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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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INTRODUCTION

1.1. BACKGROUND

The Wadden Sea is the largest tidal flat 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
etal., 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 flooding. The
barrier islands, the intertidal flats and the plants such as salt marsh have a significant 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 flood risk will rise dramatically, posing a threat to hu-
man life and property.
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Figure 1.1: The Wadden Sea map (Oost et al., 2017)

Such a large area of natural tidal flat is of great importance to many species. The
Wadden Sea basin provides a perfect habitat for flora and fauna. According to the Wad-
den Sea’s website', the complex and dynamic system of the Wadden Sea is the habitat of
around 10,000 species of flora and fauna. The Wadden Sea is a transition area between
estuaries and the North Sea which provides fishes with high food availability and a rel-
atively safe shelter place to avoid predators. Therefore, most fish 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 fishes has decreased
especially for flatfish 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 (Koffijberg 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

Thttps://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 fishes, 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 field observation, some systems remain stable with enough sediment
import where the accretion of tidal-flat 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 suffi-
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.

Y i H H H
e e S e e e e
Y4 2016- 1927
600~
575 =i==="2
Sedimentation Erosion [m|:
- 20,0 0.5-1.0
- 10.0 ] 02-05
. : ' -50 £0.2-02
350[- ] A 3.0-40 0.5-0.2
L i 3.0 -10-05
-20 -20-1.0

175 200

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 significant
sedimentation inside basins. From Figurel.2, a more specific morphodynamic change
pattern from 1927 to 2016 can be observed. An especially significant 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 insufficient 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+0.07m 0.07+0.06m 0.08+0.06m
2018-2050 016+0.12m 0.194£0.11m 0.23+0.12m
2018-2100 041+025m 052+027m 0.76+0.36m
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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 specific, 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 field data and the long-term mor-
phodynamic trend.
The main objective of this thesis can be specified 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. Canthe 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 influence 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 flow, 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 five 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.



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 influenced significantly 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.

Total Wadden Sea (1935 - 2005) Ameland Inlet
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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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Figure 2.2: The Ameland inlet bathymetry in 2017 (Bathymetry data source: Rijkswaterstaat Vaklodingen. Bar-
rier islands’ elevation source: Actueel Hoogtebestand Nederland (AHN), Rijkswaterstaat)

delta, ebb channel, flood channel, intertidal flat and the sandy spit bar in the east of the
ebb-tidal delta.

The channel Borndiep is the main flood channel of the Ameland inlet and its deepest
part can be found in between two barrier islands close to the Ameland island. Another
flood channel is in the east of Borndiep which is much shallower and not as stable as
Borndiep. The semi-diurnal tide along the Dutch coast flows in and out the Ameland
basin carrying sediment, which forms the ebb-tidal delta and the intertidal area. Mean-
while, the tide propagates in easterly and northerly directions along the coast bypassing
the ebb-tidal delta. The sediment from the ebb-tidal delta and west Dutch coast accu-
mulates near the Ameland coast forming the sand spit bar, as known as Bornrif.

Figure 2.1 shows that, for the entire Wadden Sea, the coasts and the ebb-tidal deltas
have been eroded and the basins have been infilled over the whole period. But at the
Ameland inlet, the ebb-tidal delta and the coasts were accumulating unlike the general
trend of the entire Wadden Sea. And in the last a few years, the volume of elements at
the Ameland inlet has remained at a stable level.

The Ameland inlet experiences a strong tidal driven current in the alongshore direc-
tion at around 0.3 m/s and through the inlet at around 1 m/s (Ehlers, 1988). The tide
passing by the Ameland inlet propagates in the northerly and easterly directions at a
celerity of about 15 m/s (Cheung et al., 2007). The tidal range near the Ameland is ap-
proximately 2.3 m (Pearson et al., 2019). The annual averaged significant wave height is
1.1 m and the dominant direction is northwest (Cheung et al., 2007). Based on the tide
and wave conditions, the Ameland inlet is classified as meso-tidal and mixed-energy
(Hayes, 1975, Davis Jr and Hayes, 1984). The northwest incident waves encounter the
northeastern barrier coastline and generate an easterly alongshore sediment transport
of about 0.7 Mm3/y. Combining the residual tidal current, a total alongshore sediment



