys, measuring about 2 m. These peaks coincide with the peaks of the three eastern
buoys. However, at these locations the significant wave heights have a maximum value
of circa 0.8 m at Pos 3. This is related to the previously discussed wave breaking in the
middle of the domain. Wind speeds varied between 0 and 15 m/s, where the highest
wind speeds coincided with the largest waves. In the middle of the period the wind
speed was about 10 m/s from the East. Therefore, an increase in wave height can be
seen at the western positions whereas the wave heights at the eastern points continue
to be very small due to the limited fetch.

Wind waves

Due to the sheltering effect of the tidal flats, the wave energy in the eastern part of
the domain is dominated by locally generated wind waves. The height of these waves
depends on the local wind conditions, fetch length and water depth. The latter are
subject to large relative changes due to the tidal range. Where waves can be generated
over the entire domain during high water, during low water this can only happen in
the channels and submerged flats. Hence, the wind direction and local bathymetry
are the main constraining factors for local wave generation. This is confirmed by the
measurements shown in Figure 2.10.
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Observations in the eastern part of the domain show wave heights that are generally
between 0.1 and 0.3 m, with some peaks up to 0.5 m during storm events. In the
channels wave heights up to 1 m can be reached.

2.4 Salinity and water temperature

Large vertical variations of the salinity and temperature of the water may cause strati-
fication. The typical values for the Wadden Sea and results from measurements in the
central Dithmarschen Bight are discussed below.

2.4.1 Salinity

The salinity in the Wadden Sea is somewhat less than the typical salinity of the North
Sea, measuring circa 35 ‰. Salinity variations over the year can be found due to the
season-induced variations in the river discharges. The highest values can be measured
around October when the fresh water input of the rivers is minimal. In spring the
lowest salinity values are found. Conductivity measurements3 at several locations in
the study area showed values between 20 and 21.5 ‰ in spring and between 27 and
29.5 ‰ in autumn. The vertical variations were insignificant. Based on the high mixing
due to the tides Ehlers [1988] concluded that significant salinity-induced stratification
is not found in the Wadden Sea, when not directly adjacent to a river mouth.

2.4.2 Temperature

Due to the relatively small water depths, the temperature of the water fluctuates more
strongly in the tidal flat areas than on the open North Sea. The water temperature
varies between values close to 0◦C up to 18◦C, depending on the season. The tides and
wave action cause a strong mixing over the water column. Therefore, the variations of
temperature over the depth is rather small, preventing significant stratification.

2.5 Meteorology

The hydrodynamics in the Dithmarschen Bight depend also strongly on the wind con-
ditions on the North Sea as well as in the area itself. The meteorological conditions on
the North Sea may cause storm surges of up to 5 m, as recorded in 1967 in Buesum
during a severe storm (see Figure 2.9 for its location). Furthermore, distant storms
may cause strong swell wave action. Local extreme wind conditions do not cause such
clearly visible effects but they do induce relatively strong wind-induced currents and
locally generated waves in the shallow areas, which play an important role in the mor-
phodynamics of the flats and channels.

3This measurement campaign was part of the PROMORPH research project, carried out by the
Research and Technology Centre Westcoast, Buesum, Germany. See Zielke et al. [2000]
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Figure 2.11: Comparison of wind speed (m/s) and direction (◦N) from the measurement sta-
tion at Buesum (Research and Technology Centre Westcoast) and the PRISMA
wind model. Based on measurements between March, 1991 and December, 1998.

Luthardt [1987] describes the PRISMA4 synoptic wind model which generates wind
and pressure fields that cover the entire North Sea. The model assimilates wind mea-
surement data from numerous wind measurement stations along the North Sea coastline
as well as observations from other sources, such as oil platforms. The generated wind
speed data are stored as mean velocities over 10 minutes at 3-hourly intervals.

An advantage of the data generated by the PRISMA model over direct wind mea-
surement data is the full coverage of the investigation area. This is required for a
proper representation in the hydrodynamic model, as described in Chapter 3. Further-
more, a continuous data set is available for a period of 12 years, from 1989 to 2000.
Therefore, the PRISMA data served as the basis for the evaluation of the wind climate
and for providing meteorological information for the hydrodynamic modelling within
this study. The wind model results have been compared to wind measurements at the
measurement station in Buesum for a period of eight years, as shown in Figure 2.11.

The PRISMA model grid has approximately a 42 km grid spacing. This caused the
selected output location from the PRISMA model to be located some 20 km westward
(offshore) from Buesum. As a result, the wind velocities from the PRISMA model are
slightly (up to 10 %) higher than those measured at the Research and Technology Cen-
tre Westcoast in Buesum (FTZ), as indicated by the linear trend line. Another reason
for the higher velocities from the PRISMA model is that for wind from the sector West
to North the measured wind speeds are up to 6 m/s lower do to the upwind buildings
and vegetation (pers. comm. Mr. Vanselow, FTZ). The plot of the wind direction
shows a good correlation of both data sets.

4The PRISMA model has been developed at the Max Planck Institute of Meteorology of the Uni-
versity of Hamburg.
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Figure 2.12: Wind rose for the Dithmarschen Bight - probability of occurrence per combina-
tion of wind direction (nautical convention) and wind speed interval. Based on
data from 1989 to 2000, from the PRISMA data assimilation model by [Luthardt,
1987]

Based on the synoptic data, the wind climate in the Dithmarschen Bight has been
analysed for the period from 1989 to 2000. The results are summarised in the wind rose
of Figure 2.12, showing the probability of occurrence for combinations of wind speed
and direction.

The wind rose shows a clear dominance of winds from the sector Southwest-West.
This dominance holds for all of the wind velocity intervals. Circa 40 % of the time the
wind direction was between 200 and 280◦N.

The different dominant direction compared to the wave rose in Figure 2.8 is mainly
related to the varying fetch lengths for the various directions. The differing measure-
ment locations for the underlying data are considered to have a limited influence.

2.6 Sedimentology and bed characteristics

The domain of interest has been subject of a number of surveys and investigations
over the last 50 years with respect to its sedimentological and geological characteristics.
These concern on the one hand the build-up of the bed sediments and on the other hand
the suspended sediments. These studies and their findings are presented hereafter.
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Figure 2.13: Thickness of the non-cohesive sediment layer above the Dithmarscher Klei clay
layer [Asp, 2003].

Bed sediments

The build-up of the sea bed can be differentiated into the vertical sediment stratification
of the bed and the horizontal surface sediment distribution.

Dittmer [1938] studied the vertical geological structure of the sea bottom in the
Dithmarschen Bight. Based on core analysis, he showed the sea bottom build-up from
bottom to top starting with the presence of the pleistocene sands up to a level of 25 to
30 m below mean sea level, covered by a layer consisting of cohesive silty clay deposits.
The clay layer is known as the Dithmarscher Klei and can reach a thickness of more
than 10 m. The clay layer again is covered by non-cohesive sandy sediments up to the
bottom surface. This sandy layer can be as thick as 20 m at locations on the tidal flats
and is absent in some of the deepest sections of the tidal channels. At these locations,
shown in Figure 2.13, the consolidated cohesive sediments hinder further erosion and
therefore form a restriction in the morphological development of these channels in the
vertical [Asp, 2003]. Apart from this clay layer, the pleistocene surface forms a restric-
tion for further erosion due to its coarse sediments [Zeiler et al., 2000; Asp, 2003]. Due
to its deep location, however, this does not has a direct influence on the morphology in
the Dithmarschen Bight. At some locations, the sandy layer is interrupted by smaller
layers of consolidated mud and clay, e.g. at a depth of circa 10 m at the flat Blauort-
sand and at about 8 m depth at the mouth of the channel Bielshoevener Loch [Asp,
2003]. Thus, the geological structure forms the basis for the composition and spatial
distribution of the outcropping sediments.
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Figure 2.14: Location and results of the bed sediment measurements during 1999 and 2000.
Adapted after Reimers [2003].

The horizontal sediment distribution in the Meldorf Bight has been the topic of
several recent studies. Figge [1981] created a map of the sediment distribution for
the German Bight, showing that more than 50 % of the sand fraction has a diameter
between 63 and 250 µm and up to 40 % between 250 and 500 µm in the central
Dithmarschen Bight. The sand fraction varies between 20 and 90 % and the silt and
clay fraction may reach up to 50 %. The large scale of the study area prevented the
representation of local variations in the Dithmarschen Bight.

Besides the large-scale study by Figge [1981], several surveys concerning small-scale
areas within the central Dithmarschen Bight have been carried out, see for example
Gast [1980]; Gast et al. [1984]; Runte [1994]; Kesper [1992]; Reimers [1999]. The most
recent studies were carried out by Reimers [2003] for the tidal flats and by Vela Diez
[2001] for the tidal channels.

Reimers carried out an extensive measurement campaign5 concerning the sediments
on the tidal flats in the central Dithmarschen Bight. The locations of the measurements
and the estimated median grain sizes (d50) are shown in Figure 2.14.

Reimers found median grain sizes of 150 to 230 µm (fine sand) on the southwestern
part of Tertiussand and the shoal D-Steert. On the northeastern part of Tertiussand,
the western part of Blauortsand and on the northern part of Bielshoevensand grain

5These measurements were carried out within the SEDIMORV project by the GKSS Research Centre
in Geesthacht, Germany
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Figure 2.15: Distribution of sediment types, after Vela Diez [2001].

sizes between 110 and 150 µm were found. The eastern part of Blauortsand and the
tidal flats in the Meldorf Bight contained mainly very fine sand with median grain
sizes between 90 and 110 µm. Hence, a gradual decrease of the grain sizes from West
to East has been found on the tidal flats. This agrees with the general principles of
sediment re-distribution in sandy coastal areas where the grain sizes decrease from the
more exposed to the more sheltered locations. Next to the variation in the median
grain sizes, a gradual increase of the silt fraction (grain size smaller than 63 µm) from
10 % in the western and middle part of the domain to over 50 % in the eastern part
has been found.

Vela Diez [2001] analysed the bed sediments in the tidal channels Norderpiep, Sue-
derpiep and Piep on the basis of side-scan sonar measurements and grab samples during
1999 and 2000. The analysis of the side-scan sonar results was calibrated with the re-
sults of the grab samples, resulting in a comprehensive map of the grain size distribution
of the bed sediments, as shown in Figure 2.15. It shows that the channel beds consist
mainly of medium to fine sand, with stretches of consolidated mud. The median grain
sizes of the bed sediment samples vary from 80 to 230 µm, where two third are below
100 µm. A strong correlation between the magnitude of the sand fraction and the
median grain size was found, i.e. for median grain sizes over 100 µm the sand fraction
was above 95 %.
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Figure 2.16: Classification of tidal areas, differentiated on the mean tidal range and mean
wave height. The western (dark grey) and eastern part (light grey) of the Dith-
marschen Bight are indicated by the two rectangles. Adapted after Hayes [1979].

Suspended sediments

Measurements of suspended particle matter have been carried out along several cross-
sections of the channels Norderpiep, Suederpiep and Piep, as presented in Poerbandono
& Mayerle [2003] and Poerbandono [2003]. From the analysis of these samples the
particle size of the suspended sediment was found to be between 6 and 86 µm. About
60 % of the samples had a median value between 10 and 25 µm. No clear pattern could
be determined with respect to the spatial and temporal variation of the sediment sizes.

The maximum depth-averaged suspended sediment concentrations along the cross-
sections in Figure 2.7 measured 0.27 kg/m3 at T1, 0.52 kg/m3 at T2 and 0.39 kg/m3 at
T3 [Poerbandono, 2003]. Generally a fairly uniform vertical concentration profile was
found, which Poerbandono [2003] concluded to be related to the small grain sizes and
the related small settling velocities.

2.7 Morphology and morphodynamics

As mentioned in Section 2.3, the tidal range in the central Dithmarschen Bight mea-
sures approximately 3.2 m and the mean wave height approximately 1.0 m, based on
the long-term wave data set from the nearby island of Sylt. Applying the classifica-
tion of Hayes [1979] as shown in Figure 2.16, the western part of the Dithmarschen
Bight may be characterised as mildly tide-dominated, and the sheltered, eastern part
as highly tide-dominated.
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Based on yearly bathymetric measurements during the period from 1977 through
20006, the various morphological features have been identified and their recent mor-
phodynamics have been calculated and analysed. The measurements from the BSH
are generally limited to the main channels and the tidal flat Tertiussand. The ALR
measurements provide data for the entire Dithmarschen Bight but are limited to one
single data set, which includes data from 1986 to 1993.

A description of the morphology, location of the individual features and recent mor-
phodynamics for the whole study area follows in the next Paragraph. The comparison
of the measured bathymetries leads to a general overview of the dynamics of the do-
main. Subsequently, the individual features and their changes are discussed on the
basis of a number of cross-sectional bathymetric profiles and volume analyses.

It should be noted that the coverage of the bathymetric data varies strongly per
year. Furthermore, data is usually sparse on the tidal flats, since these domains can-
not be measured by ship-based echo-soundings and hence measurement campaigns are
more costly here. Van Rijn et al. [2002a] note the fact that bathymetric measurements
may contain errors due to a number of factors, e.g. effects of waves on survey accuracy,
ship characteristics and the accuracy of the positioning in the horizontal plane. Also,
the water level at the time of the measurement has to be estimated to determine the
depth with respect to the reference level, e.g. MSL. Westlake [1996] reported errors up
to 0.25 m for water depths below 6 m and up to 0.1 m for larger depths, at the Dutch
North Sea coast. For the Dithmarschen Bight, considering the relatively difficult mea-
suring conditions, e.g. strong and varying currents, as well as the complex bathymetry,
these inaccuracies may be higher. The quality of the estimation of the instantaneous
water level depends on the distance from one or more water level gauges and the local
variation of the water level. These local variations are larger in areas with a complex
bathymetry and large tidal range, such as the study area. The institutes that car-
ried out the bathymetric surveys, the Federal Maritime and Hydrographic Agency of
Germany (BSH) and the Office of Rural Areas (ALR), indicates an overall inaccuracy
of 0.1 to 0.2 m [pers. comm. Mr. Klueger (BSH) and Mr. Christiansen (ALR)] for
more recent measurements. Older measurements, based on less accurate devices and
methods, may have larger discrepancies.

For comparison of bathymetric data, an interpolation needs to be carried out. This
has been carried on the basis of the applied model grid (see Chapter 4), with a typical
grid spacing of 100 to 180 m in area of analysis. This spacing agrees with the spacing of
the bathymetric measurements, which varies between 50 and 200 m with typical values
of 150 m. The interpolation error was found to be approximately 0.3 m, depending on
the local spacing of the grid as well as of the measured data.

6The bathymetric measurements have been carried out by the Federal Maritime and Hydrographic
Agency of Germany in Hamburg (BSH) and the Office for Rural Areas in Husum (ALR).
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Figure 2.17: Location of the morphological features in the central Dithmarschen Bight
(bathymetry from 1977).

When considering bathymetric differences over a longer period of time, the relative
influence of the inaccuracies on the correctness of the interpretation will be reduced.
In this study a period of 20 years is considered, which is sufficiently long for a sound
interpretation.

2.7.1 The central Dithmarschen Bight

The area contains several primary and secondary channels, divided by a number of
shoals and tidal flats. These are shown in Figure 2.17.

The channel system consists of the main channel Piep. The Piep bifurcates in west-
ern direction into the Norderpiep and Suederpiep channels, which connect the system
to the North Sea. Towards the East, the Piep bends in southern direction near Buesum,
after which it spreads over the Meldorf Bight through several smaller channels. From
the Suederpiep the smaller channel Bielshoevener Loch branches in southeastern direc-
tion. Between the Norderpiep and Suederpiep, the tidal flat Tertiussand can be found.
The flat Blauortsand, located north of the Norderpiep and Piep, forms the northern
limit of the study area. The shallow channel Ossengoot, is located just northeast of the
Piep bifurcation. In the middle of the domain is the flat Bielshoevensand, which marks
the southern limit of the investigated area, together with the shoal D-Steert.
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Recent morphological changes

The yearly bathymetric data have been interpolated onto the model grid to enable
intercomparison and the calculation of the sedimentation and erosion patterns.

The interpolated bathymetric measurements are shown in Figure 2.18 for the years
1977 and 1999. The currently existing coastline has been included, since bathymetric
data for the diked areas (see Figure 2.2) are scarce for 1977 and naturally not available
for 1999. The 1999-bathymetry has been preferred over the bathymetric data for 2000
because of the better area coverage. For these years, the bathymetric data coverage
was relatively high and the channels as well as the flat Tertiussand were covered to
a large extent. Where no data were available, those of preceding and following years
have been used. An overview of the sedimentation and erosion between 1977 and 1999
is shown in Figure 2.19(a).

From Figures 2.18 and 2.19(a) can be clearly seen that the morphology is rather
dynamic. The migrations and evolution of the morphological features is schematically
shown in Figure 2.19(b). For instance the western edge of the flat Tertiussand is re-
treating and (part of) the eroded material is transported onto its eastern part. It
shows furthermore an expansion in southern direction, forcing the Suederpiep south-
ward. Since the shoal D-Steert prevents a southward migration, the Suederpiep became
narrower and deeper. Other significant changes are the sedimentation of Bielshoeven-
sand, the migration of the submerged bar near the Piep bifurcation and the clockwise
rotation of the North-South oriented part of the Piep in the Meldorf Bight. These and
other morphological changes are discussed in more detail in the following Paragraphs.
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Figure 2.18: Measured bathymetry in the central Dithmarschen Bight.
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(a) Sedimentation and erosion between 1977 and 1999 (isolines from 1977).
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Figure 2.19: Morphodynamics in the central Dithmarschen Bight.



50 Chapter 2. The Dithmarschen Bight

2.7.2 Individual morphological features and their behaviour

In the following, the current state of each of these units is described, followed by their
morphodynamic behaviour over the last 20 years. The characterisation is based on
the analysis of a number of cross-sectional profiles, as shown in Figure 2.20, as well
as on the comparison of the bathymetries of 1977 and 1999, shown in Figure 2.18.
The profiles are limited to the years 1977, 1983, 1990, 1996 and 1999, to ensure easily
readable plots. These data sets have 3 to 7-year intervals and a relatively high coverage
of the channels. Where data for 1999 were not providing a good coverage they were
completed with the measurements from 2000.

Furthermore, for several sub-domains a volume analysis has been carried out. Due
to the coverage of the measurements, this could not be done for the entire domain and
has therefore been limited to the main channels and the tidal flat Tertiussand. The
locations of the analysed sub-domains are shown in Figure 2.21. The volume changes
have been indexed to the volumes of the starting bathymetry for 1977 as follows:

Vrel,i =
Vi

V1977
∗ 100 % (2.1)

with:
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Figure 2.20: Location of the channel cross-sections for the channel profile analysis. The cross-
sections have been defined approximately equidistantly along the main channels
(bathymetry from 1977).
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(a) Sub-domain Norderpiep
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(b) Sub-domain Suederpiep
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(c) Sub-domain Tertiussand
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Figure 2.21: Location of the considered sub-domains in the volume analysis.

Vrel,i relative wet volume below MSL of a sub-domain in year i

V1977 wet volume below MSL of a sub-domain in 1977
Vi wet volume below MSL of a sub-domain in year i

The tidal channel Piep

The main channel in the domain is the channel Piep. This channel accounts for the
major part of the tidal flow between the Meldorf Bight and the open sea. The Piep can
be divided into three sections. The most western section starts at the junction of the
channels Norderpiep and Suederpiep. This channel section contains two subchannels
with depths of 12 to 14 m, divided by a submerged bar with a depth of approximately
2 m. The second channel section, near Buesum, consists of a single channel with
depths up to 22 m which bend sharply towards the South. The third section starts
just southeast of Buesum and continues further towards the South. In this section the
Piep consists of two sub-channels with gradually decreasing depths. In the latter two
sections smaller gullies branch towards the shallower parts of the Meldorf Bight.

Morphodynamics of the Piep

The submerged bar has extended in eastward direction which caused a more distinctive
separation of the two sub-channels just westward of Buesum. The southeastern part of
the Piep has reduced in size and length.
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Figure 2.22: Measured channel profile at cross-section 15 in the Piep.

In the West-East oriented part of the Piep the southern sub-channel has slowly
increased at the cost of the northern sub-channel. The submerged bar has gained in
height and is gradually moving northward to allow the afore-mentioned changes in
channel cross-sections. This can be clearly seen in Figure 2.22 which shows the channel
profiles for several years at cross-section 15 (see Figure 2.20). Note that due to the
vertical exaggeration the changes appear to be rather extreme. The southern channel
bank has moved in southern direction whereas the northern bank is relatively stable.
The maximum channel depth was rather stable, after an initial decrease until 1983.

In the bend near Buesum the inner bank gradually migrated in northeastern direc-
tion. This is shown in Figure 2.23. The outer bank is quite stable, mainly due to the
presence of the harbour entrance. The Piep maintained its cross-sectional area through
deepening by approximately 1 m.

The North-South oriented part of the Piep in the Meldorf Bight has changed from
one main channel to a two-channel system. The maximum depth reduced from approx-
imately 12 to 7 m. The reduction may well be related to the dike constructions that
reduced the drainage area of the channel.

Figure 2.24 shows the relative changes of wet volume of the Piep sub-domain as
indicated in Figure 2.21. A gradual reduction of the volume can be seen. The variations
on the scale of years may well be based on the accuracy of the underlying data and
thus does not necessarily represent a back and forth behaviour.
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Figure 2.23: Measured channel profile at cross-section 18 in the Piep.

Figure 2.24: Changes in the wet volume below mean sea level of sub-domain Piep.
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Figure 2.25: Measured channel profile at cross-section 2 in the Norderpiep.

The tidal channel Norderpiep

The channel Norderpiep enters the domain from the Northwest. The western part is
a single channel with depths ranging between 10 m at cross-section 1 and 17 m at
cross-section 3. The Norderpiep bifurcates towards the Southeast. The southwestern
sub-channel is 5 to 7 m and the northeastern sub-channel 12 to 16 m deep.

Morphodynamics of the Norderpiep

The orientation of the mouth of the Norderpiep has changed from West-Northwest to
West. This reorientation and the eastward movement of Tertiussand caused the north-
ern part of the channel to migrate gradually towards the Northeast. The middle part
of the channel is rather stable on the northeastern side, mainly because of the presence
of the consolidated mud at this location (see Section 2.6). In the southeastern section
of the channel, the reduction of the western sub-channel is the most distinct difference
between 1977 and 1999. The submerged bar attached to Tertiussand at its northern
tip and the western sub-channel diminished both in depth and in width.

