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ABSTRACT

The Wadden Sea is the largest system of tidal flats and barrier islands in the world ex-
tending from the northern Dutch coast to the coast of Denmark. Such a large natural
area is of great importance to both human beings and ecosystems. Over 10,000 species of
flora and fauna are found in the Wadden Sea being a perfect habitat due to the relatively
calm environment and high food availability. However, accelerating sea-level rise and
human interventions, such as gas extraction, may induce an unwanted morphological
change in the Wadden Sea posing a threat to the natural habitats. This study investigates
the morphological response of the Wadden Sea to SLR and subsidence induced by gas
mining.

A new hybrid model whose aggregation level is between a process-based model
(Delft3D) and a aggregated model (ASMITA) is applied in this thesis. The two-dimensio-
nal hybrid model applies depth integrated shallow water formulations and the advec-
tion diffusion equation for the transport of sediments like Delft3D, but calculates the ex-
change of sediment between bed and water column by means of an equilibrium bathym-
etry concept under scenarios disturbing these equilibrium conditions.

The Ameland inlet is chosen as the research area because it is a relatively autonomous
and undisturbed basin. The high robustness of the hybrid model makes it possible to
apply a high morphological scale factor and a coarser grid compared to the process-
based model, which shortens the computation time by orders of magnitude. However,
the equilibrium concept also fixes the shoal-channel structure and suppresses channel
migrations. Three different scenarios of sea-level rise rate (4, 6, 8 mm/year) are applied
over a simulation period of 100 years. The general morphological response simulated
by the hybrid model shows that the channels and the ebb-tidal delta erode acting as the
main source of sediment for accretion of the intertidal flats. The erosion/sedimentation
is more pronounced with a higher sea-level rise rate.

Sensitivity analysis shows a significant influence of the sediment diameter on the
channel erosion and sediment supply to the intertidal flats. Diffusivity plays an impor-
tant role in the horizontal sediment exchange between the channel and the flat but only
slightly influences the sediment import. Global equilibrium concentration and power n
are similar to diffusivity in affecting morphological activity. The adaptation time scale
is inversely proportional to both of these two parameters. The possibility of using more
than one sediment fraction is proved and it can reproduce a more realistic sediment dis-
tribution as the observation.

The hybrid model is also applied to simulate the morphological response to local
subsidence and the restoration after subsidence stops. The center of the subsidence
circle dosen’t lower as much as the subsidence rate, which indicates that sediment is
transported to the center. Sediment is supplied to the area of subsidence by the adjacent
main channel. The result proves the sediment transport principle underlying the hybrid
model that sediment is always transported along the gradient of the sediment demand.
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1
I NTRODUCTION

1.1. BACKGROUND
The Wadden Sea is the largest tidal �at system in the world which extends from the
northern Dutch coast to Denmark along a coastline of about 500 kilometers, whose area
is nearly 11,000 square kilometers. Due to Holocene SLR, the tidal system containing
barrier islands, channels, and intertidal areas was formed as what we see today. Mean-
while, the dynamic balance between sediment supply and SLR took the shape of the
back-barrier area (Wang et al., 2018). From 8000BC, the lower parts of Pleistocene river
valleys were submerged due to the accelerated SLR and became tidal basins. After 2000BC,
SLR slowed down and sediment supply balanced with SLR. At the landward edge of the
basin, salt marshes developed which enhanced the formation of the intertidal area. At
some areas with limited sediment supply from offshore and alongshore sediment trans-
port, the barrier islands were the main source of sediment. Some barrier islands have
been retreating for tens of kilometers until now at a speed of 1 to 2 meters per year (Oost
et al., 2017).

Within and close to the Wadden Sea, human activities are quite frequent. The Wad-
den Sea covers some of the busiest shipping routes in the world (Bahlke, 2017). There-
fore, lots of ports are built near the Wadden Sea coast. The Hamburg port and Wil-
helmshaven port are the two most important ports of Germany, which are the biggest
dry bulk port with 30 million tons and liquid bulk port with 17 million tons, respectively
(ESPO, 2019). To maintain the shipping channels and the port basins, human interven-
tion is inevitable. Dredging should be applied periodically to ensure there is enough
water depth for shipping.

The tidal inlets in the Wadden Sea also protect the mainland area from �ooding. The
barrier islands, the intertidal �ats and the plants such as salt marsh have a signi�cant ef-
fect on damping waves which provides the mainland a relatively calmer hydrodynamic
environment. Once the tidal inlets are inundated, the mainland will be exposed to ex-
treme waves and storms and the �ood risk will rise dramatically, posing a threat to hu-
man life and property.