2.1. AREA DESCRIPTION

transport toward the northeast can reach 1.0 Mm?3/y (Steetzel, 1995).
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Figure 2.3: (a)Median bed sediment grain size. (b)Particle size distribution in the bed at location B1 and B2.
(Pearson et al., 2019)

At the bed of the ebb-tidal delta, fine sands cover the largest part and the averaged
median sediment diameter is 211 ym. When it comes to the channel, the sands become
coarser and the median diameter increases to 289 um (Pearson et al., 2019). From Figure
2.3, the sediment along the Terschelling coast is much coarser than that in the Ameland
coast. Also, inside the basin, the median diameter of the sediment at the intertidal flat is
smaller than that in the channel, and the mud proportion increases as well.
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2.2. MORPHOLOGICAL EVOLUTION

One of the most important morphological features of the Ameland inlet is the migration
of channels. The channel-shoal structure at the Ameland inlet is not fixed and the area
experiences a cyclic evolution with a period of 50 to 60 years (Isreal, 1998).

Bed level [m]

Figure 2.4: Cyclic evolution of the channel and ebb-tidal delta at the Ameland inlet (Elias et al., 2012)

Figure 2.4 shows that, the channel-shoal structure has been switching from the one-
channel system to a two-channel system. Not only channels were evolving, but the ebb-
tidal delta was also changing consequently. Cheung et al. (2007) gave a specific analysis
of the cyclic behavior. In Figure 2.5 (a), a typical one-channel configuration is shown that
two ebb channels, Westgat and Akkepollegat are directly connected to the main channel
Borndiep. The ebb-dominant Westgat has a phase lag with the east-west lying Boschgat,
which turns the direction of the Boschgat toward the north and forces it to have a more
direct connection with the Westgat. Meanwhile, another ebb-dominant ebb channel,
Akkepollegat, provides abundant sediment to the shoal, forming the bypassing sand
bars, Bornrif. In Figure 2.5 (b), the Boschgat is partially connected with the Westgat and
at the same time, the Borndiep flat expands to the north, which enhances the flow from
the Borndiep to the Akkepollegat and weakens the flow to the Westgat. A stronger flow at
the Akkepollegat carrying more sediment causes a migration of the Bornrif approaching
the Ameland. With further development, in Figure 2.5 (c), the weak flow at the West-
gat turns from ebb-dominant to flood-dominant and attracts lots of sediment. The in-
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creased sediment demand induces the assembling of sediment near the Terschelling and
eventually blocks the connection between the Westgat and the Boschgat. The Boschgat
becomes an east-west running channel again. Meantime, the attached Bornrif becomes
a progressive, attenuating sand wave along the Ameland with the current. To prevent
severe erosion and maintain the Borndiep, a series of erosion control measures, such as
building groynes along the coast and periodic nourishment at the Ameland, have been
applied since 1947 (Elias et al., 2012).

Terschel-
ling

Figure 2.5: Cyclic evolution of the Ameland inlet between one-channel system and two-channel system






MODEL

3.1. PREVIOUS STUDY

Choosing a proper model is of great importance to the simulation result. Suspended
sediment transport is the key to reproducing the bed level change. Sediment transport
is based on the hydrodynamic conditions which are determined by model calculation.
Generally, there are two types of model used regarding the morphodynamic change in
the tidal basin which are Process-based model (e.g., Delft3D) and Aggregated model
(e.g., ASMITA). The difference between the two types of model is the aggregation level
which will be illustrated in the following sections.

3.1.1. PROCESS-BASED MODEL

The process-based model’s calculation can be separated into the hydrodynamic and
morphodynamic parts. By solving the continuity equations and momentum equations
with shallow water assumptions, the hydrodynamic conditions are calculated from the
model. Under the shallow water assumption, the vertical acceleration due to buoyancy
or bottom topography change is negligible compared with the gravity acceleration. The
vertical momentum equation is reduced to the hydrostatic pressure equation (Eq. 3.1)
which simplifies the computation along the coast or inside the tidal basin.