From the development of the profile at cross-section 2 in Figure 2.25 can be seen
that the Norderpiep has migrated northward by 300 to 400 m at this location. The
maximum depth of the channel is almost constant. A steepening of the southern bank
can be seen. The northward extension of the flat Tertiussand is responsible for this.

Figure 2.26 shows the evolution of the channel at cross-section 4. It can be seen that
the submerged bar has increased in height. The northeastern sub-channel is rather sta-
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Figure 2.26: Measured channel profile at cross-section 4 in the Norderpiep.

ble with a depth of about 16 m, except for a slight steepening of the northeastern bank
bordering the flat Blauortsand. The cross-section of the southwestern sub-channel has
reduced significantly. This is caused on the one hand by the progressing flat Tertius-
sand and on the other hand by the sedimentation of the channel itself. The maximum
depth of this sub-channel reduced from circa 8 to 6.5 m.

The changes in volume, presented in Figure 2.27, show a reduction of circa 10 % of
the volume over the considered period.

Figure 2.27: Changes in the wet volume below mean sea level of sub-domain Norderpiep.
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Figure 2.28: Measured channel profile at cross-section 10 in the Suederpiep.

The tidal channel Suederpiep

The Suederpiep, entering the domain from the West, is the largest channel in the
study area. It can be split-up into two parts, divided by the mouth of the channel
Bielshoevener Loch. The western channel section consists of one main channel with a
depth of approximately 17 m. Towards the East this channel bends slightly towards
the East-Northeast. A smaller branch into the mouth of the Bielshoevener Loch can
be seen. Eastward of the Bielshoevener Loch, the Suederpiep is split-up into two sub-
channels, divided by a submerged bar. Initially the southern sub-channel is dominant
whereas the dimensions of the northern channel increase and those of the southern
channel decrease when progressing eastward. At this location the Suederpiep returns
to its eastward orientation.

Morphodynamics of the Suederpiep

The western section of the Suederpiep consisted of two sub-channels in 1977 which
gradually merged into one main channel towards 1999. The channel mouth has shifted
southward, together with the southwestern tip of the flat Tertiussand. North of the
shoal D-Steert the channel is deepened from 15 to 17 m. Due to the confinement of the
channel by the southward expanding Tertiussand and the northern edge of D-Steert,
the channel had to become deeper to maintain its cross-section. In the curve where
the Suederpiep changes its orientation to the East-Northeast, the channel is getting
shallower by up to 3 m. The second curve, in which the channel returns towards the
East, migrates in northwestern direction where it erodes the edge of Tertiussand. The
stretches of strong erosion and sedimentation (see Figure 2.19(a)) indicate this process.
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Figure 2.29: Measured channel profile at cross-section 12 in the Suederpiep.

The channel profiles at cross-section 10, as shown in Figure 2.28, show the gradual
disappearance of the submerged bar, causing increases in depth of up to 10 m. The
southern bank at the edge of D-Steert showed to be relatively stable whereas the north-
ern bank migrated by up to 500 m southward in the 20-year period. The maximum
depth stayed constant at a level of approximately 17 m. Asp et al. [2001] showed the
presence of the Dithmarschen Klei – clay layer at this location, which explains the
heavy erosion of the bar in combination with the stable depths of the sub-channels.

Figure 2.29 shows the evolution of the channel at cross-section 12. The channel
migration can be clearly seen. The channel banks and the submerged bar moved up
to 350 m in northwestern direction. The shape of the channel profile is rather stable
except for the northern sub-channel, showing a decrease in depth by over 2 m. The
strange hump in this sub-channel in the 1996-profile is almost certainly the result of an
erroneous measurement.

The volume changes of the analysed sub-domain Suederpiep show a relative stability
(Figure 2.30). The slight increase in volume in the first ten years is balanced by a
reduction in the following period.
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Figure 2.30: Changes in the wet volume below mean sea level of sub-domain Suederpiep.

The tidal flat Tertiussand

The tidal flat Tertiussand is situated between the channels Norderpiep and Suederpiep.
From North to South it measures about 7 km and from West to East maximally 10 km.
Its highest (but relatively small) parts are just above mean sea level but the entire
flat is flooded during high water. In the middle of Tertiussand, on its western side, a
secondary channel can be found with a maximum depth of 8 m. The slopes are relatively
gentle on the North Sea side and much steeper where the flat meets the channels.

Morphodynamics of Tertiussand

The secondary channel in the middle of Tertiussand was oriented mainly towards the
Northeast. Over the years, the significance of the northeastern end of the channel has
reduced. An extension towards the Southeast has developed, that connected with the
northern sub-channel of the Suederpiep. The western side of the secondary channel
moved northward. Both effects caused a clockwise rotation of the channel by circa 20◦.

The northern and eastern parts of Tertiussand are moving eastward, which is proba-
bly related to the erosion of the northwestern side, providing sediments. This migration
causes sedimentation at its northeastern and eastern edges, pushing the Norderpiep in
the same direction. The deposition of sediments at the Norderpiep’s western bank
induces the merging of the its submerged bar with Tertiussand.

The southern part of the tidal flat shows strong sedimentation at its southern edge,
pushing the Suederpiep southward and causing a stronger curvature of the northern
sub-channel of the Suederpiep. The combined effect of the dynamics of the southern
and eastern parts of Tertiussand, together with the erosion in the middle channel, may
result in the connection of both channels.
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Figure 2.31: Changes of the 3 m depth contours near Tertiussand.

The 3 m depth contours near Tertiussand are shown in Figure 2.31 for the years
1977, 1983, 1990 and 1999. Gradual progression of the tidal flat towards the Northeast
can be seen. In the Southeast, the flat is retreating, giving more space to the channel
Suederpiep. In the Southwest an expansion of Tertiussand can be recognised. Further-
more a small channel is slowly increasing in size, branching of from the Suederpiep. The
deeper central area is changing shape and reducing in size over the considered period.

As shown in Figure 2.32 the wet volume is gradually decreasing, indicating an
increase in sediment volume below mean sea level. This is either the result of an actual
import of sediment or the levelling of higher areas.
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Figure 2.32: Relative changes in the wet volume below mean sea level of sub-domain Tertius-
sand, indexed to 1977.

The tidal channel Bielshoevener Loch

At the mouth of the Bielshoevener Loch the channel is West-East oriented and consists
of a single channel. After the bend towards the South-Southeast, it splits into two
sub-channels of equal width that meander further towards the Southeast. The western
sub-channel is slightly deeper (circa 9 m) than the eastern sub-channel which has depths
around 7 m.

Morphodynamics of the Bielshoevener Loch

The original mouth of the channel Bielshoevener Loch as it existed in 1977 has disap-
peared totally over the years. A new connection to the Suederpiep developed gradually
into the new entrance. Furthermore, the middle section with North-South orientation
rotated clockwise by some 15◦ and switched from one main channel to two sub-channels.

The tidal flat Blauortsand

Blauortsand is the tidal flat at the northern edge of the domain of investigation. It
stretches from the western edge of the Norderpiep up to the main land in the East over
circa 20 km. Except for the a small area, named Blauort, the flat is intertidal with
a large area above mean sea level. The southwestern edge of Blauortsand forms the
channel bank of the Norderpiep. In the southern part, the secondary channel Ossengoot
can be found, with depths below 5 m.



2.7. Morphology and morphodynamics 61

Morphodynamics of Blauortsand

Relatively little morphological activity can be seen on the flat Blauortsand, except for
the stretch of erosion along the Norderpiep.

The shoal D-Steert

The shoal D-Steert is located just South of the Suederpiep in the western part of the
domain. It is rather exposed to the open sea. The bathymetry may be up to 1 m above
mean sea level. D-Steert measures some 4 km2.

Morphodynamics of D-Steert

The shoal D-Steert is relatively stable in North-South direction, with only a slight
extension towards the North of less than 50 m in 20 years. The eastward migration,
however, is clearly visible. A large stretch of erosion can be seen at its western side,
combined with strong sedimentation to its East. The eastern front of the shoal migrated
circa 1.5 km over the analysed 22 years, giving an average of 70 m/year.

The tidal flat Bielshoevensand

In the centre of the tidal flat Bielshoevensand can be found. It is bordered in the North
and East by the Piep and in the West and Southwest by the Bielshoevener Loch. In the
Southeast the flat is connected to the main land. The depth varies generally around
mean sea level by circa 1 m although some small channels have larger depths.

Morphodynamics of Bielshoevensand

The morphologically most active part is the northwestern tip, which splits the Sueder-
piep and the Bielshoevener Loch. Over the years, strong sedimentation can be seen at
this location. However, this is the combined result of heavy deposition up to 1990 and
erosion afterwards. From 1990 onward the influence of the changed Suederpiep can be
seen. The Suederpiep concentrated into one main channel and directed the incoming
flood currents increasingly towards the tip, leading to erosion. Therefore, erosion of
the tip combined with deposition at the southern channel bank of the Suederpiep can
be found after 1990, causing a deepening and widening of the northwestern edge of
Bielshoevensand. It pushes the Suederpiep northward, enforcing the migration of the
sub-channels and submerged bar of this channel.

The rest of the tidal flat shows generally minor sedimentation. However, the ex-
tent of data coverage is limited and thus precise comparisons cannot be made. Most
protruding is the sedimentation of the smaller drainage channels that flow over the
tidal flat into the Piep. The largest of these channels, flowing into the Piep near the
bifurcation, has diminished gradually over the considered period.
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The Meldorf Bight

The Meldorf Bight contains the landward part of the drainage area of the Piep. Several
small streams that transport water to this channel can be found. The western part of
the Bight consists of parts of the previously mentioned Bielshoevensand. The depths
in the eastern part are between -1 and 1 m with respect to mean sea level. Close to
the coastline the bathymetry may be higher.

Morphodynamics of the Meldorf Bight

The eastward tidal flats in the Meldorf Bight, east of the Piep channel, show sedimen-
tation throughout the area. A relation with the dike constructions seems logical, since
this decreased the drainage areas of the several contributory channels. The western
side of the Meldorf Bight is part of the flat Bielshoevensand.
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Chapter 3

The Dithmarschen Bight

model – process models

3.1 Introduction

In this Chapter, the set-up and calibration of the model components for the central
Dithmarschen Bight are discussed. In Section 3.2 the definition of the model domain
is presented. This is followed by the description of the model components for flow,
waves and sediment transport in Sections 3.3 through 3.5. In Section 3.6 the results
are discussed.

The model has been set-up within the modelling system Delft3D-MOR which con-
tains modules for simulating tidal flow, waves, sediment transport and morphological
updating. A description of the modelling system and its main characteristics is given
in Appendix 3.A.

3.2 Model domain

The model domain, being the area for which the physical processes will be simulated,
forms the basis for the morphodynamic model. For the Dithmarschen Bight model it is
identical for all of the applied modules. In Paragraph 3.2.1, the general aspects to be
considered when defining the model domain are discussed. In an iterative procedure, in
which these aspects have been accounted for, the model domain of the Dithmarschen
Bight model has been defined. The resulting domain is introduced in Paragraph 3.2.2.

3.2.1 General aspects

The definition of the model domain is the first step in the set-up of a morphodynamic
model. It should be based on an optimal balance between the models reproductive
capability and the needed calculation time. To this end, the location of the model
boundaries, the boundary conditions to be imposed, the area of interest, the period to
be simulated and the needed computing time have to be considered.
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Natural and artificial boundaries

The domain is limited by boundaries, which may either be open or closed. Furthermore,
a division can be made between horizontal and vertical boundaries.

At open boundaries interaction between the model domain and the ”world outside”
is possible. At vertical open boundaries that limit the horizontal extensions of the
model domain, examples of these interactions are tidal flow, river discharge, swell wave
energy or sediment exchange. These boundaries are artificial in the sense that there is
no such division in real nature. At the horizontal open boundaries, consisting of the free
water surface and the bottom, meteorological circumstances (wind and air pressure)
and sediment exchange may influence the conditions within the model.

Closed boundaries are the limits of the domain where no interaction is present, gen-
erally representing the coastline. These are natural boundaries, that may nevertheless
be based on man-made dikes and structures. They form a physical limitation to the
movement of the modelled property.

Boundary conditions

At all boundaries, the model requires information about the state just outside of the
model domain. At closed boundaries the fluxes across them are set to zero, preventing
interaction with the outside world. At the open boundaries the fluxes may be locally
and temporally varying, generally causing the boundary conditions at these locations
to be more complex. The higher the complexity of the interactions, the more difficult
it is to define proper boundary conditions. Therefore, the choice of their location is
very important and should be based on both the availability of information and the
preferably unambiguity of the local physical state. The latter is usually satisfied when
the gradients of the bathymetry and the related current velocity and sediment transport
gradients are relatively small.

Another important aspect is the fact that, in case of a current velocity boundary
condition, only the velocity components normal to the open boundary are imposed
within Delft3D. Therefore it is important to locate the open boundaries in such a way
that they cut the main current paths at an angle close to 90 degrees.

In general the boundary conditions will not be perfect, introducing deviations of
the modelled state with respect to the real state.

Area of interest

The area of interest, being the area that will be taken into consideration when evaluating
and interpreting the model results, has to be defined. Furthermore, the surrounding
areas that have significant influence on the hydro- and morphodynamic state of the
area of interest have to be identified. Generally, these surrounding areas should be
included in the model and should be large enough to prevent significant influence on
the area of interest by the previously mentioned deviations of the boundary conditions.
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Simulation period

When the simulation period is longer, the influence of the boundary conditions may
progress further into the model domain. Thus, the surrounding area has to be large
enough to prevent progression into the area of interest during the simulation period.
Due to the complexity of the interacting physical processes its size can usually only be
determined through comparison of the model results of simulations with varying extent
of the surrounding areas.

Computation time

The computation time of the model depends on the number of grid cells, the number of
time steps, the time needed by the model to solve the included equations for one point
and one time step, and the size of the simulation period. The number of grid cells is
determined by the extent of the model domain and the grid resolution. The latter has
to based on balancing the feasibility of the calculation time on the one hand, and the
representation of the hydro- and morphodynamic physical state on the other hand.

For an instationary model, the maximally allowable time step is limited by the
size of the grid cell (see Paragraph 3.2.3) and the progression celerity of the modelled
quantity, e.g. the current velocity. For explicit models this limit ensures numerical
stability, whereas for implicit models the limitation concerns the accuracy of the model
results. Within the Delft3D-MOR system, the flow module is semi-implicit whereas
the sediment transport and morphodynamic modules are explicit. The wave module is
stationary.

3.2.2 Model domain of the Dithmarschen Bight model

Based on the afore-mentioned considerations, the model domain of the Dithmarschen
Bight has been defined. The area of interest contains the Piep tidal channel system
with its contributory channels and adjacent tidal flats. This is shown in Figure 3.1.
It includes the channels Norderpiep, Suederpiep and Piep, together with the adjacent
tidal flats Tertiussand, Blauortsand and Bielshoevensand.

To ensure a proper representation of the hydro- and morphodynamics in this area,
the model domain has been extended in northern, western and southern direction. This
is shown in Figure 3.2. The eastern side coincides with the coastline and is therefore a
closed boundary.

Under normal circumstances the fluxes across the northern and southern boundary
are rather small. However, under storm conditions with a strong water level set-up and
redirected current patterns, this is not necessarily the case. These effects can not be
expected to be properly imposed through the open boundary conditions, since there is
no clearly dominant flow direction. As described in Paragraph 3.2.1, only the velocity
component normal to the open boundary can be prescribed. Therefore it is necessary
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Figure 3.1: The defined area of interest (bathymetry from 1977).

to extend the model domain in northern and southern direction. This extension also
eliminates the problematic imposition of wave boundary conditions at these sides.

The western side forms the link between the model domain and the open North
Sea, making it the most important open boundary. Here, the imposed conditions for
the exchange of water, wave energy and sediment are the driving forces in the mor-
phodynamic model, together with the imposed meteorological conditions. To simplify
the determination of these conditions, the western boundary has been located in rela-
tively deep water. Here, the incoming current velocities and waves are still relatively
undisturbed by the bathymetry and therefore have a more uniform character.

In the Northeast, the tidally influenced part of the Eider river, together with the
barrier at its mouth, has been schematically included in the model domain. This
approach prevents the need for complex boundary conditions at the barrier.

Part of the Elbe river, in the Southeast, is also included. The Elbe enters the model
domain in the Southeast and flows out into the North Sea in the Southwest. Due to the
extensive tidal flats just northward there is almost no direct exchange of water between
the area of interest and the Elbe river. Its inclusion is motivated by the elimination
of the southern open boundary, which has been replaced by a closed boundary that
mainly follows the coastline.



3.2. Model domain 67

5970

5980

5990

6000

6010

6020

N
or

th
in

g
(k

m
)

3460 3470 3480 3490 3500

Easting (km)

Figure 3.2: The model domain of the Dithmarschen Bight model, with the area of interest
(bathymetry from 1977).

The defined dimensions of the model domain ensure that the open boundaries are
minimally 10 km away from the area of interest. The model results confirm that this
is sufficient for morphodynamic simulations with a simulation period of up to 10 years.

3.2.3 Grid definition and model bathymetry

After the model domain has been defined the grid layout and resolution, i.e. the
number of grid cells per unit of area, is defined. The combination of the layout and
grid resolution should be such, that the to-be-modelled processes and the underlying
bathymetry are represented optimally and the grid requirements are met, without mak-
ing the model simulations prohibitively expensive in terms of the computational costs,
i.e. computation time and computer requirements.
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Grid requirements

The numerical solving methods within Delft3D are based on finite-difference grids. It
allows the grid to be curvilinear, although there are some requirements with respect
to the shape of the grid. To ensure an optimal numerical accuracy, the angles between
the horizontal and vertical grid lines should be close to 90 degrees and the grid cell size
should not vary too much from one cell to the adjacent cells. The rectangular character
of the model grid is defined by the so-called orthogonality, which is the cosine of the
angle between the crossing grid lines in both horizontal directions. For angles close
to 90 degrees, the orthogonality is therefore close to 0. In the Delft3D manual values
lower than 0.02 (angle between 88.85 and 91.15 degrees) in the area of interest to 0.04
(87.7 – 92.3 degrees) in remote areas are suggested. The grid smoothness is defined by
the relative cell size with respect to the adjacent grid cells, in both horizontal directions.
The relative change in grid cell size in both horizontal directions should be below 30 –
40 %. Furthermore, it is preferred that the grid lines follow the main velocity patterns
[WL-|-Delft-Hydraulics, 2003a,c].

Model grid

On the basis of the defined model domain and considering the previously described grid
requirements, the model grid has been generated. Since the focus of the study is on
the medium scale morphodynamics, the maximally allowed grid spacing in the area of
interest has been set to follow the spacing of the bathymetric measurements, being 100
to 200 m. The curvilinear grid has been defined in such a way that it follows the main
channels to a high extent.

The resulting grid is shown in Figure 3.3 for the entire model domain and in Fig-
ure 3.4 for the area of interest. In the area of interest the model grid follows the tidal
channels, with a focus on the dominant Suederpiep and Piep channels. The highest
resolution can be found here, with a spacing between 80 and 180 m. In remote areas
the resolution is lower, to limit the number of computational cells. With this resolution
the medium scale morphology can be represented properly.

The open boundary on the western side of the model is located perpendicularly to
the main East-West oriented tidal currents. The depth measures between 10 and 20 m
at this boundary. In the middle of the boundary, one of the wave buoys was located
(see Paragraph 2.3.2), enabling the direct imposition of the measured conditions at
these buoy onto the boundary for the wave model evaluation.

Since the northern and southern open boundaries are located in shallow water, rela-
tively small current velocities occur and very little wave energy enters. These conditions
and the remote location of these open boundaries ensure that these boundaries have
no influence on the model results for the area of interest.

In the North the Eider estuary is included and in the South the grid orientation
follows the Elbe river.
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Figure 3.3: The curvilinear model grid.

The grid has a total of circa 43,000 cells. The smallest cells are found in the central
channels, where tidal currents up to 2 m/s may be expected. Considering the advised
maximum Courant number of 10 ([WL-|-Delft-Hydraulics, 2003a], see Appendix 3.A
for the definition of the Courant number in this case), the resulting time step is set at
60 s. This results in an acceptable calculation time of circa 30 minutes per simulated
lunar day (flow only) on a PC with 3.0 GHz processor and 1 Gb RAM.

Model bathymetry

The bathymetric data, as described in Chapter 2, have been interpolated onto the
model grid to form the model bathymetry. Several model bathymetries have been
created, to generate the proper starting conditions for the various modelling periods.
Since the data coverage is generally limited to the main channels and parts of the
tidal flats, data from previous and following years have been added to gain a larger
coverage. For the remaining uncovered areas, generally located on the tidal flats or
shoals, data have been taken from other years and have sometimes been adapted to
follow the observed, but not measured, trends. Although this is a rather subjective
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Figure 3.4: The grid in the area of interest with a higher resolution (bathymetry from 1977).

approach and may introduce inaccuracies in the starting bathymetries, this method
yielded the best possible bathymetric conditions for the model simulations.

The channel profiles that have been presented in Chapter 2 have been based on the
model grid. The channel profiles were properly represented and confirm that the applied
resolution is sufficient for a good representation of the medium scale morphology.

3.3 Tidal flow model

A brief description of the basic concepts of the Delft3D flow module is given in Para-
graph 3.A.2 of Appendix 3.A. The following Paragraph describes the flow model set-up,
followed by the model validation in Paragraph 3.3.2.

3.3.1 Flow model set-up

Several decisions have to be made when setting up a numerical model for flow sim-
ulation, e.g. the choice of a depth-integrated or three-dimensional approach and the
definition of the boundary conditions that incorporate the forcing of the hydrodynamics
in the model. To obtain a reliable model set-up an iterative procedure, of setting-up
the model and making sensitivity analyses to evaluate the effects of these decisions,
has to be carried out. The main characteristics of the flow model are discussed in the
following.
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Depth-integrated versus three-dimensional approach

The necessity for three-dimensional modelling depends on the importance of the three-
dimensional effects that cannot be sufficiently represented in a parameterised way by
the depth-integrated model. The significance can be evaluated on the basis of the car-
ried out field measurements an general knowledge of the governing physical processes.

The Elbe river, in the southern part of the domain, is not directly connected due
to the separating tidal flats. It therefore spills its fresh or brackish water into deeper
parts of the German Bight, where it mixes with the saline water of the North Sea.
Although the salinity is subject to seasonal effects (see Section 2.4), these effects are
expected to be rather uniform for the Dithmarschen Bight [Ehlers, 1988]. The same
mixing occurs with respect to the temperature of the water. The smaller Eider river
in the North does not play a significant role either, both due to its limited discharge
and the in-between tidal flats. These considerations, together with the limited water
depths, strong tidal action and wave action, lead to the conclusion that stratification
due to salinity or temperature differences can be considered to have an insignificant
role in the hydrodynamics of the area of interest.