1



2 1. INTRODUCTION

Figure 1.1: The Wadden Sea map (Oost et al., 2017)

Such a large area of natural tidal �at is of great importance to many species. The
Wadden Sea basin provides a perfect habitat for �ora and fauna. According to the Wad-
den Sea's website1, the complex and dynamic system of the Wadden Sea is the habitat of
around 10,000 species of �ora and fauna. The Wadden Sea is a transition area between
estuaries and the North Sea which provides �shes with high food availability and a rel-
atively safe shelter place to avoid predators. Therefore, most �sh will spend at least one
stage of their lifespans in the Wadden Sea and some of them spend entire life here. How-
ever, since the 1980's, the nursery function of the Wadden Sea for �shes has decreased
especially for �at�sh species due to human interventions and climate change (Tulp et
al., 2017).

The Wadden Sea is also of great importance to migratory and breeding birds. For
the migratory birds, the Wadden Sea acts as a stop-over and wintering site. And they
prefer to choose the high tide place as their roosting site where they are away from hu-
mans visiting and have easy access to food (Blew et al., 2017). With respect to breeding
birds, they also rely on non-intertidal areas, for instance, the adjacent coastal wetland
and grassland, for laying and breeding (Kof�jberg et al., 2017). However, for both two
kinds of birds, they have experienced a constant drop in populations in the Wadden Sea.
Once the birds' habitats become smaller and their quality gets worse as past, there will

1https://www.waddensea-worldheritage.org/richly-diverse
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be fewer and fewer birds choosing the Wadden Sea as a roosting or breeding site. And
some of them may even be faced with extinction.

However, due to accelerating sea-level rise and human interventions, the morpho-
logical evolution of the Wadden sea becomes harder to be predicted. To protect the bio-
diversity in the Wadden Sea and maintain the habitats of birds and �shes, research on
the morphodynamic change of the Wadden Sea with respect to the sea level rise is nec-
essary.

1.2. PROBLEM STATEMENT
The accelerating sea-level rise poses a threat to the Wadden sea's future sustainability. In
this project, we will mainly focus on the Wadden Sea within the Dutch border boundary.
In the past few decades, the sea level in the Wadden Sea has been increasing roughly at
the speed of 1.77§ 0.49mm/year according to satellite records (Vermeersen et al., 2018).
According to the �eld observation, some systems remain stable with enough sediment
import where the accretion of tidal-�at can keep pace with SLR. But there are also some
other systems approaching complete inundation (Wang et al., 2018). The tidal basin's
evolution can be seen as a competition between the sediment supply and the sea level
rise. Throughout the Holocene, the sediment supply along the Wadden sea was suf�-
cient to maintain the intertidal morphology and the Wadden sea system exchanged lit-
tle sediment with adjacent deeper the North Sea (van der Molen and van Dijck, 2000).
Therefore, the Wadden sea can be treated as an individual system with respect to cross-
shore sediment transport.

Figure 1.2: Sedimentation-erosion pattern over the interval 1927-2016 in the Dutch Wadden Sea (Wang et al.,
2018)
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Elias et al. (2012) proposed that over the period 1935-2005, an overall sedimentation
trend can be found inside the Dutch Wadden Sea basin and on the contrary, ebb-tidal
deltas are being eroded. Wang et al. (2018) also concluded that the amount of erosion
along the North Sea coast is around the same order as the sedimentation inside the
Wadden Sea basin. Especially for the Texel, Vlie, and Frisian Inlets, due to the closure
of Zuiderzee and Lauwerszee, a smaller tidal prism is induced which leads to signi�cant
sedimentation inside basins. From Figure1.2, a more speci�c morphodynamic change
pattern from 1927 to 2016 can be observed. An especially signi�cant erosion happened
at the ebb-tidal delta of Vile Inlet and Ameland Inlet which proves the erosion trend
mentioned above. Besides, the main inlet channels of almost every basin of the Wadden
Sea deepened during the period. In contrast, obvious sedimentation happened inside
the basins especially the area near the onshore edge.