P _ pgz 3.1)

Besides that, the advection-diffusion equation with the turbulence closure model
solves the transport of physical quantities (e.g., salinity, temperature, and sediments)
(Lesser et al., 2004). Based on the calculated flow conditions, the morphodynamic change
can be calculated from the sediment transport. For a normal 3D process-based model,
the sediment transport is simulated in both horizontal and vertical directions. For an
aggregated 2DH model, the hydrodynamic part remains the same as the 3D model but
the transport part is aggregated over depth.

The three-dimensional advection-diffusion equation (mass conservation, Eq. 3.2)
described the sediment transport no matter what model is used. The process-based

13
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model is the model with the lowest aggregation level, which means the model can re-
produce the 3D sediment transport processes approaching reality.

66+0uc+6vc+6wc 6( 66) 6( 66) 60+6( 60) 3.2)
—t—t—F———|ey— |- — ey — | = ws— + — e, — .
ot o0x dy 0z dx\ ‘ox) oay\ Yoy ‘0z 0z\ "o
Where:

c = sediment concentration

t =time

u,v,w =flow velocity components

Xx,,z = coordinates

£x, €y, €, = turbulent diffusion coefficients

wg = settling velocity of sediment particles

Delft3D is one of the most common process-based models used in the morpho-
dynamic simulations. The low aggregation level of Delft3D can reproduce the hydro-
dynamic conditions more precisely and depicts the sediment transport processes ap-
proaching reality. The advection and diffusion terms are shown on the left side of the
Eq. 3.2, and the right side is the sediment exchange in the vertical direction containing
the settling and diffusion processes. The turbulent diffusion coefficients are normally
unknown, which requires the user to choose a suitable model to close the equation. In
Delft3D, the 2D turbulence can be specified by users beforehand or computed by an em-
bedded Large eddy simulation (LES) model. The 3D turbulence is closed by the selected
model, such as the k —e model. The multiple modules supported by Delft3D provide the
possibility to introduce wind, storm and other factors into the model. However, mean-
while more field data, for example, the bed composition, water level record, wind spec-
trum, is needed for the accuracy of more complex computations.

In a short-term simulation, Delft3D can be more suitable due to the higher accuracy,
and more parameters can be explicitly determined in the calculation. But for a long-
term simulation, Delft3D would become not that suitable compared to other models
with higher aggregation levels due to the much longer computation time and the un-
certainty in the equilibrium state. Dissanayake et al. (2012) used the Delft3D numerical
model to predict the future morphological change at the Ameland inlet under different
SLR situations. The model successfully reproduced the erosion at the ebb-tidal delta
when SLR was applied and the flood dominance is enhanced which may lead to more
sediment import. But the result still remained at a qualitative level and the computed
critical SLR is far from the previous study due to too many uncertainties.

3.1.2. AGGREGATED MODEL
After a further aggregation in space and in time, the so-called aggregated model (or semi-
empirical model) is established. Wang et al. (1998) and Stive (1998) firstly developed the
ESTMORF and ASMITA, the two most usual models among aggregated models, in the
morphological change at estuaries and tidal basins.

In the ESTMORF model, the computation area is schematized into a node’s mesh
connected by branches(channels). The sediment can be transported between the low
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tidal flat, high tidal flats and channels. To obtain the change in channels, the 3D advection-
diffusion equation (Eq. 3.2) is aggregated over-depth and width remaining the cross-
section area in the formula. An example between channel and low tidal flat is shown
below.

0Asccc O0Ascuce 0 dc
ot + ox - a Ascha = Wews (cce — ) + Fic (3.3)
Fie =Dy Nl == (3.4)
Ilc
Aec
=Cg(—)" 3.5
Cce E( A ) (3.5)

Where:

A = cross-sectional area of the channel

Aec = equilibrium cross-sectional area of the channel

cce = equilibrium concentration in the channel

Cr = global equilibrium concentration

¢, = concentration in the channel

D. =horizontal dispersion coefficient in the channel per unit width

F;. =exchange rate of sediment between the channel and the low tidal flat per unit
width

u =residual flow velocity

W, =width of the channel

D; = diffusion coefficient per unit width

Ahy = effective water depth for low tidal flat

L;. =distance between the center of the low tidal flat and the center of the channel