Various calibration and validation studies for flow modelling in the study area
showed that a 2Dh-approach resulted in good results [Mayerle & Palacio, 2002; Palacio
et al., 2001; Palacio, 2002]. In Palacio et al. [2001] a comparison between the results
of a 2Dh-model and three dimensional model with 10 layers has been made, leading to
the conclusion that only minor differences in terms of water levels at several locations
and flow discharges at several channel cross-sections were found.

On a small scale, three-dimensional behaviour may occur however, e.g due to spiral
flow in the channel bend near Buesum and on the western part of the model domain
due to wave action. The focus on medium scale behaviour in this thesis excludes these
small-scale processes.

The significance of the influence of the three-dimensional behaviour on the medium
scale morphodynamics has been weighted against the extra computational costs. An
extension of the flow model from a 2Dh- to a 3D-model would require a reduction
of the model domain to maintain manageable calculation times, especially for longer
simulations (up to 10 years). Based on the results of morphodynamic modelling with a
smaller model domain it has been concluded that a domain reduction is not acceptable
(see Wilkens et al. [2001]). Therefore, the two-dimensional depth-integrated approach
has been applied.
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Boundary conditions

At each of the open boundaries, conditions have to be defined to represent the in-
teraction between the hydrodynamics in the model domain and those outside. These
boundaries have been split into a number of segments, to ensure a proper representa-
tion of the varying conditions along them. For each segment conditions are imposed at
the beginning and end; between them these conditions are linearly interpolated.

Sensitivity tests showed that the best results were obtained when imposing current
velocity conditions at the western open boundary and water level conditions at the
northern and southern boundaries. Water levels are imposed at the open boundary
in the Elbe river in the southeast of the domain. The relatively small Eider river is
represented by a discharge source.

Since neither water level nor velocity measurement data with sufficient resolution in
time and space are available for the open boundaries, the conditions are determined by
nesting the Dithmarschen Bight model into larger models. This nesting sequence (see
Figure 3.5) starts with a model for the entire North Sea, the Continental Shelf Model,
presented by Verboom et al. [1992]. At the open boundaries of the Continental Shelf
Model astronomical components for the water levels are imposed. The results of the
Continental Shelf Model are imposed onto the open boundaries of the German Bight
Model. This is an adapted version of the model developed by Hartsuiker [1997].

The sequence of these two models has been validated by Winter [2003] for the
German North Sea coast. The resulting water levels and current velocities of the
German Bight Model are subsequently interpolated onto the open boundaries of the
Dithmarschen Bight Model. Depending on the simulated period, wind fields may be
imposed onto the large scale models, to include wind-induced currents and storm surges.

Figure 3.5: The applied nesting sequence for the generation of the boundary conditions.
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Wind

Synoptic wind data are available from the PRISMA interpolation model, presented by
Luthardt [1987]. These data are described in Section 2.5. Depending on the goal of the
simulation, either these data have been imposed in the flow model or a constant wind
speed and direction have been specified.

3.3.2 Flow model validation

The settings of the flow model have been based on the results of an extensive calibration
and validation study of a flow model by Palacio [2002], see also Palacio et al. [2001];
Mayerle & Palacio [2002]. The best results in this study were obtained when imposing
measured water levels at the open boundaries. Since no water level measurements are
available at the open boundaries of the Dithmarschen Bight model, this approach is
not used. Instead, the model is nested in larger scale models - an approach that also
yielded acceptable results in the mentioned calibration and validation studies.

Meldorf Bight flow model by Palacio [2002]

Palacio’s flow model (Meldorf Bight flow model) covers not only the Meldorf Bight,
but approximately the area of interest shown in Figure 3.1. The open boundaries on
the northern, western and southern side of the model more or less coincide with the
boundaries of this area of interest. The study focussed on the flow conditions at several
channel cross-sections of the channels Piep, Norderpiep and Suederpiep.

The model results have been compared to the measured water levels at several
gauges as well as to the current velocities and deducted channel discharges of the
ADCP-measurements described in Section 2.3.1. The comparison has been based on
integrated parameters, such as the cross-sectional discharge, the depth-integrated and
the width-integrated velocities. Since the current measurements are only available for
relatively calm periods, such conditions were considered exclusively. The hydrodynamic
modelling did not include the modelling of waves and therefore the local wave effects
were not accounted for. This was considered acceptable since only calm periods were
simulated.

In conjunction with the calibration and validation, Palacio [2002] considered several
approaches for the definition of the open boundary conditions, e.g. applying a nesting
sequence similar to the one shown in Figure 3.5 or imposing synoptic water level data on
the basis of nearby gauges. Furthermore, the influence of inaccuracies of the bathymetry
on the tidal flats has been investigated.

Validation

The validation of the model showed its capability to reproduce the hydrodynamics of the
tidal channels on the basis of five water level gauges and three channel cross-sections, for
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both spring and neap tides. Palacio [2002] reported a Root Mean Square Error (RMSE)
around 0.15 m/s in the Piep and Norderpiep and circa 0.25 m/s in the Suederpiep for
the depth-integrated current velocities. The RMS-error of the water levels was between
0.02 and 0.04 m for high tide and between 0.05 and 0.12 m during low tide, based on
the maximum and minimum water levels of a two-month period. The cross-sectional
discharges are reproduced with discrepancies below of 10 to 15 % of the maximum
discharge, with the highest accuracy during spring tide for the three considered cross-
sections. Exemplarily, the comparison of the depth-integrated measured and modelled
velocities at the indicated cross-section in the Suederpiep are shown in Figure 3.6.

Discussion

The afore-mentioned values are satisfactory, considering the complex bathymetry and
current velocity patterns in the model domain. When evaluating these results, a few
aspects should be taken into consideration.

Firstly, the high accuracy of the water level predictions can be partly explained
by the fact that the imposed boundary conditions have been based on extrapolated
water level measurements. The expected high correlation between the measured values
at different locations will not be easily lowered by the model. However, since the
predictions at more remote gauges (with respect to the open boundaries) are quite
good, it is assumed that the physical settings of the model are optimal for the study
area.

Secondly, the definition of a channel cross-section is not unambiguous. Parts of
the channel close to the banks will not be measured (too shallow or too risky). In
the comparison these parts are therefore not taken into account, although they may
represent an important part of a channel’s discharge.

Finally, it should be noted that the measurements of the hydrodynamics in tidal
flat areas are not always as straight-forward as they seem. Strong local currents and
waves, together with the limited size of the vessel may cause inaccuracies, in addition
to the device-related uncertainties. For example, Van Rijn et al. [2002a] mention an
accuracy of circa 0.05 m/s for a typical vessel-mounted ADCP under calm conditions.

Taking the above into account, it can be concluded that the main hydrodynamics
are captured rather well by Palacio’s model. The optimal settings as determined within
this study have been used in setting up the flow model for the Dithmarschen Bight. The
open boundary conditions, however, are based on model nesting instead of imposing
measured water levels. There are no water level gauges in the direct vicinity of the
more remote open boundaries of the Dithmarschen Bight model. Thus, the approach of
extrapolating the water level measurements onto the open boundary would presumably
lead to large inaccuracies. Furthermore, the nesting method allows the simulation of
hypothetical events as well as making forecasts.
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Figure 3.6: Comparison of measured and modelled depth-integrated velocities at the indicated
cross-section in the channel Suederpiep. Adapted after Palacio [2002].
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3.4 Wave model

The background of the implemented wave models within Delft3D are discussed in Para-
graph 3.A.3 of Appendix 3.A. The general set-up of the wave model is presented in
Paragraph 3.4.1. This is followed by the description of the model validation in Para-
graph 3.4.2.

3.4.1 Wave model set-up

In the modelled tidal flat area local current velocities can be relatively high – up to
2 m/s. Furthermore, the total water depth can be influenced significantly by the phase
of the tidal cycle and wind- or wave-induced water level changes. These dynamics can
have a strong influence on the wave characteristics. Therefore, the wave model has
been coupled to the flow model.

HISWA versus SWAN

Within Delft3D, the underlying model for calculating the wave characteristics can be
either the HISWA or the SWAN wave model (see Holthuijsen et al. [1989] for HISWA;
Booij et al. [1999] and Ris et al. [1999] for SWAN). Both have been applied to the central
Dithmarschen Bight, as presented in Wilkens & Mayerle [2002]. This calibration and
validation study led to the conclusion that the SWAN model produced better results
than the HISWA model. Furthermore, the application of SWAN has several advantages
over the use of HISWA. Therefore, SWAN has been applied for the morphodynamic
modelling. The advantages of SWAN over HISWA are discussed in Paragraph 3.A.3 of
Appendix 3.A.

Model grid

The previously defined model grid has been used to set-up the wave model. Since
the SWAN model is rather expensive in terms of computation time, a comparison has
been made between the wave results of a simulation with this grid and a simulation
based on a coarsened version. It has been concluded that the coarsened version yields
approximately the same results. Therefore, the coarsened version has been applied for
the wave simulations.

Boundary conditions

The model domain contains three open boundaries through which wave energy may
enter, i.e. in the North, West and South. The northern and especially the southern
boundary are relatively unimportant, since the conditions at these locations do not
significantly influence the wave characteristics in the area of interest. At the western
boundary the wave conditions are very important. These represent the incoming swell
energy from the North Sea.
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At each of the open boundaries, swell wave conditions have been specified. For the
model calibration and validation, these conditions are based on the wave measurements
at the buoys near the western open boundary. When simulating other periods, for which
no measured wave conditions are available, the imposed conditions are based on model
results from larger scale models. This nesting procedure is similar to the one applied
for the flow model nesting, see Paragraph 3.3.1.

Wind

As for the flow model, either synoptic data from the PRISMA interpolation model
have been imposed in the wave model or a constant wind speed and direction have
been specified.

3.4.2 Wave model validation

The evaluation of the coupled flow-wave model has been carried out on the basis of the
wave measurement campaign of September 1996, as presented in Wilkens & Mayerle
[2002]. This campaign, described in Paragraph 2.3.2, yielded information about the
wave characteristics at five locations within the Dithmarschen Bight. Thus, not only
the characteristics at these locations are known, but also knowledge about the transfor-
mation of the waves and penetration of wave energy into the area of interest is gathered.
The four locations near the area of interest are shown in Figure 3.7. Forming the only
known data set of this kind for the Dithmarschen Bight, the following procedure has
been applied for the model evaluation.

From the covered measurement period, five one-day periods with varying conditions
have been selected for the calibration. After the optimal set-up and both physical and
numerical parameters have been determined, the entire period has been modelled for
the model validation. In Figure 3.8, the measured and computed significant wave
heights at Pos3 are shown for the validation period. The results at Pos4 an Pos5 show
a similar accuracy.

Discussion

As can be seen, the model is able to capture not only the variations of the wave height
during the tidal cycle, but also the increasing wave heights during storm events. In some
cases there are significant differences between the model results and the measurements.
However, these occur mainly during calm conditions where the wave heights are lower
than 0.2 to 0.3 m. Considering the complex morphology and highly varying currents,
this is within accuracy that can reasonably be expected from the wave model.

Generally, representative wave conditions are imposed in simulations with the mor-
phodynamic model. Therefore, it is more important that approximately the right
amount of wave energy is predicted than that the exact time series are reproduced.
The model results show that this is the case for the created flow-wave model.
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Figure 3.7: Location of the wave buoys.

Figure 3.8: Measured and computed significant wave heights at Pos3.
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3.5 Sediment transport model

The sediment transport model determines the bed and suspended load transports with
a 2Dh-approach on the basis of the time-varying state of the hydrodynamics, as com-
puted by the flow and wave models. The underlying model concepts are described in
Paragraph 3.A.4 of Appendix 3.A. The set-up of the sediment transport model, which
has been coupled to the flow and wave models for providing the hydrodynamic condi-
tions, is presented in Paragraph 3.5.1. This is followed by the calibration and validation
of the model in Paragraph 3.5.2.

3.5.1 Sediment transport model set-up

The sediment transport model is coupled to the hydrodynamic models that provide
the hydrodynamic conditions. The main characteristics of the set-up of the sediment
transport model are discussed in the following Paragraphs.

Selection of the sediment transport formula

One of the most important decisions to be taken when setting-up a sediment transport
model is the selection of the sediment transport formula. Within the Delft3D-MOR
sediment transport module various formulae are available. Their applicability depends
on the processes taken into account by the formulae and their numerical stability to
ensure proper sediment transport and morphodynamic simulations.

From an initial model study it has been seen that the amount of suspended load
sediment transport is the main transport mode in the central Dithmarschen Bight
[Wilkens et al., 2001]. Furthermore, it showed that the wave action plays an important
role in the sediment dynamics, especially in the western part of the area. One of the - in
Delft3D included - sediment transport formulae, that takes account for suspended load
sediment transport as well as wave influences, is the Bijker formula [Bijker, 1971]. Based
on the high stability of the sediment transport and morphodynamic computations with
this formula and the results of the calibration and validation (see Paragraph 3.5.2),
this formula has been applied exclusively for the sediment transport calculations in
this study.

Model grid

The underlying model grid for the sediment transport model is identical to the flow
model grid. It therefore retrieves the necessary information about the water levels and
current velocities without any interpolation steps from the flow model. Since the wave
model is based on a coarsened version, the wave information is interpolated, to yield
data for each computational cell of the transport model grid. A sensitivity analysis
showed that this approach does not have a significant influence on the morphodynamic
model results.
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Boundary conditions

Similar to the flow and wave models, boundary conditions need to be specified to
represent the sediment fluxes across the open boundaries. The lack of accurate data
caused the need for theoretically defined conditions.

For the bed load transport the boundary condition can be defined by prescribing the
time-dependent bed load or total load transport or by defining the time-dependent bed
level changes. No accurate data about these quantities are available from measurements
at the needed time scale. Therefore the bed level at the boundary has been defined as
constant in time. This approach introduces an effect on the morphological development
of the model domain. However, since the open boundaries have been located far away
from the area of interest, this is acceptable.

Since the suspended load transport is accounted for separately, a boundary condition
has to be specified for the suspended sediment flux as well. In the here-described
model these conditions have been defined as follows. During inflow conditions, the
local equilibrium concentration is imposed and for outflow conditions the computed
local concentration of the upstream grid cell is specified.

The initial model study of the morphodynamics showed that a distance of circa
5 km between the open boundaries and the area of interest is sufficient for modelling
periods of up to 5 years. For the underlying model, this distance measures at least
12 km. The open boundaries are therefore considered to be sufficiently remote for
modelling periods up to 10 years.

3.5.2 Sediment transport model validation

The modelling of the bed and suspended load sediment transport in the study area has
been the topic of several studies, e.g. Winter & Mayerle [2003]; Poerbandono [2003].
The results of these studies served as a basis for the settings of the sediment transport
model for the Dithmarschen Bight, and are presented below.

Meldorf Bight sediment transport model by Winter & Mayerle [2003]

Winter & Mayerle [2003] present the set-up and calibration of a sediment transport
model, coupled to a depth-averaged hydrodynamic model accounting for tidal flow and
local wave action. The model has been set-up within the Delft3D modelling system.
The HISWA wave model has been applied. The bed load and suspended load sediment
transports were accounted for separately, where both the formulae of Bijker [1971] and
Van Rijn [1984] were evaluated. The presence of the layer of consolidated cohesive
sediments (see Section 2.6) was not accounted for.

The calibration took place on the basis of measurements of current velocities and
suspended sediment concentrations along three channel cross-sections, as shown in Fig-
ure 3.9. For each of the cross-sections, measurements have been made over a full tidal
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Figure 3.9: Model domain (dashed line) and location of the channel cross-sections, along
which the current velocity and suspended sediment measurements were carried out
[Winter & Mayerle, 2003]. In the bottom-right the depth profiles along the cross-
sections are depicted, together with the locations of the sediment concentration
measurements.

cycle during calm weather conditions, resulting in a complete overview of the variations
of the tidal flow and sediment transport characteristics.

The applied tidal flow model has been based on the previously described validation
by Palacio [2002] and Mayerle & Palacio [2002]. Winter & Mayerle [2003] report that the
water levels are reproduced with a discrepancy between 3 and 10 % of the maximum
tidal range of 3.6 to 3.9 m. Differences between the modelled and measured flow
velocities at the three cross-sections are less than 0.3 m/s.

From simulations of the wave-induced currents the authors concluded that the in-
fluence of locally-generated wind waves on the currents is moderate on the tidal flats
and negligible in the tidal channels for the modelled (calm) period.

Based on the statistical evaluation parameter RMAE (Relative Mean Absolute Er-
ror), as proposed by Van Rijn et al. [2002b], the model has been calibrated to obtain
optimal values for selected input parameters, e.g. the median grain size and the settling
velocity. Although these parameters were imposed uniformly, it has been concluded that
the observed characteristics of the sediment transport could be reproduced reasonably
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Figure 3.10: Observed and computed suspended sediment load (103 kg/s) for varying settings
in the sediment transport calculation at cross-sections T1, T2 and T3 [Winter
& Mayerle, 2003].

well, apart from too high concentrations during the flood phase at cross-section T2
(see Figure 3.9 for its location). Exemplarily, the observed and computed suspended
sediment loads during a tidal cycle are shown for the three examined cross-sections in
Figure 3.10. Both optimised sediment transport formulations show their capability to
follow the observations. The optimised Bijker formulation – Bijker 2 in Figure 3.10) –
showed the best results.

Sediment transport modelling by Poerbandono [2003]

The calibration by Winter & Mayerle has been extended by Poerbandono, who added
two data sets which each cover approximately a tidal cycle. The same three channel
cross-sections have been considered, as shown in Figure 3.9. After the extended cal-
ibration, the model has been validated with two further data sets. The current and
suspended matter measurements could only be carried out during calm weather con-
ditions, due to the vessel size and requirements for the applied devices. Thus, the
calibration is limited to these conditions. Wave effects on the currents and on the
sediment transport have been ignored, which were assumed to be acceptable for the
considered calm periods. The presence of the layer of consolidated cohesive sediments
(Section 2.6) was not considered.

The validation showed that the sediment transport calculations on the basis of
the Bijker [1971] formula performed slightly better than the Van Rijn [1984] formula.
Exemplarily, the computed total loads are shown for several data sets for the three
cross-sections in Figure 3.11.

Poerbandono & Mayerle conclude that for cross-section T1 the results agree quite
well with the observations, although a time lag of approximately 1 hour can be observed.
At cross-sections T2 and T3, the sediment loads tend to be somewhat underestimated
and time lags reach up to 90 minutes. Circa 50 % of the data lie within a factor two of
the observed values for the Bijker formula.
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(a) Cross section T1, data set 1,
22 March 2000, tidal range 4m

(b) Cross section T1, data set 4,
12 Sep. 2000, tidal range 3.3m

(c) Cross section T1, data set 5,
5 Dec. 2000, tidal range 2.3m

(d) Cross section T2, data set 1,
21 March 2000, tidal range 4.1m

(e) Cross section T2, data set 4,
12 Sep. 2000, tidal range 3.3m

(f) Cross section T2, data set 5,
5 Dec. 2000, tidal range 2.3m

(g) Cross section T3, data set 1,
23 March 2000, tidal range 4.2m

(h) Cross section T3, data set 4,
13 Sep. 2000, tidal range 3.5m

(i) Cross section T3, data set 5,
6 Dec. 2000, tidal range 2.5m

Figure 3.11: Observed and computed suspended sediment load (kg/s) for several data sets at
cross-sections T1, T2 and T3 [Poerbandono & Mayerle, 2003].

Discussion

The calibration and validation of the sediment transport model took place on the basis
of a vast amount of observations. Since the measurements have been carried out from
research vessels, they are limited to the tidal channels that ensure a sufficient draught.
Therefore, no evaluation of the model results could be made for the shallower areas,
i.e. near the channel banks and on the tidal flats. Furthermore, the measurements are
limited to calm weather conditions, since strong wave action and high local currents
did not allow measurements during rough conditions.

Nevertheless, an extensive data set has been collected, yielding an extensive insight
in the sediment dynamics of the main tidal channels. The applied sediment transport
model could be significantly improved on their basis.
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Winter & Mayerle [2003] concluded that for the considered calm periods the effects
of the relatively low locally generated waves on the computed suspended sediment con-
centrations are insignificant. The effect of swell wave energy has not been investigated
in this study.

From Wilkens & Mayerle [2002] it is known that swell waves generally break on the
outer tidal flats. A sensitivity analysis showed that limited swell (0.5 m wave height at
the western open boundary) induces circa 5 % larger sediment concentrations during
flood conditions at the edge of the tidal flat Tertiussand and no significant changes in
the concentrations along the rest of the cross-section. This confirms the correctness of
the assumption by Winter & Mayerle [2003] that waves are of negligible importance
during calm conditions.

As can be seen from the results of the subsequent study by Poerbandono & Mayerle
[2003], as shown in Figure 3.11, the percentage of data within a factor two of the
observed values would increase when the phase lag is absent. Since the tidally averaged
sediment loads are used for morphodynamic modelling, the results of the sediment
transport validation are of acceptable quality for this purpose.

The presence of the consolidated cohesive sediments has been ignored in both stud-
ies. The size of the areas where this layer may influence the sediment transports is
relatively small with respect to the medium scale at which the simulations were made.
When considering a smaller scale the effects of these areas on the sediment trans-
ports may become of increasing importance. Since the underlying study focuses on the
medium scale the influence of this layer has not been further investigated.

Although both studies have been based on uniform settings of the considered param-
eters, i.e. a uniform d50 of 100 µm and d90 of 150 µm and ks of 0.2 m, the model showed
the ability to represent the observed conditions at the evaluated cross-sections rather
well. A non-uniform approach is expected to further improve the results. However, this
should be based on realistic assumptions with respect to the horizontal variations and
would require a huge and prohibitively expensive increase of the needed measurement
activities when carried out for the entire area. On the basis of the available data which
already give a very good insight in the local conditions throughout the area, it can be
concluded that optimal settings for the coupled sediment transport model have been
determined in a proper manner. These settings have been adopted for the sediment
transport model for the entire Dithmarschen Bight.

3.6 Discussion

As described in the previous Sections, each of the process models has been calibrated
and validated and it is therefore assumed that they represent the dominating physical
processes in a correct manner. The validation of the flow and sediment transport mod-
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els is limited to calm wind and wave conditions, due to the lack of data for more severe
situations. The considered validation period for the wave model includes two storm
events as well as the in-between calm periods.