Even the intertidal area inside the Wadden Sea shows a sedimentation tendency over
the past several decades, the future of morphodynamic change is still unknown when an
accelerated SLR is faced. From 2015 to 2019, the global mean SLR rate was at around 5
mm/year (WHO, 2019) and the SLR rate in Dutch coast was slower at around 3 mm/year
(Baart, 2019). Vermeersen et al. (2018) predicted the future SLR along the Dutch coast in
different scenarios, corresponding to different situations of greenhouse gases emissions
(Table 1.1) and all the scenarios have a higher SLR rate than now. Under the circum-
stance with accelerated SLR, the ebb-tidal deltas act as the source of sediment. But in
the future, if the sediment can be eroded from ebb-tidal deltas become insuf�cient to
cope with SLR, will the tidal basin be empty as well? A more reliable projection of the
morphodynamic change is needed as the reference of the future action.

Table 1.1: Sea-level rise scenarios in different time periods (Vermeersen et al., 2018)

Time period RCP2.6 RCP4.5 RCP8.5

2018–2030 0.06§ 0.07 m 0.07§ 0.06 m 0.08§ 0.06 m
2018–2050 0.16§ 0.12 m 0.19§ 0.11 m 0.23§ 0.12 m
2018–2100 0.41§ 0.25 m 0.52§ 0.27 m 0.76§ 0.36 m
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1.3. OBJECTIVE
This thesis aims to assess the future morphodynamic response of the Wadden Sea tidal
basin under accelerating SLR. To be more speci�c, the Ameland inlet is chosen as the
research area since it is the tidal Inlet inside the Wadden Sea with least human interven-
tions and it acts relatively independent from the other Waddenzee basins. Therefore, it is
more reasonable to assume the bathymetry in Ameland inlet is under equilibrium state.
A new hybrid model combined with Delft3D and ASMITA is developed which is less ag-
gregated than ASMITA and also has the fully computed hydrodynamics conditions. This
model provides the possibility to connect the physical �eld data and the long-term mor-
phodynamic trend.

The main objective of this thesis can be speci�ed as:

Investigating the performance of the hybrid model in reproducing the real mor-
phodynamic change in Ameland inlet with respect to SLR and subsidence.

The main objective can be divided into two sub-objectives:

1. Setting up the hybrid model and applying it to the Ameland inlet. Investigating the
relationship between the model parameters and morphological response.

2. Predicting the morphological response of the Ameland inlet with SLR and subsi-
dence.

1.4. RESEARCH QUESTIONS
To understand the research objective more easily, several questions are proposed regard-
ing the research objectives mentioned above.

The main question is:

How will the hybrid model perform with different model settings and how well can
the model's result reproduce the morphological change with SLR and subsidence?

Which contains several sub-questions:

1. Can the hybrid model predict the basic morphological trend in tidal inlet with SLR?
What parameters do matter to the result of the simulation?

2. Compared with previous models, what's the difference?

3. How does the model perform with subsidence?
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1.5. OUTLINE
In this Chapter an overview of the Wadden Sea and the potential in�uence of SLR is in-
troduced. In Chapter 2, to get more familiar with the research area, the Ameland inlet, a
general description of the Ameland inlet including its �ow, sediment conditions and its
long-term morphological evolution is analyzed. Chapter 3 describes the hybrid model
which is going to be used in further simulations and its difference with the process-based
models and the aggregated models. Also, some adjustments of models are going to be
carried out to improve the reliability of the model and shorten the computation time. In
Chapter 4, several long-term simulations will be executed with three SLR scenarios. The
model's sensitivity analysis with �ve parameters will also be included in this Chapter.
Chapter 5 is going to present the hybrid model's performance in simulating the mor-
phological response to the subsidence induced by gas mining. At the end of this thesis,
the discussion on the model and its performance can be found in Chapter 6 and the
conclusion can be found in Chapter 7.



2
SYSTEM INFORMATION

2.1. AREA DESCRIPTION
Among all tidal inlets in the Wadden Sea, the Ameland inlet system is assumed as the
most autonomous one since it has not been in�uenced signi�cantly by the closure of
the Zuiderzee (1932) or Lauwerszee (1969). And in the past century, the Ameland inlet
has not been intervened by massive human activity, e.g., land reclamation and dredging
inside the basin. Apart from that, it can be assumed as a relatively closed system that has
a minimum connection with adjacent tidal inlets (Ridderinkhof, 1988). Therefore, the
Ameland inlet is a preferable choice to study the morphological response to SLR.

Figure 2.1: Sedimentation/erosion values of the entire Wadden Sea and the Ameland inlet over the period
1935-2005. The values are interpolated from the available datasets (Elias et al., 2012)

Figure. 2.2 depicts the bathymetry of the Ameland inlet archived in 2017. The Ame-
land inlet locates between the Terschelling island and the Ameland island, connecting
the North Sea and the Wadden Sea. The Ameland inlet is composed of the ebb-tidal

7
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