In the channel, the 3D hydrodynamic condition becomes 1D after integration, and
the advection and diffusion terms are still valid here. But only the diffusion effect is taken
into account when the transport happens between the flat and the channel (Fj;). In the
ASMITA model, the whole domain is schematized into several elements and a further
aggregation is applied for the whole area of each element. These elements including
the ebb-tidal delta, main channels, the intertidal flat area can exchange sediment with
adjacent elements directly.

avy

ar UnApws (Cpe — Cn) (3.6
Zémn (cn—cm) = Apws (Cpe — Cn) 3.7
m

v,
Cne = CE(VL;)H 3.8)

Where:
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V, =volume of the element

Vine = equilibrium volume of the element

tn =when referring to wet (channel) volume, it is equal to 1 and when referring to
dry (intertidal area or delta) volume, it is equal to -1.

A; =horizontal area of the element

& mn = horizontal exchange coefficient

(a)

(c)
MHW

MLW

Figure 3.1: The volume of elements in the tidal basin: (a)Tidal prism and the area of the tidal basin, (b)Volume
of the intertidal area, (c)Volume of the channel. (Wang, 2019)

Compared with ESTMORE ASMITA ignore the advection transport exchange where
the residual flow is assumed to be zero. Within one certain element, the sediment in the
water column is conservative between the diffusion exchange with adjacent elements
and the exchange with the bed. What is worth mentioning is the volume of each ele-
ment can be separated into wet and dry volumes (Eq. 3.6). According to Figure 3.1, the
volume of the channel is referring to the space between the MLW and the bed, which is
wet volume. However, the volume of the intertidal area, the dry volume, is the sediment
between the MHW and the MLW. When erosion happens, the wet volume will increase
but the dry volume will decrease obviously.

Both ESTMORF and ASMITA model have a similar concept which is the equilibrium
concentration (cc. in Eq. 3.3 and ¢y in Eq. 3.6). Actually in Delft3D there is a similar
concept in the open boundary which describes the sediment concentration which will
not induce any erosion or sedimentation under the current flow conditions. The prin-
ciple behind the equilibrium state in the aggregated model is analogous. In Eq. 3.8, the
ratio between the current volume (V) of the element and the equilibrium volume (V)
reflects the flow strength in the area. For instance, when the channel volume is bigger
than its equilibrium volume and the tidal prism keeps the same, the flow velocity must
decrease due to the wider cross-section.

The high aggregation level and the equilibrium state make the model be more robust
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when faced with SLR. Even though it cannot reflect the bathymetry change in detail as
Delft3D does due to the aggregation in space, it still can predict the trend in morphology
precisely. Buijsman (1997) applied the ASMITA model at the Zoutkamperlaag inlet and
the Pinkegat inlet to project the future morphological change with different SLR rates.
The ASMITA model successfully reproduced the erosion in channels, regression at the
coast and accumulation at the intertidal area. Later, Van Goor et al., 2003 also applied
the ASMITA model in the Ameland inlet with coarser schematization (fewer elements).
Except for predicting the morphological change with SLR, the critical SLR rate is pro-
posed which is the maximum rate that the tidal basin can keep pace with and regain the
equilibrium state. For a more reliable result, Wang and Van Der Spek (2015) calibrated
the ASMITA model by taking finer sediment into account. Even though this didn’'t make
the model be more reliable compared to the previous setting with only one fraction of
sediment, but it did close the gap between the process-based model and the aggregated
model in the calculation of critical SLR rate.

However, as mentioned above, the highly aggregated model is dependent on the em-
pirical relationships and the underlying processes may be partially ignored. Wang et al.
(2020) also pointed out that no matter what level the models are aggregated in, they are
in the same degree of uncertainty. Besides that, those so-called micro-scale models like
Delft3D, may find difficulties in reproducing the equilibrium status.

3.2. HYBRID MODEL

For the sake of a more robust performance in the projection of morphodynamic change,
a hybrid model combining the process-based model and the aggregated model is de-
veloped. When faced with long-term simulation with natural bathymetry, the process-
based model usually cannot reproduce the trend accurately and also it is normally time-
consuming due to the complicated three-dimensional computation. A ten-year simu-
lation usually takes days or even weeks depending on the area of domain and size of
the grid. As for the aggregated model (e.g., ASMITA), it can reflect the morphodynamic
trend of the tidal basin with respect to SLR. But it has the limitation in presenting the de-
tail in bathymetry change. Also, due to the aggregation in space inside the basin, when
faced with the regional ground subsidence, it is difficult to apply the subsidence only to
a certain area.