The individual process models have been coupled to create a morphodynamic model
for the central Dithmarschen Bight, as discussed in Chapter 4. Considering on the
extensive evaluation of the individual models this yields a very good basis for the
morphodynamic modelling.
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3.A Delft3D-MOR modelling system

3.A.1 Introduction

The morphological components of the Delft3D modelling system1 are described in this
Appendix. For more detailed information is referred to Roelvink & Van Banning [1994]
and Roelvink et al. [1994] as well as to the Delft3D user manuals (see WL-|-Delft-
Hydraulics, 2003a,b,c).

The morphological components of the modelling system, combined referred to as
Delft2D-MOR, include modules for simulating currents, waves, bed load and suspended
load sediment transports, and morphological development. Exchange of the results of
each of these individual models ensures the representation of the various interactions
between the simulated physical processes, e.g. wave-induced currents.

Each of the modules and their basic concepts are described in the following Para-
graphs.

3.A.2 Flow

The flow module can be applied to simulate the non-steady flow conditions in coastal
areas. It takes both tidal and meteorological forcing into account and, coupled to the
wave module, also includes wave-induced changes in the flow conditions. Stratification
due to salinity and temperature variations can be accounted for. Drying and flooding
of tidal flats can be represented as well.

The model can be applied with both a two- and a three-dimensional approach.
Within this study the two-dimensional, depth-averaged approach has been applied and
is therefore considered exclusively hereafter.

Basic equations

The 2Dh flow model solves the instationary shallow-water equations. The assumptions
of incompressible fluid and hydrostatic pressure are made.

These equations are solved by a finite difference method on a rectilinear or curvi-
linear grid. The grid is a so-called staggered grid, where the water levels are solved for
the middle of the grid cells and the velocity components on the cells sides, whereas the
depth is specified at the cell vertices. This allows an easy implementation of boundary
conditions and needs less discrete variables than a non-staggered grid. The geographic
space is defined in (ξ, η) co-ordinates along the grid.

The applied numerical scheme is an alternating direction implicit (ADI) scheme.
The main advantage of the resulting semi-implicit scheme is that a relatively large time
step can be applied which is limited by the grid spacing and the Courant number, as

1Delft3D has been developed by Delft Hydraulics in the Netherlands.
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follows:

Cr = 2∆t
√

gH

√
1

∆x2
+

1
∆y2

< 10 (3.1)

with:
Cr Courant-Friedrich-Levy number
∆t time step
g gravitational acceleration
h water depth
∆x grid cell size in x-direction
∆y grid cell size in y-direction

Boundary conditions

Along the open boundaries, i.e. the boundaries where water can freely enter or leave the
model domain, boundary conditions have to be prescribed. For inflow, two conditions
need to be defined, for outflow only one. Within the flow model, the one, permanently
needed boundary conditions is to be specified, whereas the second inflow condition is
internally defined. The permanent condition may be defined as water level, velocity,
discharge or partially reflective boundary conditions (Riemann invariants).

The internal condition is defined by prescribing a zero-velocity component along
the boundary. This implicates that diagonally (with respect to the open boundary)
inflowing water is represented by the perpendicularly component only. When defining
the open boundaries approximately perpendicular to the main inflowing currents and
keeping them well away from the area of interest, this approach functions satisfactory.

Along the closed boundaries, representing the natural land-water boundaries, two
boundary conditions are imposed. Obviously, the normal velocity is set to zero, to
prevent any flow across this boundary. This is done internally by the flow model. The
second boundary condition concerns the shear stress along the boundary. This is either
set to zero, as usually the case for mild-slope coastlines, or as a partial slip boundary,
to represent the retarding effect of for example a vertical quay or flume wall.

Drying and flooding

The computational domain, limited by the afore-mentioned boundaries, may be reduced
due to the presence of dry cells. Dry cells are grid cells in which the bottom level is
higher than the instantaneous water level. During each time step, the model determines
if a cell is either in- or excluded in/from the hydrodynamic computation.

Turbulence closure

Since the applied model grid is generally too coarse and the time step too large to resolve
turbulent processes, these should be represented by a parametrisation. Since the flow
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model does not contain such a parametrisation, the turbulence has to be represented
by the values of the horizontal viscosity and eddy diffusivity coefficients ν2Dh and Dh.
They depend on the grid size and can be specified as space-varying.

Spiral flow

Although spiral flow in the bend of a river or tidal channel cannot be resolved by a
2Dh model, it can be included indirectly. This is done by extending the depth-averaged
momentum equations and the continuity equation. An advection-diffusion equation is
added to take account for the generation and adaptation of the spiral flow intensity.

Wave-current interaction

The wave-induced effects on the currents are included in the momentum equations
through additional terms. There are two approaches available for the calculation of
these quantities. The first is based on the use of the radiation stresses, the second on
the wave energy dissipation, as proposed by Dingemans et al. [1987].

3.A.3 Waves

The Delft3D system offers the application of two wave models. The first wave model is
the second-generation HISWA wave model2 (see Holthuijsen et al. [1989]), the second
the third-generation SWAN model6 (see Ris et al. [1999]; Booij et al. [1999]. Within
this study the SWAN model has been applied for both physical and numerical reasons.

With respect to the physical representation there are two advantages of SWAN over
HISWA. Firstly, SWAN incorporates the state-of-the-art formulations, whereas HISWA
is based on highly parameterised formulations. Secondly, SWAN is fully spectral in
frequency and direction where HISWA is parameterised in the frequency domain.

There are three numerical reasons to use the SWAN instead of the HISWA model.
The first is that the SWAN model is not limited to a directional sector, where HISWA
is. Secondly, the HISWA model grid(s) should be oriented in the mean wave direction -
for SWAN there is no such restriction. And thirdly, SWAN simulations can be made
on the basis of a curvilinear grid, whereas HISWA is limited to rectilinear grids. Thus,
SWAN simulation can be made on the basis of the flow model grid (which is curvilinear
in this study) and therefore prevents inaccuracy-incurring interpolations.

In the following only the - in Delft3D incorporated - SWAN model will be described.
The SWAN model can be applied to simulate the evolution of random, short-crested,
wind-generated waves in coastal areas. The model is fully spectral, implying that
random wave fields propagating from different directions can be simulated, e.g. locally
generated waves from one direction and incoming (through the open boundaries) from
another direction. The evolution is calculated by taking local current conditions into

2The HISWA and SWAN wave models have been developed at the Technical University of Delft,
the Netherlands
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consideration. The model accounts for refraction, wave generation by a local wind, and
dissipation due to bottom friction, depth-induced wave breaking, whitecapping and
non-linear wave-wave interactions, as well as wave blocking due to opposing currents.

Basic equations

The wave model is based on the two-dimensional wave action density spectrum N(σ, θ),
where σ denotes the relative frequency and θ the wave direction. The action density is
equal to the energy density divided by the relative frequency:

N(σ, θ) =
E(σ, θ)

σ
(3.2)

with:
N(σ, θ) spectral wave action density
σ relative wave frequency
θ wave direction
E(σ, θ) spectral wave energy density

On Cartesian co-ordinates, the spectral action balance equation is written as:

δN

δt
+
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δcyN
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+

δcσN

δσ
+

δcθN

δθ
=

S

σ
(3.3)

with:
cx, cy, cσ, cθ propagation velocities in x-, y-, σ- and θ-space
S source term

The equation balances the rate of change of action density in time, the propagation
in x- and y- space, and the shifting to different relative frequency and direction to the
source term on the right-hand side. The generation and dissipation of wave energy
are represented by this source term. The definition of the source term based on the
generation and dissipation is given by:

S = Sin(σ, θ) + Sds,b(σ, θ) + Sds,br(σ, θ) + Sds,w(σ, θ) (3.4)

with:
Sin(σ, θ) source term for wind generation
Sds,b(σ, θ) source term for dissipation through bottom friction
Sds,br(σ, θ) source term for dissipation through wave breaking
Sds,w(σ, θ) source term for dissipation through white-capping

For the definition of these source terms and for non-linear wave-wave interactions
is referred to Ris et al. [1999]; WL-|-Delft-Hydraulics [2003b].
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Numerical solving method

The integration of the action balance equation has been implemented in SWAN with
finite difference schemes in all five dimensions (time, geographic space and spectral
space). In Delft3D, SWAN is applied in a stationary mode so that time has been
omitted from the equations. The geographic space can be either in (x,y) or in (ξ, η) co-
ordinates, dependent on the character of the model grid (i.e. rectilinear or curvilinear).

In geographic space the discretisation is based on the underlying grid; in spectral
space a user-defined, constant directional resolution and constant relative frequency
resolution are used.

Boundary conditions

Wave boundary conditions may be specified at up to four sides of the model grid.
The conditions of these incoming waves (swell) may be specified by representative
wave parameters (i.e. significant wave height Hs, peak period Tp, mean direction and
energy width distribution), together with a predefined wave spectrum shape, e.g. the
JONSWAP spectrum. An other possibility is to provide an exact wave spectrum, which
for example has been obtained from wave measurements.

Current-wave interaction

The results from the previously described flow model may be included in the wave sim-
ulations, to take account for the effects of changing water level and current conditions
on the waves. This is especially important in shallow-water areas, where the relative
change of the total water depth as well as the current velocities can be rather high. In
coupled simulations, the model bathymetry can be read from the flow model, so ensure
equal depths in both models.

3.A.4 Sediment transport

The Delft3D sediment transport model uses the results of the flow and, optionally, the
wave model to compute the two-dimensional, depth-averaged bed load and suspended
load sediment transports. The model can be applied in (1) total mode, in which an
algebraic total load sediment transport relation is applied, in (2) suspended mode, in
which the suspended load transport is modelled with an advection-diffusion equation
in addition to the algebraic relation for the total load transport, or in (3) silt mode
which includes the advection-diffusion equation only.

The sediment transport model uses the time-dependent results from the flow and
wave models, together with the bathymetry of the flow model. After calculating the
sediment transport for a user-defined simulation period and time step it also determines
the time-averaged transport for a given sub-period of the simulation period, to be used
for the calculation of the new bathymetry (see Paragraph 3.A.5).
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Retardation (lagging) of the sediment concentration is important in tidal flat areas
with relatively high gradients in the current velocities and small grain sizes, having low
settling velocities. Therefore the adaptation lengths scale of the suspended sediment
transport can be considerably larger than the spatial scale of the velocity gradients.
This leads to differences between the equilibrium concentration and the local concen-
tration, which can only be correctly represented by inclusion of the advection-diffusion
equation.

The suspended mode model is able to calculate the local sediment concentrations,
by taking the conditions of the surrounding area into account whereas the total model
only considers the local conditions. Considering the above, the suspended mode has
been applied in the underlying study.

Basic equations

Within this study the equation of Bijker [1971] has been applied. Within Delft3D it can
be applied for calculation of total load and suspended load transports. Furthermore,
the effect of waves on the sediment transport is represented in this formulation, which
is especially important for the exposed tidal flats. Within this model, the calculated
total sediment transport rate can be corrected for bed slope effects and the effects of
the presence of a non-erodible layer.

Following Bijker [1971], the bed load sediment transport Sb is defined as:

Sb = bd50
U

C

√
gexp

{
− 0.27

∆d50ρwg

µτcw

}
(3.5)

with:
b Bijker calibration constant (range: 1-5)
d50 median grain size
U horizontal flow velocity magnitude
C Chézy bottom roughness coefficient
g gravitational acceleration
∆ relative density (ρs − ρw)/ρw

ρw density of the water
ρs density of the sediment
µ ripple factor

(
C

18log10(12h/d90)

)1.5

h water depth
d90 90th percentile of the sediment grain size distribution
τcw combined current- and wave-induced bed shear stress



92 Chapter 3. The Dithmarschen Bight model – process models

The suspended load sediment transport calculation by Bijker [1971] follows from:

Ss = 1.83Sb

{
I1ln

(33h

rc

)
+ I2

}
(3.6)

with:
Ss Suspended load sediment transport
I1, I2 Einstein integrals, functions of the relative bottom roughness rc/h

rc bed roughness height for currents

The median sediment grain size can be defined spatially varying over the model
domain. However, a time-varying approach is not included in the sediment transport
model. Therefore, the model does not record where sediments with a certain grain
size are transported to. Furthermore, a grain size distribution (sieve curve) can not
be specified. Double-peaked sediment grain size distributions can therefore not be
represented accurately.

When applied in suspended mode, the calculated suspended sediment transport is
used to calculate the equilibrium concentration. This concentration is then entered
as the bed boundary condition into the depth-averaged advection-diffusion equation,
which is subsequently solved for the suspended sediment concentration.

The effects of the bed gradients on the total sediment transport are included by
multiplication of the determined transport with an adaption factor.

A non-erodible sea bed or layer underneath an erodible sea bed can be represented
by the model. The presence of such a layer will reduce the amount of sediment transport
in the model. The depth of the layer has to be specified after which the model computes
the relative thickness of the surfacing erodible layer. Based on the relative thickness, a
fixed layer reduction factor for the computed sediment transport is determined.

Due to the applied formulations, for a certain erodible layer thickness on top of a
non-erodible layer, an increase in total water depth will decrease the effect of the non-
erodible layer on the sediment transport rate. When the erodible layer thickness is less
than the total water depth multiplied by a user-defined factor, the sediment transport
will be reduced.

Boundary conditions

At the open boundaries, i.e. the boundaries through which sediment transport is pos-
sible, boundary conditions have to be defined. The sediment transport model offers
three possibilities for imposing boundary conditions in suspended mode. In the first
two cases the bed load transport rate or total load transport rate have to be specified,
together with a condition to determine the suspended load transport rate. For the third
option the bed level has to be specified in combination with a condition for specifying
the suspended load transport rate.
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In this study the third option has been applied by setting the bed level constant.
This implies that no changes will occur in the morphology directly at the open bound-
aries. When these open boundaries are far away from the domain of interest, this
is considered acceptable. Furthermore, the definition of the suspended load sediment
transport rate in case of inflow has been based on the equilibrium concentration, as cal-
culated by the algebraic equation. In the case of outflow, the upstream concentration
is used.

3.A.5 Morphological evolution

The development of the bathymetry is determined by solving the continuity equation
for the bed level. The components for the bed load and suspended load sediment trans-
ports are averaged sediment transports over a user-defined sub-period of the sediment
transport simulation period. The so-determined bed level change rate can be multiplied
by a certain period to get an estimation of the morphological changes over this period.

Due to the applied explicit discretisation scheme FTCS (Forward in Time, Centred
in Space), this period is limited by the Courant-Friedrich-Levy criterion (CFL-criterion)
and the total sediment transport rates. The Courant number for the bed Crbed should
stay below 1 for stability reasons and is determined by:

Crbed = cbed
∆tbed,max

∆s
≤ 1 (3.7)

with:
Crbed Courant number for the bed
cbed bed celerity
∆tbed,max maximal time step for bed evolution calculation
∆s local grid cell size, depending on the sediment transport direction

The value of ∆s is determined by the local sediment transport direction and the local
dimensions of the grid cell. Several formulations for calculating the local bed celerity
are available. Based on the calculated time-averaged total sediment transports and the
determined optimal time step, the changes in the bathymetry can be calculated. This
results in the determination of a new bathymetry, which subsequently can be passed
on to the other modules for continuation of the simulation.

3.A.6 Time management of the modules

To combine the individual process modules into a user-defined sequence for simulation
of the morphodynamic processes, the main module of Delft2D-MOR can be used. This
module allows the user to set-up a model tree in which the to be included modules are
defined, together with a set of rules for the module simulation periods and number of
repetitions.
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The exchange of model results takes place over a set of general result files in which
all mutually used parameters and data are stored.

Continuity update

An especially useful option is the possibility of a so-called continuity update. Instead of
using the velocity fields calculated by the hydrodynamic modules directly, the discharge
fields together with the actual total water depth are used. From these quantities the
local velocities are calculated as:

u = qξ/(d + ζ)

v = qη/(d + ζ)
(3.8)

with:
u depth-averaged flow velocity in ξ-direction
v depth-averaged flow velocity in η-direction
qξ discharge in ξ-direction per unit of width
qη discharge in η-direction per unit of width
d water depth with respect to MSL (pos. downward)
ζ water level with respect to MSL (pos. upward)

After the calculation of the sediment transport rates and the update bathymetry,
the same discharge values are entered in the equations above, together with the updated
depths. This way an adapted velocity field is determined for each time step without
making a new hydrodynamic computation. The latter is by far the most expensive part
of a morphodynamic simulation in terms of computing time and therefore the continuity
update significantly reduces the calculation time of a morphodynamic simulation.

The continuity update can only be applied as long as the assumption holds that the
determined bathymetric changes do not cause large changes in the horizontal velocity
patterns in the model domain. The user can determine the criterion for allowing a
continuity update or making a new hydrodynamic computation. This can be either a
fixed number of continuity updates or a maximum allowable change of, for example,
the bed level.

In general, the application of the continuity update significantly enhances the speed
of morphodynamic simulations without a large loss of accuracy.



95

Chapter 4

The Dithmarschen Bight

morphodynamic model

4.1 Introduction

To increase the understanding of the physical processes underlying the morphological
development of the central Dithmarschen Bight, a morphodynamic model has been
created. It has been based on the widely-used approach of complex numerical modelling,
where individual models for the driving forces, i.e. tides and wave action, are coupled
to a sediment transport model.

In the previous Chapter, the individual process models have been presented. The
described calibration and validation of these models showed their capability of repro-
ducing the observed characteristics of the physical processes in a good manner. The
optimal settings of these evaluations have been adopted for the set-up of the coupled
morphodynamic model. In this way an optimal basis for modelling the medium scale
morphological evolution of the domain is achieved.

In Section 4.2, an overview of the basic model concepts of morphodynamic mod-
elling is presented. A differentiation is made between Initial Sedimentation and Erosion
(ISE) models, Medium Term Morphodynamic (MTM) models and Long Term Morpho-
dynamic (LTM) models. The first two include the use of individual process models,
whereas in the latter they are not. In ISE-models the morphological changes over a
limited period of time are computed without back coupling of these changes to the hy-
drodynamic and sediment transport models. When the morphological changes are fed
back to these models, thus including two-way interaction, the model is called a MTM-
model. Due to the included interaction much larger periods in time can be simulated
realistically. In this study the ISE-approach has been adopted for the sensitivity anal-
yses, whereas the MTM-approach has been applied for the hindcasting and forecasting
of the morphological evolution of the study area.
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Figure 4.1: Scale range in coastal morphology (morphological time scale Tm in seconds). After
[De Vriend, 1997].

In this study short term is defined as several days and medium term as a period
of up to 10 years. The scale of the considered morphodynamic changes is related to
the considered time span [De Vriend, 1997], as shown in Figure 4.1. On the short term
the small scale effects of tides and storms are considered. On the medium term the
morphological changes are considered in terms of the evolution of channels, tidal ridges,
shoals and tidal flats.

The coupling of the individual models into the morphodynamic model is discussed
in Section 4.3. The process models are driven by specified open boundaries and coupled
to a model for calculation of the morphological changes over the considered period of
ten years. The specification of the boundary conditions for tidal flow, wind, swell and
sediment transports is the topic of Section 4.4.

To assess the sensitivity of the morphodynamic model to the defined conditions, a
hindcast study of a real storm has been carried out. This is described in Appendix 4.A.
Furthermore, a comparison has been made between the application of representative
tidal conditions and a full neap-spring tidal cycle. This study is presented in Ap-
pendix 4.B.

4.2 Model concepts for coastal area modelling

As stated by De Vriend et al. [1993a], the combined individual process models con-
stitute a new system. This system forms a new model and, subsequently, the phases
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of sensitivity analysis and model evaluation should be carried out anew. The com-
bined individual process models can be applied in three ways, schematically shown in
Figure 4.2:

• ISE-model – Initial Sedimentation / Erosion model;

• MTM-model – Medium-Term Morphodynamic model;

• LTM-model – Long-Term Morphological model.

The sequence in the left column shows the initial bathymetry and constituent pro-
cess models, together building an ISE-model. When the bathymetry is updated by the
time stepping mechanism on the basis of the sediment balance and subsequently re-
entered in the process models, an MTM-model is formed. Instead of time-stepping, the
processes can be temporally integrated to build an LTM-model. Based on De Vriend
et al. [1993a], these models can be described as follows.

ISE-models

Within an ISE-model, the sediment balance for each grid cell is determined from the
computed sediment transports, that are based on the calculated wave and current
velocity characteristics. No updating of the bathymetry occurs. This type of model
can therefore only yield information at a time scale that is much smaller than the
morphological time scale [De Vriend et al., 1993b], typically one or two tidal cycles.
However, it does provide information on the reaction of the morphology to the specified
settings and imposed conditions.
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Figure 4.2: Compound morphological model concepts, adapted after De Vriend et al. [1993b].
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MTM-models

When the dynamics of the morphology over a longer time scale are to be considered,
the short-term approach of the ISE-model no longer holds. The non-linear interactions
between the bathymetric changes on the one hand and the hydro- and sediment dynam-
ics on the other have to be taken into account by updating the bathymetry. The time
stepping mechanism in these MTM-models is the algorithm that controls this updating.

LTM-models

On an even larger scale, the LTM-models can be applied. In this type of model the
underlying equations describe the morphodynamics in an integrated manner instead of
on the basis of the process-resolving method of the first two model types.

4.2.1 Applied concepts for the Dithmarschen Bight model

Initially, the created model has been applied in ISE-mode to analyse the sensitivity of
the model results to a variety of settings and conditions. Examples of the varied settings
are the number of flow-wave iterations, the number of wave calculations per tidal cycle
and time interval at which tidal flow information is passed to the sediment transport
model. With respect to the conditions, a large number of varying swell, wind and tidal
conditions have been considered. This resulted in a good overall understanding of the
performance of the model. Furthermore, it gave insight in the sensitivity of the model
results to the settings taken from calibration and validation of the individual process
models summarised in Chapter 3.

Subsequently, the model has been applied as a MTM-model for the calibration.
The MTM-approach as opposed to the ISE-approach is considered here to include the
back-coupling of the morphological changes to the hydrodynamics and sediment trans-
ports. This allows for longer simulation periods, i.e. in the order of the time scale
of medium scale morphodynamics. As described in Section 2.7, bathymetric data are
available on a yearly basis with a varying coverage of the area of interest. Further-
more, inaccuracies in the measured data, morphological fluctuations within a single
year – which are not investigated in this study – and inaccuracies due to interpolation
onto the model grid necessitate to consider periods of several years when comparing
the observed and modelled medium scale morphological changes. The MTM-approach
requires the imposition of realistic representations of the occurred tidal, wind and wave
climates, as well as intermediate morphological updating. To that purpose, the model
has been applied in MTM-mode for the model calibration and validation, as presented
in Chapter 5, considering a modelling period of about 10 years.

In Chapter 6 the application of the calibrated and validated MTM-model is de-
scribed. An analysis has been made of the dominant processes for the morphological
behaviour, followed by a prediction of the morphological evolution.
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Figure 4.3: Morphological modelling scheme for the Dithmarschen Bight model.

4.3 Set-up of the morphodynamic model

The morphodynamic model is the result of the coupling of the individual process models
to each other and to the morphological updating model. Within the Delft3D system,
these are linked within a simulation by a main model that imposes the time management
(see also Paragraph 3.A.6). The time management prescribes the order of calculation
by the constituent models as well as the time stepping mechanism for updating the
bathymetry. The here applied modelling scheme is shown in Figure 4.3.

For application of the ISE-model concept, the initial bathymetry is entered into the
hydrodynamic process models in path 1, followed by the sediment transport computa-
tion. On the basis of the tide-averaged sediment transport fields the initial sedimenta-
tion and erosion patterns are determined for a short-term period.

In MTM-mode, either path 1 or path 2 is taken to determine the hydrodynamics,
followed by the computation of the sediment transports and a morphological update.
Every 5th loop path 1 is taken. In either case, the morphological time step, i.e. the
period between the initial and updated bathymetry, is not fixed. Instead, the CFL-
criterion is applied on the basis of the tide-averaged sediment velocity for each grid cell.
This results in a morphological step, being the smallest allowable time step for all grid
cells. The updated bathymetry is subsequently applied for the next loop. The loop is
repeated until the end of the defined simulation period has been reached.
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Figure 4.4: Simulated time series within the simulation set-up.

4.3.1 General simulation set-up

In terms of the simulated time series, the simulation can be schematised as shown in
Figure 4.4.

Basic process model simulation

The initial bathymetry at t0 is entered into the process models for flow, waves and
sediment transport. The first loop follows path 1 of Figure 4.3. First an initial flow
simulation over two tidal cycles (of 12 hours and 24 minutes) is carried out. This
provides the tide-varying conditions for the subsequent wave simulation for the same
period. Subsequently, a wave calculation is made every 2 hours, being the optimised
interval on the basis of a sensitivity analysis. The wave characteristics are interpolated
linearly between the 2-hourly wave calculations to yield data for each flow time step.

A second flow simulation is then carried out in which the wave effects are taken into
account. This results in current velocity fields including both tidal and wave-induced
currents. The results of the second flow simulation and those of the wave simulation
provide the conditions for the sediment transport model. After calculating the sediment
transports for both suspended and bed load transport, the time-averaged transports
over the second tidal cycle are calculated, viz. from t0 + 744 to t0 + 1488 minutes. The
model results of the first tidal cycle are ignored to exclude initialisation effects.
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Sedimentation and erosion calculation in ISE-mode

In ISE-mode, the time-averaged transports are multiplied by 24 hours. Then, the initial
sedimentation and erosion patterns for a one-day period are calculated on the basis of
the continuity equation for the bed level (see also Paragraph 3.A.6 in Appendix 3.A).

Sedimentation and erosion calculation in MTM-mode

In MTM-mode, the time-averaged transports are used to determine a theoretical bed
celerity, followed by the computation of the maximally allowable morphological time
step ∆tbed on the basis of the CFL-criterion (see Formula 3.7). This is explained more
extensively in Paragraph 3.A.5. The time-averaged transports are multiplied by the
morphological time step to obtain the resulting sediment movements. Subsequently the
sedimentation and erosion are calculated. These are added to the bathymetry at the
start of the loop (t=t0). As long as the end of the simulation period has not yet been
reached, a new loop is started on the basis of the updated bathymetry for t1, where
t1 = t0 + ∆tbed.

Subsequent loops in MTM-mode

Subsequent loops follow either path 1 or path 2 of Figure 4.3. Since the execution of
the hydrodynamic process model simulations require a relatively large computational
effort, inducing long calculation times, a shortcut is available in the Delft3D modelling
system. This so-called continuity update estimates the flow conditions for the updated
bathymetry (see also Paragraph 3.A.6). The assumption is made that no significant
changes of the horizontal current patterns will take place on the basis of the morpho-
logical changes after one loop. Thus, the adapted current velocities can be determined
by combining the flow discharges and slightly changed total water depth for each grid
cell and time step. A decrease in water depth will increase the velocity and vice versa.
The adapted current velocities and the original wave characteristics are subsequently
entered into the sediment transport model.

4.3.2 Simulation of scenarios with varying conditions

When the morphodynamic model is applied to simulate in MTM-mode, the imposed
conditions with respect to the tide, waves and wind can be varied. In this way a
representative climate can be imposed. The definition of representative conditions is
discussed in Section 4.4. To this end, the total simulation period, e.g. one year, is
split up into a number of shorter periods. For each period different conditions are
imposed and the length of the period depends on the probability of occurrence of the
combination of the imposed conditions. This is shown schematically in Figure 4.5. In
every sub-simulation the modelling scheme of Figure 4.4 is carried out anew.
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Figure 4.5: Scheme for splitting-up the simulation into N sub-simulations with varying condi-
tions and simulation periods. For each sub-simulation n the scheme of Figure 4.4
is carried out.

4.4 Definition of the open boundary conditions

Depending on the applied model concept, either a single combination of boundary
conditions for the process models or a series of sequential combinations have been im-
posed. For the ISE-concept, applied in the sensitivity analysis, a single combination
of boundary conditions has been imposed. For the calibration of the morphodynamic
model, based on the MTM-concept, a series of combinations have been imposed. A
first estimation of these conditions was made through the application of input filtering
techniques, as explained below. In the calibration (Section 5.3) an optimisation of this
initial estimation has been carried out.

In Paragraph 4.4.1 the topic of input filtering is discussed, together with its neces-
sity for medium-term morphodynamic modelling. This is followed by the description
of the applied methods for determining representative boundary conditions in Para-
graphs 4.4.2 through 4.4.8.

4.4.1 Input filtering

When applying complex morphodynamic models for coastal areas, the combination
of the required high grid resolution with the relatively long modelling period leads
to prohibitively expensive calculations in terms of computational efforts [Steijn, 1992;
De Vriend et al., 1993a; Latteux, 1995]. De Vriend et al. [1993a] mention three ap-
proaches for overcoming the problem of too expensive simulations, viz.:
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• Input reduction – reduction of the chronologically sequence of conditions during
the modelling period to a limited number of representative conditions;

• Model reduction – reformulation of the model, based on integration of smaller-
scale effects (e.g. flow and waves) into the effects on a morphological scale;

• Behaviour-oriented modelling – representation of the morphodynamics without
considering the underlying processes.

The method of input reduction has been applied exclusively within this study, as
explained in the following Paragraph. The essence of input filtering is to reduce the
number of input conditions for complex coastal morphological models to an economi-
cally and scientifically acceptable minimum [Steijn, 1992].

4.4.2 Applied input reduction methods

In this study the individual hydrodynamic and sediment transport processes are to be
represented within the process models of the morphodynamic model. Therefore, only
the first approach, input reduction, has been considered.

The input reduction approach has been carried out for the driving forces of the
hydrodynamic models, i.e. the tide, swell, wind and storm conditions. Since locally
generated wind waves may play a significant role in the eastern part of the study area
(see Paragraph 2.3.2), the representative conditions for tide and waves have been fur-
ther extended with several wind conditions.

The first step in determining the representative boundary conditions has been to
define the representative tidal conditions, as explained in Paragraph 4.4.3. Secondly, a
representative wave climate has been determined. The applied method for doing this
is described in Paragraph 4.4.4. And finally, in Paragraph 4.4.5 the applied method
for determining the representative conditions for the wind climate is presented. The
combination of the afore-mentioned conditions into a set of conditions for the mor-
phodynamic model is described in Paragraph 4.4.6. Storm conditions are discussed
in Paragraph 4.4.7. The combination of swell and wind conditions together with the
open boundary conditions for the sediment transport and morphology models (Para-
graph 4.4.8) forms the representation of the interactions between the model domain
and its surroundings.

4.4.3 Flow boundary conditions

The method for selection of representative tidal conditions has been based on the ap-
proaches presented by Latteux [1995] and Steijn [1992]. As will be described hereafter,
the use of a single representative tidal cycle yields good results. Nevertheless, a com-
parison of the morphodynamic model results of a simulation on the basis of a full
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spring-neap tidal cycle and a simulation based on the defined representative tidal con-
ditions has been made. As shown in Appendix 4.B, the results are rather similar.
To find the tidal cycle that yields an optimal result for the whole area the following
procedure has been applied:

• Definition of representative locations – selection of a number of locations through-
out the study area that are assumed to be representative for the whole study area;

• Calculation of the average sediment transport over a neap-spring tidal cycle –
application of the numerical model to calculate the sediment transport time series
in each of the locations and determining their average values;

• Calculation of the average sediment transport over each single tidal cycle during
the entire neap-spring tidal cycle – calculation of the average sediment transport
values per tidal cycle on the basis of the time series of the simulation of the
previous step;

• Selection of the optimal tidal cycle – comparison of the averaged sediment trans-
ports of each tidal cycle to the neap-spring tidal cycle averages and selection of
the tidal cycle for which most locations show similarity.

A number of locations has been selected throughout the study area, which consists
of the main tidal channels and surrounding tidal flats. The locations have thus been
positioned in and along these channels as well as on the tidal flat Tertiussand. A total
of 17 locations in the tidal channels and 14 on the tidal flats has been defined, as shown
in Figure 4.6.

Subsequently, a sediment transport simulation has been made over a complete neap-
spring tidal cycle on the basis of a flow simulation over the same period. The tidal flow
boundary conditions have been generated with the previously described model nesting
sequence and constituted the only driving force. This resulted in time series of the
sediment transport for the selected locations.

From these time series the average values Sx(i, tot) and Sy(i, tot) over the entire
period have been determined for all locations i, separated in x- and y-components.
Similarly, the average values Sx(i, j) and Sy(i, j) per tidal cycle j for location i were
calculated.

The representativity factor λx and λy for both directions are defined as:

λx(i, j) = Sx(i, j)/Sx(i, tot)

λy(i, j) = Sy(i, j)/Sy(i, tot)
(4.1)
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Figure 4.6: Location of the defined locations in the channels (dots) and on the tidal flats
(circles).

with:
λx(i, j) and λy(i, j) representativity factor of tide j at point i in x- and

y-direction
Sx(i, j) and Sy(i, j) average sediment transport during tide j at point

i in x- and y-direction
Sx(i, tot) and Sy(i, tot) average sediment transport during whole Neap-Spring

period in x- and y-direction

A value of 1 therefore indicates an optimal representation of the average sediment
transport rate over the neap-spring cycle by the considered tide. Values larger than 1
result from transport rates that are higher than the average. When the tide-averaged
transport rate is lower than the average rate over the whole period, the value of λx

or λy is between 0 and 1 when the direction is correct, and between -1 and 0 when
the direction is opposite. Values lower than -1 result when the transport rate is higher
than the average rate over the whole period and in the wrong direction. Inherent to
the definition of λx or λy, very small average transport rates over the entire period may
result in extreme values of λx or λy, even for small tide-averaged transport rates.

The resulting values for λx and λy are shown in Figures 4.8(a) and 4.8(b) for the
selected locations in the tidal channels, and in Figures 4.8(c) and 4.8(d) for those on
the tidal flats. The focus is on the maximum and minimum values, whose deviations
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from the value 1 should be as small as possible. These are indicated by the black lines,
whereas the connected λx or λy-values for the individual locations are shown in grey.

The tide which on the one hand generated λx or λy-values close to 1 for the major-
ity of examined locations and on the other hand did not show large deflections of λx

or λy for any of the locations has been selected as the representative tidal cycle. The
maximum deflection measured about 30 %, corresponding to a λx or λy between 0.7
and 1.3. The selected tide is indicated in Figure 4.8 by the vertical line.

In Figure 4.7 the water level near Buesum is shown exemplarily, together with the
selected representative tidal cycle. The tidal range of this tide is circa 3.1 m, being
close to the mean tidal range in the area. Therefore a mean tidal cycle has been used
as representative tidal cycle for the morphodynamic simulations in this study.

Compared to the results of Latteux [1995] and Steijn [1992], the representative
tidal range is slightly lower. Latteux found the representative tide to have a tidal range
between 7 and 20 % higher than the mean tidal range and in the study by Steijn a
10 % higher range was found for the southern North Sea. These differences may well
be related to differences in the studied areas, such as the dominant forces and sediment
characteristics.

Figure 4.7: Computed water level at Buesum for the examined Spring-Neap period. The
selected representative tidal cycle is indicated in black.
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(a) x-component of the tidal channel locations.

(b) y-components of the tidal channel locations.

(c) x-component of the tidal flat locations.

(d) y-component of the tidal flat locations.

Figure 4.8: λ-values (grey) for x- and y-components in the tidal channels (a and b) and on
the tidal flats (c and d). The black lines indicate the maximum and minimum
values.
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4.4.4 Swell wave boundary conditions

Where the above-described tidal conditions are deterministic, the swell wave conditions
are stochastic. They depend on the non-predictable – for periods longer than a few
days – meteorological conditions. Therefore the schematisation of the expected wave
climate can only be based on observations from the past. The observations should cover
a sufficiently long period – generally in the order of several years – to be representative.

Since long-term wave measurements are not available for the study area itself, wave
statistics from observations near the Island of Sylt have been used. These are presented
in Paragraph 2.3.2 and constitute the nearest long-term wave data collection. This lo-
cation is located approximately 70 km north of the area of study. It is more exposed
to incoming swell from the North Sea than the western edge of the here-investigated
tidal flats and channels.

The swell statistics consist of a table with the probability of occurrence per wave
direction interval and wave height interval, as shown in Table 4.1. The wave directions
are differentiated in 30-degree intervals, whereas the wave heights are split-up into
intervals of 0.25 m. For each class with non-zero probability, the average wave period
and water level set-up is available as well. As can be seen, the highest observed waves
had a significant wave height between 5.25 and 5.50 m.

To transform these data into a limited number of representative conditions for the
hydrodynamic model, an approach similar to the one presented by Steijn [1992] has
been followed. As Steijn [1992] stated, the essence of this approach is to determine
the effect of all conditions on the sediment transport and subsequently determine a
small number of conditions that yield approximately the same effect. The effects on
the sediment transport can be determined either by:

• making a coupled hydrodynamics-sediment transport simulation for each of the
conditions in Table 4.1, and weighted addition of the resulting sediment transports
on the basis of the probabilities;

• using an approach in which the effects on the sediment transport are estimated
through simplified relationships between wave conditions and sediment trans-
ports.

Since simulation of all of the conditions of Table 4.1 is computationally too expen-
sive, the second approach has been applied. Steijn [1992] differentiated between two
(indirect) effects of waves on sediment transport, i.e. the wave-induced currents and the
stirring effect. The former is the basis for the advective long-shore and cross-shore sed-
iment transport, whereas the latter only enhances sediment transport in combination
with currents due to other processes, e.g. tidal currents, river outflow or wind-induced
currents. As discussed in Section 2.7, the study area can be classified as medium
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to highly tide-dominated, from West to East. The presence of relatively strong tidal
currents increases the significance of the stirring effect with respect to effect of wave-
induced currents.

Steijn [1992] showed that the current-inducing wave energy flux P is proportional
to H2.5

s , and the stirring parameter τw is proportional to Hs. On the basis of these
relationships and the known probabilities, the contributions P (Hi, θi) and τw(Hi, θi) to
the total effects Ptot and τw,tot can be determined for all conditions through:

P (Hi, θi) ∝ p(Hi, θi) ∗H2.5
i (4.2)

and:

τw(Hi, θi) ∝ p(Hi, θi) ∗Hi (4.3)

with:
i identifier of a combination of wave height direction
Hi average wave height of condition i

θi average wave direction of condition i

p(Hi, θi) probability of occurrence for the combination of Hi and θi

P (Hi, θi) energy flux contribution for Hi and θi

τw(Hi, θi) stirring effect contribution for Hi and θi

The totals, for all directions and wave heights, then follow from:

Ptot ∝
∑

i

P (Hi, θi) (4.4)

and

τw,tot ∝
∑

i

τw(Hi, θi) (4.5)

with:
Ptot total energy flux, summed over all conditions i

τw,tot total stirring effect, summed over all conditions i

Subsequently, the relative contributions to the totals can be determined per wave
height and direction by:

Prel(Hi, θi) =
P (Hi, θi)

Ptot
∗ 100% (4.6)

and

τw,rel(Hi, θi) =
τw(Hi, θi)

τw,tot
∗ 100% (4.7)
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with:
Prel(Hi, θi) relative contribution to the total energy flux
τw,rel(Hi, θi) relative contribution to the total stirring effect

This has been carried out for conditions within the sector from 225 – 345◦N, cor-
responding to the sector from which swell enters the model domain (as opposed to the
wider spectrum of directions at the location of the wave measurements). Furthermore,
the number of wave height intervals has been reduced by adding the contributions of
the lumped wave height intervals. The relative contributions, with respect to the total
of all classes, are shown for the wave energy flux in Table 4.2 and for the stirring effect
in Table 4.3.

It can be seen that the selected directional sector is responsible for over 90 % of the
generated energy flux and stirring effect generated by all conditions, showing that the
neglect of direction outside of this sector is acceptable. For the wave energy flux the
wave heights between 2.0 and 3.5 m are dominant, whereas for the stirring effect the
dominance shifts to the interval 0.5 to 2.0 m. For both effects the sector from 285 to
315 ◦N is dominant up to wave heights of 2.0 m. For higher waves the sector from 255
to 285 ◦N is yielding the largest contributions, although this is less pregnant.

Based on the dominating directions, the selected directions for the to-be-imposed
representative conditions at the western model boundary have been defined as 270 ◦N
for high waves and 300 ◦N for low waves. These conditions are consistent with the

Table 4.2: Relative contribution (%) to wave energy flux per direction θ and wave height Hs.

θ (◦N) 225-255 255-285 285-315 315-345 total
Hs (m)

0.0-0.5 0.1 0.1 0.2 0.1 0.5
0.5-2.0 8.7 11.7 13.2 5.3 38.8
2.0-3.5 10.1 20.8 18.2 1.5 50.6
3.5-5.5 0.5 4.2 2.4 0.0 7.0
total 19.3 36.8 34.0 6.9 96.9

Table 4.3: Relative contribution (%) to the stirring effect per direction θ and wave height Hs.

θ (◦N) 225-255 255-285 285-315 315-345 total
Hs (m)

0.0-0.5 0.6 1.1 2.1 1.1 4.9
0.5-2.0 12.9 16.9 20.7 9.3 59.8
2.0-3.5 5.2 10.0 9.0 0.9 25.2
3.5-5.5 0.1 1.0 0.6 0.0 1.7
total 18.8 29.0 32.4 11.3 91.6
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Table 4.4: Overview of the imposed wave conditions.

Condition Description Hs (m) θ (◦N)

Low representing calm conditions (0.0≤ Hs ≤0.5 m) 0.20 300
Medium intermediate wave action (0.5< Hs ≤2.0 m) 1.00 300
High rough conditions (2.0< Hs ≤3.5 m) 2.00 270

presented wave rose in Paragraph 2.3.2 and are summarised in Table 4.4. The wave
height for each condition is defined somewhat lower than the average wave heights per
interval (of Tables 4.2 and 4.3) to reflect the more sheltered location of the study area.
The highest interval has been ignored. These wave heights are considered as storm
conditions, which will be represented individually as discussed in Paragraph 4.4.7.

Comparison to the wave rose shows that swell from the direction West-Southwest
is ignored, which can be explained by the fact that swell from this direction is much
less significant at the edge of the model domain than at the location whereat the
measurements were taken.

The number of conditions has been kept relatively small since they have been com-
bined with a number of local wind conditions, as described in Paragraph 4.4.5, and the
number of input conditions should be reduced to an economically acceptable minimum
[Steijn, 1992]. A sensitivity analysis showed that a larger number of conditions does
not significantly improve the model results.

Based on the relative contributions a representative probability has subsequently
been defined for each of the selected combinations of wave height and direction. Both
the wave energy flux and stirring effects have been considered. The resultant effects
of the representative conditions are therefore similar to those generated by the full
spectrum of wave heights and directions. This approach resulted in the representative
probabilities listed in Table 4.5.

These representative swell conditions have been combined with several representa-
tive local wind conditions, as described in the following Paragraph.

Table 4.5: Representative swell conditions.

Condition Hs (m) θ (◦N) Probability (%)

Low 0.20 300 16
Medium 1.00 300 73
High 2.00 270 11
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4.4.5 Wind conditions

As locally generated waves are more important for the sheltered part of the study area,
local wind conditions have been represented in the morphodynamic model as well.

The synoptic wind data, presented in Section 2.5, served as a basis for the statistical
analysis of the wind conditions in the area of investigation. These data cover a period
of 12 years, from 1989 to 2000. The probabilities of combinations of wind speed Uw and
wind direction θw are shown in Table 4.7. The directional intervals with the highest
probability per wind speed interval are indicated by the underlined values. These
combinations of wind direction and speed have been selected for representation of the
local wind climate. The related probabilities have been based on the total probability
per wind speed interval. For each interval (of wind speed and of wind direction) the
average value has been taken, leading to the representative local wind conditions in
Table 4.6. The order of simulation is not necessarily the order shown.

4.4.6 Combination of swell and wind conditions

The combination of the defined swell and wind climate has been based on a straight-
forward pairing of each of the swell conditions to each of the wave conditions, where
the probability of each pair has been obtained through multiplication of the individual
probabilities. Due to the low probability of the wind condition with a 22.5 m/s wind
speed, this condition is only represented in combination with the medium swell wave
class. The resulting combined climate is listed in Table 4.8.

In the morphodynamic simulations, the probability of occurrence has been multi-
plied by a period of one year to obtain the model period for each condition per year
of simulation. This resulted in the imposed start time tn−1 and stop time tn for the
n loops in Figure 4.5. A sensitivity analysis with respect to the order of conditions
has been carried out. Several morphodynamic simulations over a period of ten years
were made, in which the order of conditions was varied. It could be concluded that the
differences between the resulting bathymetries of these simulations were very limited
in comparison to the computed morphological changes. Relatively, the differences were
below 5 % of the computed morphological changes.

Table 4.6: Representative local wind conditions.

Uw (m/s) θw (◦N) Probability (%)

2.50 180 27.7
7.50 240 49.8
12.50 255 19.3
17.50 270 3.0
22.50 300 0.3
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Table 4.8: Combined climate for swell and wind.

Hs (m) θ (◦N) Uw (m/s) θw (◦N) Probability (%)

0.20 300 2.50 180 4.43
0.20 300 7.50 240 7.97
0.20 300 12.50 255 3.09
0.20 300 17.50 270 0.48
1.00 300 2.50 180 20.22
1.00 300 7.50 240 36.35
1.00 300 12.50 255 14.09
1.00 300 17.50 270 2.19
1.00 300 22.50 300 0.22
2.00 270 2.50 180 3.05
2.00 270 7.50 240 5.48
2.00 270 12.50 255 2.12
2.00 270 17.50 270 0.33

4.4.7 Storm conditions

Since storm conditions are generally including a significant change in water level, cur-
rent velocities and wave action, these may have to be represented separately from the
above-described swell and wind conditions. The statistical probability of occurrence of
storms is rather insignificant in the afore-presented tables. However, due to the extreme
circumstances during storms, they can have a significant effect on coastal morphology
and therefore should not be ignored.

To properly evaluate the effects of a storm, an actually occurred storm has been
modelled with the morphodynamic model. The selected storm, named ”Anatol” by the
meteorologists, formed one of the strongest storms of the last decade [DWD, 2000]. It
was a typical low pressure area that moved from West to East over the central North
Sea, causing strong onshore winds when passing by north of the study area. A detailed
description of this model study is given in Appendix 4.A.

From the study it has been concluded that the inclusion of one or two storms
in a one-year morphodynamic simulation has a very limited effect on the resulting
morphodynamics in the here-applied model set-up. Therefore, instead of representing
storms separately in the morphodynamic simulations they have been considered as part
of the previously described representative wave and wind climates.

4.4.8 Sediment transport and morphological boundary conditions

Next to the open boundary conditions for the hydrodynamic models, conditions have
to be imposed onto the open boundaries of the models for sediment transport and mor-
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phological updating. Within the Delft3D modelling system three options are available:

• Prescription of the bed load transport rate;

• Prescription of the total load transport rate;

• Specification of the bed level.

Each of these has to be defined together with a condition to determine the suspended
load transport rate.

Due to the absence of measured sediment transport rates near the open boundaries,
the prescription of realistic time-dependent bed load or total load transport rates has
been omitted. Instead, the third option, involving the specification of the bed level has
been applied and set to remain at the initial value. The remote location of the open
boundaries and the small morphological changes along them assure that this approach
does not influence the model results in the area of interest.

The definition of the boundary condition for the suspended load transport is di-
vided into inflow and outflow. Depending on the inflow or outflow state at the open
boundary, the appropriate condition will be imposed. For inflow, the equilibrium con-
centration, computed through the algebraic sediment transport relation is imposed. In
case of outflow, the concentration at the up-stream cell is imposed, effectively setting
the concentration gradient to zero.

The effect of the definition of the sediment transport conditions at the open bound-
aries has been evaluated by Rizzo [2003] for the central Dithmarschen Bight. On the
basis of a sensitivity analysis for various open boundary definitions and hydrodynamic
conditions (e.g. neap tide, spring tide, wave action), he concluded that differences in
computed concentrations can only be found within approximately 5 km of the open
boundary. In the medium term morphodynamic simulations the definition of these
open boundary conditions may have an influence on the net inflow or outflow of sed-
iment. In this study it has been assumed that this influence is limited and does not
significantly affect the area of interest, as it is located about 10 km from the nearest
open boundary.

4.5 Discussion

On the basis of the general concepts for medium-term modelling the morphodynamic
model for the Dithmarschen Bight has been set-up. Consisting of the calibrated and
validated process models for tides, waves and sediment transports, it forms a sound
basis for the hindcasting and forecasting of the morphological evolution in the study
area. The defined scheme for splitting the morphodynamic simulation into a number
of sub-simulations allows for a variety of driving conditions to be imposed.
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Several input filtering techniques have been applied to define representative condi-
tions for the driving forces in the model, considering the available (synoptic) measure-
ment data.

A single representative tidal cycle has been defined, based on the widely accepted
approaches by Latteux [1995] and Steijn [1992]. The selected tidal cycle has a tidal
range close to the mean tidal range, whereas the aforementioned authors present tidal
ranges slightly higher than the mean value as representative (between 7 and 20 %). A
direct comparison between the model results on the basis of the representative tidal cy-
cle and those based on a full neap-spring cycle showed that the defined tidal conditions
do not significantly influence the computed morphological changes. Thus the selected
tidal cycle can be used to represent the neap-spring cycle.

The available long-term wind and swell data have been subjected to a statistical
analysis, resulting in a limited number of representative conditions. From a model
study, in which the model predictions for a storm period have been evaluated, it was
found that the inclusion of storm conditions affects the model results rather limitedly
when considering medium-term to long-term simulation periods. The defined wind and
swell conditions form an initial estimate for the model calibration, which is the subject
of the following Chapter.
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4.A Model study: Anatol storm

4.A.1 Introduction

The storm ”Anatol” has been modelled with the morphodynamic model to evaluate the
effects on the morphodynamics in the central Dithmarschen Bight. The ISE-approach
has been applied, thus no back-coupling of the bathymetric changes to the hydrody-
namic and sediment transport models is considered. In Paragraph 4.A.2 the character-
istics of the storm are presented. For proper modelling of the storm, the wind conditions
over the entire North Sea have been taken into account. To this purpose, the entire
model nesting sequence (see also Paragraph 3.3.1) has been applied, as described in
Paragraph 4.A.3, together with the model set-up. The results of the hydrodynamic
models of the Dithmarschen Bight Model have subsequently been evaluated on the ba-
sis of the available water level and wave measurements (Paragraph 4.A.4). This was
followed by the coupling of the hydrodynamic models to the sediment transport model
and the model for morphological updating to build the morphodynamic model. The
morphodynamic model has been applied to compute the morphodynamic changes due
to the considered storm, as presented in Paragraph 4.A.5. The conclusions of this study
are given in Paragraph 4.A.6.

4.A.2 Characteristics of Anatol

The selected storm, named ”Anatol” by the meteorologists, formed one of the strongest
storms of the last decade [DWD, 2000]. Anatol was a typical storm for the study area,
with a low pressure area moving from West to East over the central North Sea and
causing strong onshore winds when passing by north of the study area. The path of
the centre of the storm is shown in Figure 4.9.

Figure 4.9: Path of the low pressure field of Anatol in 3-hourly intervals (times in UTC+1).
The values indicate the air pressure in hPa [DWD, 2000].
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A good impression of the storm characteristics can be found when looking at the
wind velocity distribution over the area. This is shown in Figure 4.10. It can be seen
that the wind velocities in the southeastern North Sea start to increase after December
3rd, 09.00 UTC, and the wind direction gradually shifts from West-Southwest to West.
On December 4th, 03.00 UTC, the low pressure area has passed and the wind reduces
to moderate conditions.

(a) Dec. 3rd, 03.00 UTC (b) Dec. 3rd, 06.00 UTC (c) Dec. 3rd, 09.00 UTC

(d) Dec. 3rd, 12.00 UTC (e) Dec. 3rd, 15.00 UTC (f) Dec. 3rd, 18.00 UTC

(g) Dec. 3rd, 21.00 UTC (h) Dec. 4th, 00.00 UTC (i) Dec. 4th, 03.00 UTC

Figure 4.10: Wind velocity distribution during storm Anatol over the North Sea, including
isobars. Based on synoptic data from the PRISMA model [Luthardt, 1987].
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Figure 4.11: Wind speed and direction in the study area. Based on synoptic data from the
PRISMA model [Luthardt, 1987].

In Figure 4.11 the time series of the wind velocity and direction in the study area
are shown. As can be seen, the wind velocity increased rapidly from a moderate 15 m/s
to a maximal value of over 30 m/s – corresponding to a force of 11 on the Beaufort
scale – at 18.00 UTC on December 3rd, in combination with a shift in direction from
Southwest to West. After the low pressure area passed, the wind velocity reduced again
to 10 – 15 m/s and the direction turned back to West-Southwest.

4.A.3 Model nesting and coupling

The storm surge generated by the storm Anatol is the result of the influence of the
wind and pressure field on the water movements in the entire North Sea. Therefore,
the whole model nesting sequence of Figure 4.12 has been applied for the hydrodynamic
hindcast. This nesting sequence is described in more detail in Paragraph 3.3.1.

Figure 4.12: Nesting sequence from the large scale Continental Shelf Model, over the German
Bight Model, to the Dithmarschen Bight Model.
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The Continental Shelf Model has been applied to model the currents and water
levels due to the astronomical tide and the imposed wind and pressure fields from the
PRISMA assimilation model, developed by Luthardt [1987]. The results have subse-
quently been interpolated onto the open flow boundaries of the German Bight Model,
thus introducing the large scale effects of the storm in this model. Similarly, the results
of the German Bight Model have been transferred to the open flow boundaries of the
Dithmarschen Bight Model. The meteorological data are updated in steps of one hour.
Since the PRISMA data are only available every three hours, a linear interpolation in
time has been carried out to generate hourly data.

Although the applied wave model (SWAN) can only be run in stationary mode
within coupled simulations in Delft3D, it has been applied to generate swell bound-
ary conditions for the Dithmarschen Bight model. The high variability of the wind
conditions during the modelled period in conjunction with the relatively large dimen-
sions of the German Bight Model make the use of a stationary wave model questionable.
However, since no proper wave measurement data near the open boundaries of the Dith-
marschen Bight Model were available for the considered period, it has been decided to
follow this approach as a best option. As will be shown in the following Section, the
stationary approach produces acceptable results. The wave boundary conditions have
been nested to the Dithmarschen Bight model in steps of one hour. The applied model
sequence is shown in Figure 4.13.
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Figure 4.13: Schematic overview of the applied model approach, (A) the Continental Shelf
Model (CSM), (B) the German Bight Model (GBM), and (C) the Dithmarschen
Bight Model (DBM).

4.A.4 Hydrodynamics

The results of the hydrodynamic models have been evaluated on the basis of measured
water levels and wave heights. The locations of the wave buoys and water level gauges
are shown in Figure 4.14. For two wave measurement stations in the southeastern
German Bight data are available during the storm Anatol. One is located near the
island of Helgoland, the other at the edge of the Elbe estuary. Data from the water
level gauges at Helgoland, at the locations in the channels Norderpiep and Suederpiep
and near Buesum are available as well.
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Figure 4.14: Location of the wave buoys (white) and water level gauges (black) in the south-
eastern German Bight, for which data are available during the storm Anatol.

Water levels

Initially, the computed water levels from the German Bight Model have been compared
to the observed water levels. The computed water levels include wave effects on the flow
as they stem from the second flow simulation (see Figure 4.13). As can be seen from
Figure 4.15, the computed water level at the Helgoland gauge fits quite well with the
measurements. For the other three gauges the trends of the storm surge are reproduced
very well, although some discrepancies can be found. These are expected here, since
the horizontal resolution of the German Bight Model does not resolve the complexity
of the bathymetry of the inner Dithmarschen Bight.

After execution of the afore-mentioned nesting procedure, the coupled flow-wave
model for the Dithmarschen Bight was run for the same period. The results of the sec-
ond flow simulation, i.e. including wave effects on the flow (see Figure 4.13), are shown
in Figure 4.16, together with the observed water levels in the Norderpiep, Suederpiep
and near Buesum. The island of Helgoland is outside of the Dithmarschen Bight Model
domain and has thus been omitted. As can be seen, the results of the Dithmarschen
Bight Model are better than those of the German Bight Model. During the storm the
water level at low water is underpredicted, however.
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(a) Helgoland

(b) Norderpiep

(c) Suederpiep

(d) Buesum

Figure 4.15: Observed and computed water levels, using the German Bight Model.
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(a) Norderpiep

(b) Suederpiep

(c) Buesum

Figure 4.16: Observed and computed water levels, using the Dithmarschen Bight Model.



126 Chapter 4. The Dithmarschen Bight morphodynamic model

(a) Helgoland

(b) Elbe buoy

Figure 4.17: Observed and computed significant wave heights, using the the German Bight
model.

Wave heights

The location of the wave buoys for which data are available during the simulated
period, are located outside the domain of the Dithmarschen Bight Model. Therefore,
only the results of the German Bight wave model could be evaluated on the basis of
these data. The computed significant wave heights are shown in Figure 4.17, together
with the observations. The peak in the evening of December 3rd is reproduced well by
the model. Before and after this peak the wave heights are underestimated. They do
reflect the trends in the time series of the wave heights during the storm period rather
well.
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Figure 4.18: German Bight wave model results at the open boundary of the Dithmarschen
Bight Model.

4.A.5 Morphodynamics

Based on the coupled flow-wave model the suspended and bed load sediment transports
have been modelled, followed by morphological updating. Where applicable, the model
settings were obtained from the calibrated and validated morphodynamic model.

The total simulation consisted of a sequence of sub-simulations of one hour, in which
the sequence of Figure 4.13 was executed. In each sub-simulation the hydrodynamics,
sediment dynamics and bathymetry resulting from the previous sub-simulation were
used as initial conditions. This ensured a smooth continuation over the entire model
period.

The time series plots in Figure 4.16 indicate the imposed water levels. Figure 4.18
shows the significant wave heights computed with the German Bight model at a loca-
tion near the centre of the western boundary of the Dithmarschen Bight model. The
time series show the imposed wave conditions at the open boundary of the latter model.

The morphodynamic simulation has been carried out for the period from November
25th, 0.00 UTC, until December 6th, 0.00 UTC. The evaluation of the effects of the
storm on the morphodynamics has been based on the computed morphological changes
from November 30th until December 6th, to exclude initialisation effects. This period
approximately covers the period where the storm surge can be clearly recognised in the
water level records.

Model results

The sedimentation and erosion patterns that resulted from the simulation are shown
in Figure 4.19. When the storm conditions are imposed, much larger changes can be
seen in the model results. However, the maximum changes are still within the range of
40 mm. On the western tidal flats erosion can be seen, caused by the incoming swell
waves. The here eroded sediment is deposited in the surrounding channels, viz. the
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Figure 4.19: Sedimentation and erosion (in m) during the storm period of six days.

5985

5990

5995

6000

6005

6010

N
or

th
in

g
(k

m
)

3465 3470 3475 3480 3485 3490 3495 3500

Easting (km)

Norderpiep

Suederpiep

Piep

Tertiussand

erosion (m) deposition
> 0.8

> 0.7

> 0.6

> 0.5

> 0.4

> 0.3

> 0.2

> 0.1

small changes

> 0.1

> 0.2

> 0.3

> 0.4

> 0.5

> 0.6

> 0.7

> 0.8

Figure 4.20: Sedimentation and erosion over a one-year period with representative conditions.
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small channel in the middle of Tertiussand and the channels Norderpiep and Suederpiep
on its Northeast and South. Along the channel Piep sediment is deposited along its
banks.

For comparison, the modelled morphological changes over a one-year period with
varying conditions is shown in Figure 4.20, starting from the same bathymetry as the
afore-mentioned simulations. The computed maximum changes over a year are in the
range of 0.6 m. The computed storm-induced changes are therefore relatively small.

4.A.6 Conclusions

With the presented approach, the hydrodynamics during the storm Anatol could be
reproduced quite well with the applied sequence of nested models. The main differences
that are found in the hindcasts of the water levels concern the results during low tide,
when both the German Bight Model and the Dithmarschen Bight Model underestimate
the water level. With the wave model for the German Bight the wave heights at the
two measurement locations could be simulated in a good manner. In the model results
the peak wave heights were very close to the observed values. Around the peak they
were under-predicted but showed the correct trends. In general the storm surge was
reproduced reasonably well, resulting in proper input for the sediment transport and
morphodynamic models.

The morphodynamic model results showed that the maximum morphological changes
during the storm were at most about 0.05 m for small areas during the evaluated 6-day
period. In comparison to the morphological changes of a one-year simulation, in which
representative conditions for tide, waves and wind were imposed, these changes are
relatively small. The model results of the one-year simulation showed morphological
changes of up to 0.6 m over much larger parts of the study area. The influence of storm
conditions on the morphological behaviour of the domain over medium-term periods is
therefore limited within the applied model.

From the above is concluded that the inclusion of storm conditions in medium scale
morphodynamic simulations does not significantly influence the morphodynamic results
within the current model set-up.
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4.B Model study: representative tide

4.B.1 Introduction

The morphodynamic simulations with the Dithmarschen Bight model are based on a
limited number of imposed boundary conditions. In this Appendix a model study to
evaluate of the significance of the representation of the varying tidal cycles during a
full spring-neap tidal cycle by a representative tide is presented. The influence of this
simplification has been analysed through comparison of model results from one-year
morphodynamic simulations.

In the following Paragraph the variation of the tidal range is briefly presented,
followed by the explanation of the set-up of the morphodynamic simulation in Para-
graph 4.B.3. The evaluation of the influence of the imposed tidal cycle(s) has been
carried out for two cases. In the first case only tide has been imposed, whereas in the
second case the representative swell and wind climates have been added. The results
are presented in Paragraphs 4.B.4 and 4.B.5.

4.B.2 Tidal variation

The variation of the tidal range in the Dithmarschen Bight is rather strong with a neap
tidal range of approximately 2.9 m and a spring tidal range of circa 3.8 m. This is
depicted in the modelled water levels near Buesum for a full spring-neap tidal cycle in
Figure 4.21. The variations in tidal range may influence the tide-averaged sediment
transport rates, which are used in the morphodynamic model to compute the morpho-
logical changes. These changes may be quantitative as well as qualitative, i.e. a change
of direction at a certain location. The computed morphological changes on the basis of
the defined representative tide may therefore be different from those computed on the
basis of the full spring-neap tidal cycle.

Figure 4.21: Computed water level (purely tide-induced) at Buesum.



4.B. Model study: representative tide 131

��B
B
B��

-time

t0 t1 t2 t3 t4 tn−1 tn

n = 1 q q
n = 2 q q q q q q q q
n = 3 q q q q q q q q q q q
n = 4 q q q q q q q q q q q q q q q q q q

n = N q q q q q q q q q q q q q q q q q q q q q q q q q q qqqq
q

Figure 4.22: Scheme for splitting-up the simulation into N sub-simulations with varying con-
ditions and simulation periods.

4.B.3 Morphodynamic simulation set-up

In the case of imposing one representative tidal cycle during the whole model period,
the modelling scheme of Figure 4.22 has been executed (see also Paragraph 4.B.3). For
each n a new loop is started in which the morphodynamic model is restarted with the
most recently computed bathymetry. Based on the imposed representative wind and
wave climate, as described in Paragraph 4.4.6 a total of 13 loops are made per year
of simulation, one for each representative condition. In these loops, the representative
tide (see Paragraph 4.4.3) has been imposed exclusively.

To simulate the entire spring-neap tidal cycle, this scheme has been adapted. In-
stead of repetition of the representative tide, the entire tidal cycle has been imposed. To
this purpose, each condition n has been split-up into 30 sub-loops. For each day a loop
as in Figure 4.22 has been carried out in which the next 24 hours of hydrodynamics have
been imposed, followed by a sediment transport computation and a morphodynamic
update for 1

30 of the original loop simulation period (tn− tn−1). Thus, after simulation
of one loop thirty sub-loops have been carried out with a final bathymetry based on
the entire spring-neap tidal cycle as a result. This bathymetry has subsequently been
entered in the next loop. The settings for the constituent models have been based on
the results of their calibration and validation (Chapter 3).

For the here-presented morphodynamic simulations over a period of one year, it
takes almost ten days for the tide-only case and four weeks when including wave sim-
ulations, on a 3 GHz processor with 1 Gb RAM. For comparison, the representative
tide-approach needs circa one day per simulated year on the same computer.
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4.B.4 Tidal conditions only

The computed sedimentation and erosion of the simulation with the normal model set-
up and representative tide are shown in Figure 4.23(a) and the results of the simulation
with the full spring-neap cycle in Figure 4.23(b). Since no wind or waves have been
imposed in these simulations, the computed changes are purely based on the tide.

It can be seen that the sedimentation and erosion patterns are highly similar. In
the western part of the domain some local quantitative differences can be found that
do not exceed 0.2 m. In the remaining part of the domain, almost no differences can
be found. Also, in the results of both simulations the morphological changes have the
same sign, i.e. either sedimentation or erosion. Thus it can be concluded that the
application of a representative tide instead of simulating the entire spring-neap cycle
can very well be selected for the here-considered case without wind and waves.

4.B.5 Including representative wind and swell climates

Since waves have an significant influence on the morphological evolution of the domain,
the previous test has been repeated for a case in which the representative wind and
swell conditions have been imposed. The morphological changes over the considered
period of one year, as computed by the model in the original set-up are shown in
Figure 4.24(a). Figure 4.24(b) shows the model results of the adapted set-up, with the
spring-neap tidal cycle imposed.

Similar to the case without wind and waves, the results of both simulations are
highly similar. When imposing the full spring-neap cycle, the changes are slightly larger.
However, the character of the changes (sedimentation or erosion) is generally identical.
Hence, also for the simulations with swell and wind included, the representation of the
tide can be applied without significantly influencing the model results.

4.B.6 Conclusions

From the results of the two test cases, it can be concluded that there is no significant
change in the computed morphological changes when representing the tidal conditions
by a representative tidal cycle, as opposed to simulating the entire spring-neap cycle.
It confirms that the adopted approach to impose the representative tidal conditions in
the morphodynamic simulations of the applied morphodynamic model is scientifically
sound. In terms of the computational requirements it results in a significant reduction
in the time needed for the simulations.
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(a) Normal model set-up and representative tide.
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(b) Adapted model set-up and spring-neap cycle.

Figure 4.23: Computed sedimentation and erosion over a period of one year, no wind and
waves.
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(a) Normal model set-up and representative tide.
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(b) Adapted model set-up and spring-neap cycle.

Figure 4.24: Computed sedimentation and erosion over a period of one year, with represen-
tative wind and waves climates.
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Chapter 5

Calibration and validation of the

medium scale morphodynamic

model

5.1 Introduction

On the basis of set-up of the morphodynamic model and its boundary conditions to-
gether with the defined representative conditions in terms of tides, swell and wind
(Chapter 4), the model calibration and validation have been carried out following the
MTM-approach. The calibration of the model is based on the comparison of the com-
puted morphological changes with the observed changes over a 10-year period, from
1977 to 1987. The considered strategy in the calibration is the topic of Section 5.2.
The adjustment of the representative open boundary conditions for the medium scale
morphological evolution and the calibration of model parameters are discussed in Sec-
tion 5.3. In the validation the calibrated model has been applied for computation of
the morphological changes over the period from 1990 to 1999. This is presented in
Section 5.4. The results obtained are discussed in Section 5.5.

5.2 Strategy for the model calibration

To calibrate the medium scale morphodynamic model, a strategy has been defined that
consists of two phases. The first – external – phase concerns the optimisation of the
defined representative conditions for tide, waves and wind. In the second – internal –
phase the model settings are adjusted to further improve the model results.

Phase 1: Optimisation of the representative conditions

The defined strategy starts of with an evaluation of the model results from a simu-
lation over ten years in which the representative conditions, defined on the basis of
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input filtering techniques, were imposed. The correctness of these conditions has been
determined, considering the main trends in the morphological changes. The imposed
conditions consist of the representative tidal cycle, swell climate and wind climate, as
defined in the previous Chapter on the basis of input filtering approaches. As shown
in Appendix 4.B, the application of the defined representative tidal cycle yields highly
similar results as the imposition of a full spring-neap tidal cycle. Hence, the repre-
sentative tide has been applied in the calibration without further changes. The model
study concerning storm conditions (Appendix 4.A) showed that storms do not have
a significant influence on the morphodynamics in the applied model. Therefore it is
concluded that storm conditions are sufficiently covered by the representative swell and
wind climates (see also Paragraph 4.4.7). The effects of the representative swell and
wind climates on the medium scale morphodynamics have not yet been evaluated and
have therefore been considered as variables in this initial step of the calibration. The
model results have been checked on the basis of the morphological changes of the ex-
posed tidal flats to evaluate the imposed swell and wind conditions, with a focus on the
flat Tertiussand in the western part of the study area. The changes in location of the
iso-depth contours and the patterns of sedimentation and erosion were considered in the
optimisation of the imposed swell and wind conditions. On the basis of these adapted
conditions the model results could be improved and the main trends were predicted
reasonably well.

Phase 2: Optimisation of the model settings

After phase 1 has been carried out, the morphodynamic model was able to hindcast the
main morphological changes correctly, on the basis of the optimised conditions for tide,
swell and wind. This formed the basis for further improvements of the model. Again
the model results have been evaluated on the basis of changes in location of the iso-
depth contours and the sedimentation and erosion patterns. Where in the first phase
the focus has been on the exposed, western part of the study area, in the second phase
the inner part has been considered. The evaluation was extended with the comparison
of the volumetric changes of several sub-domains. This approach led to a calibrated
model that is able to reproduce the medium scale morphodynamics of the study area
generally correctly.

5.3 Calibration

In the calibration the 10-year period from 1977 to 1987 has been considered. The
interpolated bathymetric measurements from 1977 and 1987 are shown in Figure 5.1(a)
and (b), followed by the morphological changes in Figure 5.2. The bathymetry from
1977 served as initial bathymetry for the model simulations.

In the first phase of the calibration the model results have been improved through
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(a) 1977
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Figure 5.1: Interpolated bathymetric measurements in the central Dithmarschen Bight for the
years (a) 1977 and (b) 1987.
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Figure 5.2: Observed sedimentation and erosion patterns between 1977 and 1987 (isolines
from 1977).

variation of the imposed swell and wind conditions. Since the representative swell
climate has been based on the statistical reduction of the observations from a somewhat
distant location into a limited number of conditions, this formed the first topic in
the calibration. It has been followed by the calibration on the basis of the defined
representative wind conditions. The comparisons between the model results and the
observations have been made on the basis of the change in location of the depth contours
and patterns of sedimentation and erosion. This is described in Paragraph 5.3.1.

In the second phase further model improvements have been made by adapting sev-
eral parameters in the sediment transport computation, such as the Bijker constant
in the applied sediment transport formula, proposed by Bijker [1971]. The calibration
for this variable is discussed exemplarily in Paragraph 5.3.2, as it brought significant
improvements. Other settings that were considered in the calibration are for example
the slope-induced sediment transport and the definition of the wave boundary layer.

The depth contours and sedimentation and erosion patterns have been considered in
this phase, together with a volumetric analysis of several sub-domains. In the analysis
the changes of the relative wet volume below MSL are considered. The sub-domains
consist of the tidal flat Tertiussand and the main channels of the study area, as shown
in Figure 5.3. The volume changes have been indexed to the volumes of the starting
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(c) Sub-domain Tertiussand
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Figure 5.3: Location of the considered sub-domains in the volume analysis.

bathymetry for 1977 as follows:

Vrel,i =
Vi

V1977
∗ 100 % (5.1)

with:
Vrel,i relative wet volume below MSL of a sub-domain in year i

V1977 wet volume below MSL of a sub-domain in 1977
Vi wet volume below MSL of a sub-domain in year i

The bathymetric data for the inner tidal flats do not have a good coverage. The
scarce data has to be interpolated onto the model grid to generate a complete, but
probably inaccurate, coverage of the tidal flats. Small differences in depth may result
in large changes of volume due to the large areas of the tidal flats. Thus, these areas
have been omitted in the volume analysis. From the volumetric analysis, conclusions
can be drawn about the models ability to predict the correct order of sediment that is
imported or exported from a sub-domain, being essential for a good simulation of the
medium scale morphodynamics.

5.3.1 Calibration for the wind and swell climate

In the western part of the domain the swell waves generally break on the margins of
the tidal flats. Therefore, the waves in the sheltered regions of the study area are
mainly locally generated waves. During high tide, the fetch over the tidal flats can
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Figure 5.4: Changes of the 3 m depth contours of sub-domain Tertiussand. The model results
are based on the originally defined representative swell and wind climates.

get large enough to generate significant wave action. Combined with the limited depth
these waves can have a clear influence on the morphodynamics. The correctness of the
imposed climate of swell and wind conditions is thus very important.

As a first estimate, the representative swell and wind climates (Paragraph 4.4.6)
have been imposed. In Figure 5.4 the change in position of the 3 m depth contours
near Tertiussand is shown. It shows the strong reduction of the areas with depths less
than 3 m. Only small shallower stretches can be found near its northern, eastern and
southern edges. The measurements show that the tidal flat changes its shape at 3 m
depth, but does not significantly reduce in area. The computed sedimentation and
erosion are shown in Figure 5.5. Compared to the observed changes (see Figure 5.2)
the model results show a much too strong erosion of the outer tidal flats, indicating
that the imposed conditions were too severe.

Thus an optimisation of the imposed climate has been carried out by defining ver-
sions with reduced wave heights and/or wind speeds. In this process, the directions in
the wind and swell climates have been kept identical to their original values, to assure
that the dominating swell and wind directions in the area are properly represented.
Furthermore, the probability of occurrence for each condition has been retained to
limit the number of variables.

In the evaluation of the model results, the focus has been mainly on the location
and development of the western tidal flats, with an emphasis on Tertiussand. It could
be concluded that a reduction of 50 % of the swell wave heights yielded much improved
results. Further improvements could be made by lowering the wind speeds with a
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Figure 5.5: Computed sedimentation and erosion patterns between 1977 and 1987 (isolines
from 1977). The computation is based on the originally defined representative
swell and wind climates.
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Figure 5.6: Changes of the 3 m depth contours of sub-domain Tertiussand. The model results
are based on the optimised swell and wind climates.
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Figure 5.7: Computed sedimentation and erosion patterns between 1977 and 1987 on the basis
of the optimised swell and wind climates (isolines from 1977).

factor of two. On the basis of these adaptations, the 3 m depth contours for 1987 are
computed as shown in Figure 5.6. It shows a significant improvement of the model
results in comparison to the results of the simulation on the basis of the originally
defined representative conditions. The sedimentation and erosion patterns resulting
from the 10-year simulation with the optimised swell and wind conditions are shown in
Figure 5.7.

The changes of the relative wet volume below mean sea level of the sub-domain
Tertiussand are shown in Figure 5.8 for both simulations. It shows that the trends in
the volume changes are reproduced much better by the simulation with the optimised
swell and wind climates. The small decrease of wet volume is computed correctly by the
model with the adapted conditions. In the model results for the original swell and wind
climates, the wet volume significantly increases, indicating large erosion of Tertiussand.
The tidal flat also contains areas above MSL. However, the sediment volume above MSL
has not been considered since the interpolated bathymetric measurements showed too
much fluctuation over the examined period to make a proper comparison.

5.3.2 Calibration for the Bijker constant

With the optimised swell and wind climates the calibration on the basis of Bijker’s con-
stant has taken place. The calibration of the sediment transport model (Section 3.5) has
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Figure 5.8: Observed and computed changes in the relative wet volume below mean sea level
of sub-domain Tertiussand. Comparison of the model results on the basis of the
originally defined representative swell and wind climates to those on the basis of
the optimised swell and wind climates.

been carried out for relatively calm conditions only. This was limited by the availabil-
ity of the measurement data of suspended sediment concentrations and flow velocities.
These vessel-based measurements could only be carried out during conditions with lim-
ited wave heights (see Paragraph 3.5.2). Therefore, the constant in the applied sediment
transport formula (Bijker [1971]) has been calibrated for these conditions only. The
value of this parameter in the Bijker transport formula (see Paragraph 3.A.4) should
generally range between 1 and 5 [WL-|-Delft-Hydraulics, 2003c]. In the validation of
the sediment transport model (Paragraph 3.5.2) a constant value of 3 was found to give
the best results.

In Delft3D-MOR Bijker’s constant can be defined as a constant value or as a value
varying with the wave conditions. In the latter case, the value has to be specified
for deep water waves and for shallow water waves. For intermediate conditions an
interpolation between these values takes place. Thus, the ratio between the significance
of the waves and the currents on the sediment transport, as well as its magnitude, can
be influenced by variation of the deep water and shallow water values.

This calibration led to the conclusion that the model results could be improved
when setting the deep water value to 1 and the shallow water value to 5, effectively
enhancing the sediment transport for shallow water conditions with waves and reducing
it for situations with deep water waves and without waves.

The changes of the depth contours of Tertiussand and neighbouring channels are
shown in Figure 5.9. It shows that the model correctly predicts the slightly eastward
extension of the flat in the Northeast and Southeast. The deeper area on Tertiussand is
also reduced in size, although the shape does not exactly follow the observed changes.
The observed deepening of the minor channel on the Southeast, branching of from the
Suederpiep cannot be seen from the computed changes. In the Norderpiep the increase
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in area of the submerged bar is reproduced rather well by the model. From the com-
parison of Figures 5.6 and 5.9 can be seen that, for example for the northeastward
expansion of Tertiussand, the simulation with a varying Bijker’s constant yielded bet-
ter results. Furthermore, when considering the computed morphological changes on
the basis of these settings in Figure 5.10, the variable definition of the Bijker’s constant
gives better overall results. It can be seen that the model predictions have improved
significantly for the study area.

The strong erosion in the channels has been reduced to values within the range of
the observations. Also, the sedimentation in the southeastern part of the Norderpiep
(indicated by A) is limited to the channel banks, which is in agreement with the mea-
surements. The migration of the flat Tertiussand towards the Northeast (location B),
depicted by the sedimentation along the middle section of the Norderpiep is predicted
correctly as well, although the magnitude is somewhat underestimated. At location C,
the southward extension of Tertiussand is computed correctly. The magnitude of the
sedimentation is slightly less than observed. On the western part of Tertiussand the
model does not predict the observed behaviour of the small channel. In the Piep the
submerged bar shows deposition together with erosion in the bordering sub-channels.
The measured erosion of the southeastern part of Tertiussand can be seen as well.

A comparison between the computed volumetric changes of the simulations with
a constant value of 3, respectively with a varying value between 1 and 5, is shown in
Figure 5.11 together with the observed changes. For sub-domain Tertiussand the wet
volume reduced somewhat less, but is clearly within the range of the measured volumes.
A significant improvement was achieved in the Suederpiep, with a much smaller increase
in wet volume as in the case with the constant value for Bijker’s constant. The changes
in the sub-domain Norderpiep have been reduced and follow the observed behaviour
better. In the central sub-domain of the channel Piep the increase in volume has been
reduced, however the decreasing tendency in the measurements is not reproduced.

Summary

In general can be said that with the calibrated model it was possible to reproduce
the medium scale observed changes in the main channels and on Tertiussand. The
eastward migration and southward extension of Tertiussand could be reproduced, as
well as deepening of the main channels. Also, the accretion on the submerged bar in
the Piep can be seen in the model results. The volumetric changes of the examined
sub-domains follow the observations, except for the Piep. The smaller scale changes on
the flat Tertiussand could not be hindcasted accurately, although some of the computed
trends were similar to the observations.



5.3. Calibration 145

N
or

th
in

g
(k

m
)

Easting (km)

6005

6004

6003

6002

6001

6000

5999

5998

3475 3476 3477 3478 3479 3480 3481 3482

Measured 1977
Measured 1987
Computed 1987

Figure 5.9: Changes of the 3 m depth contours of sub-domain Tertiussand. Model results
with the Bijker’s constant ranging from 1 for deep water waves to 5 for shallow
water waves.
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Figure 5.10: Computed sedimentation and erosion patterns between 1977 and 1987. Model
results with the Bijker’s constant ranging from 1 for deep water waves to 5 for
shallow water waves (isolines from 1977).
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(a) Tertiussand
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(c) Norderpiep

(d) Piep

Figure 5.11: Changes of the relative wet volume below MSL. Model results with the Bijker’s
constant ranging from 1 for deep water waves to 5 for shallow water waves.
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5.4 Validation

In the validation, the adjusted representative boundary conditions and the calibrated
model settings have been applied without further changes to evaluate the performance
of the morphodynamic model for a different period. The optimal settings and defined
swell and wind conditions were considered to model the morphological evolution of the
period from 1990 to 1999.

The iso-lines at a depth of 3 m are shown in Figure 5.12 for the validation period.
The extension of Tertiussand towards the Northeast is reproduced quite well by the
model. At the eastern tip the model results show a retreat of the tidal flat, which can-
not be seen in the observations. On the southern side, the minor channel that branches
from the Suederpiep onto Tertiussand has significantly increased in length. Here the
model predicts a much wider area below 3 m depth. In the Southwest, the southward
expansion of Tertiussand is reproduced very well.

The interpolated bathymetric measurements of 1990 and 1999 are shown in Fig-
ures 5.13(a) and (b). Based on these interpolated data the observed morphological
changes during this period have been computed. These are shown in Figure 5.14. Due
to the limited coverage of the shallow areas only the results for the tidal channels and
the flat Tertiussand are reliable.
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Figure 5.12: Changes of the 3 m depth contours of sub-domain Tertiussand. Model results
based on the calibrated morphodynamic model settings and conditions.
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Figure 5.13: Interpolated bathymetric measurements in the central Dithmarschen Bight for
the years (a) 1990 and (b) 1999.
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Figure 5.14: Observed sedimentation and erosion between 1990 and 1999 (isolines from 1990).
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Figure 5.15: Computed sedimentation and erosion between 1990 and 1999 (isolines from
1990). The computation is based on the calibrated morphodynamic model set-
tings and conditions.
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The computed morphological changes over this period are shown in Figure 5.15. The
model results show a good similarity with the observations. On the flat Tertiussand,
the erosion of the higher northwestern and southwestern parts is computed in the
correct order of magnitude. The stretch of sedimentation from West to East in the
sub-channel in the middle of Tertiussand also matches quite well. Nevertheless, some
small scale differences can be found. At its northern and southern edges, bordering the
Norderpiep, respectively the Suederpiep, the extension of the tidal flat can be seen in
the model results, although the magnitude of the sedimentation near the channel banks
is somewhat less.

In the Norderpiep the erosion of the main channel is reproduced, with approximately
the same amounts in the northwestern section. In the southeastern section the model
predictions sedimentation, where slight erosion has been observed. Here, the accretion
of the submerged bar is visible but under-predicted in the model results.

The observed deepening in the western part of the Suederpiep can also be found in
the model results, as well as the sedimentation at its southern boundary. In the middle
of the channel the model predicts erosion, although sedimentation has been observed.
Close to the channel junction, the measured erosion at its northern bank, bordering
Tertiussand, can be seen from the model results. However, the amount of erosion is
underestimated.

The erosion of the channel Piep is computed rather well, as well as the deposition
on the southwestern channel bank. The accretion of the submerged bar is visible in the
model results, although it is shifted somewhat southward.

The results of the volume analysis for the four sub-domains (Figure 5.3) are shown
in Figure 5.16. For consistency with the volume analysis of the calibration, the volumes
have again been indexed to the volumes of 1977. It shows that the computed trends of
the relative volume changes are in agreement with the observed trends.

Summary

Although local changes are not always predicted correctly by the model for the consid-
ered period of ten years, the overall medium scale behaviour of the main morphological
features is reproduced rather well. The computed trends in the volume changes follow
those observed for all four considered sub-domains. In the comparison of the sedimen-
tation and erosion patterns good similarity was found as well. The changes in location
of the iso-depth lines around Tertiussand are generally in agreement with the observed
changes, with some smaller scale exceptions.
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(a) Tertiussand

(b) Suederpiep

(c) Norderpiep

(d) Piep

Figure 5.16: Changes in the relative wet volume below MSL. The computation is based on
the calibrated morphodynamic model settings and conditions.
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5.5 Discussion

Based on 20 years of bathymetric measurements the morphodynamic model has been
evaluated. The first 10 years, from 1977 to 1987 have been used for the calibration of
the model. The validation was carried out considering the period from 1990 to 1999.
The evaluation has taken place on the basis of volumetric analyses, comparison of sed-
imentation and erosion patterns and the migration of iso-depth lines.

In the calibration, the model results could be improved significantly by adapting
the initially applied representative climates for wind and swell. It was concluded that
the effects of the initial wind and swell climates were too strong in the model results.
Therefore, the climates have been reduced gradually until the optimal response of the
computed morphodynamics was found. It was concluded that with a reduction of the
swell climate with 50 % and lowering the wind speeds also by 50 % the computed mor-
phological changes could be brought within the range of the observed changes. Further
improvement of the morphodynamic model could be made by adjusting the value of the
Bijker’s constant. It resulted in a value varying between 1 for locations with deep wa-
ter wave conditions and 5 for areas with strong wave action. In the intermediate areas
Bijker’s constant varies between 1 and 5. With these values, a much better agreement
with the observations was achieved. Locally, the model could not predict the correct
behaviour but on the medium scale the morphological trends of the area of interest
were mainly reproduced correctly.

In the validation the calibrated model was applied to hindcast the morphodynamics
between 1990 and 1999. Similar to the results of the calibration, the trends in the
morphological evolution were reproduced rather well, with the exception of several
changes on a smaller scale.
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Chapter 6

Medium scale morphodynamic

processes and prediction

6.1 Introduction

In the validation of the morphodynamic model it was shown that the model gives a good
representation of the medium scale morphodynamics in the considered tidal channels
and bordering tidal flats in the Dithmarschen Bight. Hence, the model can be applied
for realistic modelling of the medium scale morphological evolution of this area. Two
applications considering the medium scale morphodynamics (in MTM-mode) are de-
scribed in this Chapter.

The first application of the model concerns the analysis of the significance of the
driving forces for the morphological evolution of the considered area. The two-year
period from 1977 to 1979 was considered, in which the settings of the validated model
were used. Several morphodynamic simulations have been made with varying imposed
conditions. The descriptions of the intercomparison of the model results and the de-
duction of relationships between the conditions and occurring morphological changes
are given in Section 6.2.

Secondly, the morphodynamic model has been applied to forecast the morphological
changes over a period of ten years, starting from the bathymetry of 1999. The results
of this prediction are discussed in Section 6.3.

6.2 Significance of the driving forces for the medium scale

morphodynamics

Through comparison of the model results of several morphodynamic simulations over a
period of two years, the significance of the main driving forces behind the morphological
evolution of the study area has been evaluated. The interpolated bathymetric measure-
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Figure 6.1: Computed morphological changes from 1977 to 1979, based on the optimised swell
and wind climates (iso-lines from 1977).

ments from 1977 served as the initial model bathymetry. As described in the previous
Chapter, the main driving forces are the tide, the swell and locally generated waves
and the local wind. The local wind conditions generate changes in the tidal currents
and water levels, and in the locally generated wave conditions. They have therefore
been considered indirectly, since eolian effects are not considered in this study.

The evaluation of the significance of each of these forces on the morphodynamics
has been based on the analysis of the sedimentation and erosion patterns. Comparisons
have been made to the model results of the simulation with the optimised swell and
wind conditions of the validated model over the same two-year period. The computed
sedimentation and erosion of this simulation, from hereon referred to as the reference
simulation, are shown in Figure 6.1.

In Paragraph 6.2.1 the influence of the tidal conditions on the morphological evo-
lution is discussed. This is followed by the description of the effects of the swell in
Paragraph 6.2.2. The influence of local wind and wind generated waves are the topic
of Paragraph 6.2.3. Since the significance of storm conditions has been described in
Appendix 4.A, these conditions have been not been considered here. A synthesis of the
results is given in Paragraph 6.2.4.
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Figure 6.2: Computed morphological changes from 1977 to 1979 without swell and wind (iso-
lines from 1977).

6.2.1 The role of the tide on the morphodynamics

The morphological evolution based on the tide alone is characterised by strong erosion
in the channels and sedimentation on the tidal flats. Due to the relatively low current
velocities in shallow areas and the absence of waves, sediment is easily deposited here.
The absence of the stirring effect of the waves causes that, once deposited, the sedi-
ment will not be easily eroded in the shallow areas and fed back to the deeper channels.
Thus, less sediment is supplied to the channels and therefore these are deepening.

The computed sedimentation and erosion patterns for the simulation with tide alone
are shown in Figure 6.2. Through comparison with the results of the reference simula-
tion (Figure 6.1), it can be seen that in the northwestern part (location A) the stretch of
strong erosion is replaced by an area of accretion. The middle channel is showing more
erosion than in the reference simulation. Southward of this channel up to location B

the tidal flat shows overall accretion, whereas in the results of the reference simulation
a stretch of erosion can be seen. At location B the southward expansion of Tertiussand
is no longer visible. Near the eastern edge of the flat, at location C, the progression
towards the Northeast can not be seen in the case without swell and wind. The stretch
of erosion from the reference simulation results is replaced by sedimentation. On the
basis of the stronger deposition the tidal flat is extending in westward direction.
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Figure 6.3: Differences in the final bathymetries of the reference simulation and of the sim-
ulation without swell and wind, for 1977 to 1979. Blue areas indicate that the
bathymetry of the latter simulation is lower; red that it is higher.

The adjacent channels Norderpiep and Suederpiep show a slight increase in erosion.
At location D, a decrease in sedimentation can be seen. Both effects indicate that when
no swell nor wind are imposed the channels are larger than in the reference case where
they are considered.

To illustrate the differences between the model results of the simulation without
swell and wind and those of the reference simulation, the differences between the re-
sulting bathymetries are shown in Figure 6.3. It shows that differences in the model
results are mainly found in the western part of the domain. This area is mostly affected
by the waves. In the eastern part of the domain, the differences are very limited. Deep-
ening of the channels is seen throughout the channel system, whereas the submerged
bars show accretion. Secondary channels are developing or increasing in size at various
locations on the surrounding tidal flats.

Summary

It is concluded that the morphology adapts to purely tidal conditions through a relative
increase in wet volume of the main channels. Between these channels the tidal flats and
shoals are increasing in sediment volume, where their shape is bound by the location
of the adjacent channels. Furthermore, the absence of waves enable the western tidal
flats to extend in seaward direction.
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Figure 6.4: Computed morphological changes from 1977 to 1979, including the optimised wind
climate without swell (iso-lines from 1977).

6.2.2 The role of swell waves on the morphodynamics

To evaluate the role of swell on the morphodynamics a simulation has been carried out
in which no swell conditions have been imposed. Hence, the results of this simulation
(Figure 6.4) have been obtained for tide and wind effects only. The local wind climate
has been kept identical to the climate imposed in the reference simulation. Thus the
differences in the computed bathymetries of this simulation and those of the reference
simulation illustrate the effects of the swell waves.

The sedimentation and erosion patterns, from the simulation with tidal and wind
conditions and without swell, are shown in Figure 6.4. Near location A accretion has
replaced the erosion that is seen in the model results of the reference simulation. At
location B, on the northwestern part of Tertiussand the same can be seen. The narrow
stretch of erosion along the Norderpiep, seen from the reference simulation results, has
reduced. Much more erosion can be seen in the Norderpiep itself. The expansion of the
tidal flat in northeastern direction, as seen in the results of the reference simulation, is
not visible here. On the southeastern side of the tidal flat (to the right of location C)
less erosion is seen. West of location C, the erosion that could be seen from the reference
simulation results has disappeared. At the southern edge of Tertiussand erosion is seen
where in the reference simulation a southward migration was computed.
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Figure 6.5: Differences in the final bathymetries of the reference simulation and of the simu-
lation without swell, for 1977 to 1979. Blue areas indicate that the bathymetry
of the latter simulation is lower; red that it is higher.

The differences in the resulting bathymetries of the reference simulation and the
simulation without swell are shown in Figure 6.5. It shows that differences can only be
found in the western part of the domain, which is exposed to incoming waves.

To give an indication of the distribution of the wave action over the area, the
computed significant wave heights during low and high tide are shown in Figure 6.6.
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Figure 6.6: Computed significant wave heights during (a) low tide and (b) high tide. The
results stem from a simulation where swell of 1 m height and 17.5 m/s wind speed
were imposed (both from the West).
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The results are based on a simulation with a swell of 1 m height and 17.5 m/s wind
imposed (both from the West). During low tide the wave energy is mainly dissipated on
the western margin of the tidal flats although some waves penetrate into the channels.
The high wind speed only has a minor effect in these channels, since the tidal flats
are dry. During high tide more wave action can be seen over the area. It can still
be noted that the wave heights reduce at the western tidal flat margin, where depth-
induced wave breaking takes place. Due the higher water level, some of the energy can
penetrate further into the area. Combined with the larger fetch over the now flooded
tidal flats this leads to wave action in the entire area.

Summary

The comparison of the model results of the discussed simulations showed that the swell
mainly has an influence on the western part of the domain, concentrated on Tertiussand
and the adjacent channels. On the basis of the shown computed wave height distri-
butions, this could be expected. However, the extent to which the swell has an effect
on the morphodynamics could not be deducted from these wave height distributions.
Based on Figure 6.5 and the intercomparison of the sedimentation and erosion patterns
of the considered simulations an estimate has been made. It is concluded that swell
only has an effect on the area west of approximately 3480 km Easting. The effects are
mainly visible as a reduction in height of the shallower areas as well as a reduction of
the depth in the neighbouring deeper areas. In other words, due to the swell waves,
sediment is stirred up and transported to deeper areas.

6.2.3 The role of wind and locally generated waves

The significance of the wind and locally generated waves has been investigated by com-
paring the results of a simulation with only the representative tidal conditions and the
optimised swell climate imposed to those of the reference simulation. The differences
between the model results are thus related to the wind and locally generated waves,
which are strongly reduced in the first simulation. It should be noted that a very mild
wind climate with wind speeds of 2.5 m/s had to be imposed to ensure stability of the
wave model. This concerns swell wakes behind shoals or tidal flats where otherwise
infinitesimal wave parameters destabilise the wave computation.

In Figure 6.7 the computed morphological changes from the simulation without
wind and locally generated waves are shown. On the flat Tertiussand the main differ-
ences in comparison to the model results of the reference simulation are the slightly
weaker deposition near locations A and B and the reduced erosion along its northwest-
ern and southeastern edges. Smaller scale effects are seen along the main channels.
The northeastern bank of the Norderpiep is showing less sedimentation than in the ref-
erence simulation results. The same can be seen at the southern bank of the Suederpiep.
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Figure 6.7: Computed morphological changes from 1977 to 1979, including the optimised swell
climate and very mild wind conditions (iso-lines from 1977).

The differences between the resulting bathymetries of the reference simulation and
the simulation with strongly reduced wind speeds are shown in Figure 6.8. It shows
that the differences are mainly in the middle of the domain and not as large as in the
difference plots of the previous two Paragraphs.

Summary

From the comparison of the model results can be concluded that the wind and wind
generated waves show their main influence in the middle of the domain. However, these
effects are limited in comparison to those of the tide and swell. The reason for the more
eastward location of the affected area than in the case of the swell can be explained in
two ways. Firstly, the locally generated waves are generally smaller and can therefore
penetrate further into shallow areas than the higher swell waves. Secondly, the imposed
wind also influences the swell waves, which can increase the amount of dissipated energy
that in its turn induces stronger currents onto the tidal flats. This may be the case in
the reference simulation where both wind and swell were imposed.
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Figure 6.8: Differences in the final bathymetries of the reference simulation and of the simula-
tion without wind and wind generated waves, for 1977 to 1979. Blue areas indicate
that the bathymetry of the latter simulation is lower; red that it is higher.

6.2.4 Synthesis of the results

Combining the results of the previous Paragraphs leads to the conclusion that both
tide and swell have the larger influence on the medium scale morphodynamics. In
Chapter 2 the western area has been classified as lowly tide-dominated and the eastern
part as highly tide-dominated, on the basis of the classification by Hayes [1979]. For
the eastern part of the domain this fits very well, as no significant differences were seen
in the model results of the simulations with and without waves imposed (Figure 6.3).
The western part is clearly influenced by the swell and the middle also by the locally
generated waves. The western part could thus better be classified as mixed energy
instead of lowly tide-dominated.

The evaluation of the model results and their intercomparison showed that the tide
is mainly responsible for initiating and maintaining the channels. Without waves it
allows the gradual build-up of the tidal flats and shoals, limited by the presence of the
channels. The swell causes an equalising of the tidal flats and channels, through erosion
of the exposed tidal flats and filling of the channels. Furthermore the swell is the main
force behind the expansion of the flat Tertiussand towards the Northeast and South,
as well as the erosion of its western part. Wind and locally generated waves have a
less distinctive influence on the medium scale morphological evolution, although they
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do cause morphological changes in the middle of the domain. If these effects are based
on the wind and locally generated waves alone or due to an interaction with the tidal
and swell conditions could not be determined from the described simulations. As this
influence is relatively small this has not been further investigated.
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6.3 Prediction of the medium scale morphodynamics over

ten years

The validated morphodynamic model has been applied to predict the morphological
evolution of the area over a period of ten years, from 1999 to 2009. Based on the
optimised swell and wind climates the model could reproduce the medium scale mor-
phodynamics in the area in a good manner. Thus the same climates have been imposed
in the simulation for the prediction, assuming that no significant changes occur in the
general characteristics of these conditions. Possible changes, e.g. a considerable in-
crease in the number of storms or a sea level rise are thus not considered here.

The initial bathymetry for 1999 and the resulting bathymetry for this simulation
are shown in Figure 6.9. Figure 6.10 shows the computed morphological changes over
the considered ten years. As can be seen, some significant changes are predicted by
the model, mainly around Tertiussand. The small channel, branching of from the
Suederpiep is gradually breaking through the tidal flat and connecting the open sea.
The cut-off part of Tertiussand on the south is migrating further southward towards
the Suederpiep. This migration causes a narrowing of the Suederpiep as the southern
channel bank is maintained by the presence of the shoal D-Steert.

On the northeastern side of Tertiussand the observed progress towards the North-
east is continued. The southwestern sub-channel of the Norderpiep is gradually filled,
creating a connection between the tidal flat and the submerged bar in this channel.
At the southeastern side the channel Suederpiep is further eroding the edge of Tertius-
sand, a process that is now enhanced by the presence of the newly created channel over
the tidal flat. More eastward deepening of the Piep is predicted. The submerged bar
shows erosion, where it showed deposition in the computations and observations for
the periods between 1977 and 1999. This change may also be related to the initiation
of the channel over Tertiussand.

The relative volume changes are shown in Figure 6.11. Like before, the volumes have
been indexed to the volumes of 1977 for consistency. The results of the calibration and
validation have been added as well to give an overview. In contrast to the calibration
and validation period, Tertiussand is showing a significant increase in wet volume for
the period considered in the prediction. This increase is related to the breakthrough
of the tidal channel over the tidal flat. This phenomenon was not seen in the periods
for calibration and validation. The fact that the model predicts this breakthrough for
the prediction period (1999 – 2009) and does not show this in the last years of the
validation period (1990 – 1999) is related to the initial bathymetry of the prediction
simulation. The initial bathymetry of the prediction simulation for 1999 already shows
a tendency towards the breakthrough. This tendency is not so distinctly present in the
computed bathymetry for 1999, resulting from the validation simulation.
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Figure 6.9: (a) Initial model bathymetry for 1999 and (b) predicted bathymetry for 2009
(isolines from 1999). Computation on the basis of the validated model settings
and optimised swell and wind climates.
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Figure 6.10: Predicted morphological changes from 1999 to 2009 (isolines from 1999). Com-
putation on the basis of the validated model settings and optimised swell and
wind climates.

These bathymetric differences lead to a different behaviour of the modelled morpho-
dynamics, as can be seen from the different trends in the volumetric changes of both
simulations, especially for the sub-domain Tertiussand. The sub-domains Suederpiep
and Piep show trends similar to those found from the calibration and validation results.
These trends also follow the general trend of the measurements. The deepening of the
Suederpiep (see Figure 6.10) partly compensates the narrowing due to the southward
migration of Tertiussand. Therefore the reduction of the wet volume of the sub-domain
Suederpiep is more moderate. The sub-domain Norderpiep shows a stronger reduc-
tion of the volume, which is related to the predicted deposition in its southwestern
sub-channel.
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(a) Tertiussand

(b) Suederpiep

(c) Norderpiep

(d) Piep

Figure 6.11: Relative changes in the wet volume below sea level. Model results of the predic-
tion simulation based on the optimised swell and wind climates. The results of
the model calibration and validation have been added.
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6.3.1 Summary

The results of the model prediction of the medium scale morphodynamics in the study
area showed some significant changes. Enhanced by the breakthrough of the channel
over the tidal flat Tertiussand, the adjacent tidal channels Norderpiep and Suederpiep
showed a narrowing and deepening. The predicted new channel is located at the west-
ern end of the northern sub-channel of the Piep and thus forms an extension of this
sub-channel. Therefore the morphodynamics of the Piep are subject to changes as well.
The northern channel seems to change its orientation to create a smoother connection,
resulting in erosion of the submerged bar in the Piep.

Although the model predicts some rather extensive changes in the morphology of
the area, they do not seem to be unrealistic. Considering that the model showed
rather good results on the medium scale in the calibration and validation, together
with the fact that the underlying individual process models were also subjected to
extensive calibration and validation studies, the model results appear to be reliable.
The prediction has been based on the optimised representative conditions for tides,
swell and wind. It is thus based on the assumption that these imposed conditions are
also valid for the considered period from 1999 to 2009. Around the year 2009 it will
be interesting to evaluate the occurred morphological changes to evaluate the quality
of the above presented prediction.
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Chapter 7

Conclusions and

recommendations

7.1 Conclusions

Analysis of the measurements

The medium scale morphological evolution over the last twenty years of the tidal chan-
nel system in the central Dithmarschen Bight has been analysed on the basis of the
available bathymetric measurements. The combination of previous investigations and
the extensive measurement data provided a solid basis for the characterisation of the
hydrodynamics, sediment dynamics and geomorphological background of the study
area. This led to a comprehensive understanding of the dominant processes for the
morphodynamics, which served as a basis for the set-up, evaluation and application of
the medium scale morphodynamic model.

Set-up of the medium scale morphodynamic model

Based on validated individual process models for simulating flow, waves and sediment
transport, the morphodynamic model was set-up. The validations of the individual
models showed that each of them was able to reproduce the complex behaviour of the
hydrodynamics and sediment dynamics of the investigated area very well. The coupling
of these models was defined in such a way, that the mutual interactions between the
processes are properly represented in the resulting morphodynamic model.

Medium scale modelling approach and representative boundary conditions

For the morphodynamic modelling on a medium scale, an approach has been defined in
which a limited number of representative conditions in terms of tides, swell, wind and
storm conditions has been defined. The definition of these conditions has been based
on widely accepted input filtering techniques.
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It is concluded that a tidal cycle with a tidal range close to the mean tidal range
in the area yielded optimal results, whereas slightly higher ranges (between 7 and
20 % higher) are proposed in the literature. It was shown that the application of the
representative tide and the application of a full spring-neap tidal cycle yielded highly
similar morphodynamic model results.

Representative swell and wind climates were defined on the basis of long-term data
sets of wave and wind characteristics. These climates formed first estimates and have
been adjusted in the calibration.

Furthermore, it is be concluded that the influence of storm conditions on the medium
scale morphodynamic model results was very limited in comparison to the changes
induced by representative conditions. Therefore, storm conditions have been considered
as part of the representative swell and wind climates.

Calibration and validation of the medium scale morphodynamic model

In the calibration and validation of the medium scale morphodynamic model evaluation
periods of approximately ten years have been considered. The model results have been
evaluated on the basis of changes in the location of depth contours, volumetric analysis
of several sub-domains and comparison of the medium scale sedimentation and erosion
patterns.

In the calibration the most significant improvements were achieved by adjusting the
first estimates of the representative swell and wind climates and through the application
of a variable definition of the Bijker’s constant in the applied sediment transport for-
mula. It is be concluded that the reduction of the representative swell and wave climates
by 50 % in terms of the significant wave heights and the wind speeds led to significant
improvements. Through a spatial and temporal variation of the Bijker’s constant on
the basis of the wave conditions the model results could be further improved. The
calibration led to a model that could reproduce the majority of the observed medium
scale morphodynamics during the considered period from 1977 to 1987 rather well.

In the validation, the results of the calibrated morphodynamic model were evaluated
for the period from 1990 to 1999. The medium scale behaviour of the investigated tidal
area was reproduced in a good manner by the model.

Thus it is concluded that the morphodynamic model gives a good representation of
the medium scale morphodynamics of the investigation area and that the model can
be applied for realistic modelling of the medium scale morphological evolution.

Analysis of the morphodynamic processes

The validated morphodynamic model has been applied to analyse the significance of
the main driving forces, i.e. the tide, the swell, locally generated waves and wind, on
the medium scale morphodynamics.

It is concluded that the tidal and swell conditions have the most significant influence
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on the medium scale morphodynamics of the western part of the investigated area. In
the centre of the domain the locally generated waves form an additional force in the
medium scale morphodynamics, although the significance is less pronounced than the
significance of the tidal and swell conditions. Hence, western and middle parts of the
area can better be classified as mixed energy than as lowly tide-dominated, as it followed
from the classification by Hayes [1979] on the basis of the mean tidal range and the mean
wave height. In the East of the investigation area the medium scale morphodynamics
were concluded to be highly tide-dominated, in agreement with Hayes’ classification.

The swell has been identified as the main force behind the observed expansion of
the central tidal flat Tertiussand to the Northeast and South, as well as the erosion
on its western part. In general, the morphological evolution mainly depends on the
balance of the tide, responsible for initiating and maintaining the channels, and the
swell, causing an equalising of the tidal flats and channels.

Prediction of ten years of morphological evolution

The results of the prediction of the medium scale morphodynamics showed some sig-
nificant morphological changes, mainly induced by a breakthrough of the central tidal
flat. The prediction does not seem unrealistic, however, in the light of the observed
morphodynamics over the last twenty years. The fact that the underlying individual
process models as well as the medium scale morphodynamic model have been sub-
jected to extensive calibration and validation studies increases the confidence in the
prediction.

7.2 Recommendations for future research

Sediment grain size

In the described morphodynamic model a uniform distribution of the sediment grain
size has been imposed, based on the results of the validation of the sediment transport
model. Although good results were achieved, both in the sediment transport modelling
and in the medium scale morphodynamic modelling, and the fact that the sieve curves
showed quite uniform grain sizes, improvements may be made when considering a vary-
ing distribution. Furthermore, only the median grain size d50 and 90th percentile grain
size d90 are considered in the computation of the sediment transport. On the basis of
an area-wide data set of sediment sieve curves, multiple grain sizes could be defined to
give a better representation.

Small scale morphodynamics

It was shown that the morphodynamic model represents the medium scale morphody-
namics in a good manner. It would be interesting to examine the quality of the model
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with respect to smaller scale morphodynamics. To this purpose the spatial resolution
should be increased at the cost of the computational efforts.

Three-dimensional modelling

In this study a two-dimensional depth-averaged approach has been applied for the mor-
phodynamic modelling. It was shown that this is suitable for the representation of the
medium scale morphological evolution. When considering smaller scale hydrodynamic
and morphodynamic processes it may be required to consider the three-dimensional
approach in the individual process models. It could give more accurate results for the
behaviour of smaller scale features, e.g. submerged bars or the meandering effect of
curved channels due to spiral flow.
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Hirschhäuser, T. and Zanke, U.C.E., 2002, Morphologische Langfristprognose für das
System Tidebecken-Aussensände am Beispiel Sylts und der Dithmarscher Bucht, Die
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amplia información de campo: aplicación a la Bah́ıa Meldorf en la costa del Mar del
Norte Alemán, Ph.D. thesis, National University of Colombia, Medellin, In Spanish.

Palacio, C., Winter, C., and Mayerle, R., 2001, Set-up of a hydrodynamic model for
the Meldorf Bight, Proceedings of the World Water and Environmental Resources
Congress.

Poerbandono, 2003, Measurement and Modelling of Sediment Transport in the Meldorf
Bight Tidal Channels, German North Sea Coast, Ph.D. thesis, University of Kiel,
Germany.



176 References

Poerbandono and Mayerle, R., 2003, Modelling of suspended sediment concentration
dynamics. Case study: Meldorf Bight tidal channels, German North Sea coast, Pro-
ceedings of the International Conference on Coastal Engineering (ICCE), Lisbon,
2004.

Reimers, H.C., 1999, Wirkungsweise von Buschlahnungen auf den Sedimenthaushalt
von aufwachsenden Deichvorländern, Research and Technology Centre Westcoast,
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marscher Bucht, Die Küste, H. 40, In German.

Wieland, P., Fladung, B., and Bergheim, V., 1984, Tidedynamische und meteorolo-
gische Randbedingungen im Bereich des Schlick-Testfeldes Dithmarscher Bucht, Die
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Nomenclature

Symbol Description Unit

∆s Local grid cell size in the sediment transport direction [m]
∆t Time step [s]
∆tbed,max Maximal time step for bed evolution calculation [s]
∆tbed Time step for bed evolution calculation [s]
∆x Grid cell size in x-direction [m]
∆y Grid cell size in y-direction [m]
∆ Relative density (ρs − ρw)/ρw [−]
η Horizontal co-ordinate along the Delft3D grid [m]
λx Sediment transport representativity factor in x-direction [−]
λy Sediment transport representativity factor in y-direction [−]
µ Ripple factor [−]
ν2Dh Horizontal viscosity coefficient [m2/s]
ρs Density of the sediment [kg/m3]
ρw Density of the water [kg/m3]
σ Relative wave frequency [s−1]
τcw Combined current- and wave-induced bed shear stress [N/m2]
τw,rel Relative contribution to the total stirring effect [−]
τw,tot Total stirring effect, summed over all wave heights and directions[kg/ms2]
τw(H, θ) Stirring effect contribution for wave height H and direction θ [kg/ms2]
θ Wave direction [◦N]
θw Wind direction [◦N]
ξ Horizontal co-ordinate along the Delft3D grid [m]
ζ Water level with respect to MSL (pos. upward [m]
b Bijker calibration constant [−]
C Chézy bottom roughness coefficient [m1/2/s]
cσ Propagation velocity in σ-space [m/s]
cθ Propagation velocity in θ-space [m/s]
cx Propagation velocity in x-direction [m/s]
cy Propagation velocity in x-direction [m/s]
cbed Bed celerity [m/s]
Cr Courant-Friedrich-Levy number [−]
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Crbed Courant number for the bed [−]
d Bottom level with respect to MSL (pos. downward) [m]
Dh Horizontal eddy diffusivity coefficient [m2/s]
d50 Median sediment grain size [µm]
d90 90th Percentile of the sediment grain size distribution [µm]
E(σ, θ) Spectral wave energy density [J/m2]
g Gravitational acceleration [m/s2]
h Water depth [m]
Hs Significant wave height [m]
I1, I2 Einstein integrals, functions of the relative bottom roughness [−]
ks Bed roughness [m]
MSL Mean Sea Level
N(σ, θ) Spectral wave action density [Js/m2]
NN Normal Null, German notation for the mean sea level
P (H, θ) Energy flux contribution for wave height H and direction θ [N/m]
p(H, θ) Probability of occurrence for wave height H and direction θ [−]
Prel Relative contribution to the total energy flux [−]
Ptot Total energy flux, summed over all wave heights and directions [N/m]
qη Discharge in η-direction per unit of width [m2/s]
qξ Discharge in ξ-direction per unit of width [m2/s]
rc Bed roughness height for currents [m]
S Wave energy source term [J/m2]
Sb Bed load sediment transport [kg/m2s2]
Ss Suspended load sediment transport [kg/m2s2]
Sx Total sediment transport in x-direction per unit width [m2/s]
Sy Total sediment transport in y-direction per unit width [m2/s]
Sds,br(σ, θ) Source term for dissipation through wave breaking [J/m2]
Sds,b(σ, θ) Source term for dissipation through bottom friction [J/m2]
Sds,w(σ, θ) Source term for dissipation through white-capping [J/m2]
Sin(σ, θ) Source term for wind generation [J/m2]
Tp Peak period of a wave spectrum [s]
ti Time i in a simulation [s]
Tm Morphological time scale [s]
U Horizontal flow velocity magnitude [m/s]
Uw Wind speed [m/s]
V1977 Wet volume below MSL of a sub-domain in 1977 [m3]
Vi Wet volume below MSL of a sub-domain in year i [m3]
Vrel,i Relative wet volume below MSL of a sub-domain in year i [−]
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