Therefore, the two-dimensional hybrid model is going to be applied in simulating
the morphodynamic change in the Ameland inlet with respect to SLR. The difference
between the process-based model, the hybrid model, and the aggregated model is the
aggregation level and whether the equilibrium concept intervenes the morphological
change. The hybrid model is aggregated in the vertical direction but not in the hori-
zontal direction, which makes its aggregation level is in between the three-dimensional
process-based model and the aggregated model.

On the basis of the 3D advection-diffusion equation (Eq. 3.2), the sediment transport
is integrated in vertical direction and the 2D advection-diffusion is shown as follow:
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Where:
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c = depth-averaged sediment concentration
Uy, iy = depth-averaged flow velocity components
h = water depth

ay,ay = coefficients counting for the effects of the shapes of the vertical distribution
of flow velocity and sediment concentration

Dy, Dy = dispersion coefficients

bi3 = sediment exchange flux between the bed and the water column

In the depth-integrated advection-diffusion equation, the advection (2”4 and 3" on
LHS) terms and the diffusion (4™ and 5™ on LHS) terms are in agreement with the nor-
mal 2D process-based model, for example, the depth-averaged model in Delft3D. What
makes them different is the way to calculate sediment exchange flux on LHS. The sedi-
ment exchange flux contains the settling and stirring processes in different flow condi-
tions. Normally, the sediment flux is expressed in the form as the Eq. 3.10. What is worth
mentioning is the hybrid model only takes suspended sediment transport into account

and the bed load is neglected.

fo=yws(ce—c) (3.10)
Where:

Y = transport coefficient

w = settling velocity

ce = equilibrium sediment concentration
¢ =local sediment concentration

As discussed in Section 3.1.2, the flow condition can be connected with the sus-
pended sediment formula. Normally, sediment transport can be expressed as: S o< u"
(Buijsman, 1997). After time-averaging, the suspended sediment transport <S> is pro-
portional to the odd moment<u| u|3> and the even moment <|u|®>> (Bosboom and Stive,
2021). The power n in Eq. 3.11 is in agreement with that in the sediment transport for-
mula. Back to the hybrid model, similarly, the flow strength can be reflected by the local
depth (h) with equilibrium depth (k,, Eq. 3.11).

Ce = CE(%)” (3.11)

The equilibrium water depth should be determined beforehand, which is downward
positive and relative to the reference level specified in the model (0 m is the default
value). When SLR is introduced into the model, the equilibrium water depth doesn’t
get influenced by the change of SLR. But the local water depth is increasing when SLR is
positive since the reference level is lifted (Figure 3.2). So in this way, the corresponding
water depth needs to decrease to adjust to the rising sea level, approaching equilibrium
depth again. Within a short period that the morphodynamic change hasn't responded,
there will be a deviation between the increased local water depth and the equilibrium
water depth which are the same before SLR starts. The deviation in water depth will
induce a change in local equilibrium concentration which leads to a further change in
sediment exchange flux in the vertical direction. As shown in Figure 3.3, the negative
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Figure 3.2: The definition of / and h,(the solid lines indicate the water and bed level before SLR and the dash
lines indicate the after)

feedback keeps the bed level sedimentation in pace with SLR when sediment supply is
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Figure 3.3: The negative feedback loop of the hybrid model

To conclude, the hybrid model is integrated in depth from the three-dimensional
process-based model and the difference is the way to calculate sediment exchange flux
between water column and bed. An equilibrium concept is inherited from ASMITA and
ESTMORF model which decides the morphodynamic evolution’s direction with respect
to the sealevel rise. The equilibrium concept always guides the bed level to move directly
to the direction of the sea level change, which increases the robustness compared with
the normal process-based model. In principle, there is no difference in the uncertainty
level among the process-based model, the hybrid model, and the aggregated model. The
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only difference is the level of aggregation.

3.3. MODEL FORMULATION

Before the simulation starts, the formulation of the model is a necessary step which is of
great importance to the computation time and the accuracy of the model result.

3.3.1. GRID AND BATHYMETRY

The computation area is selected to cover all the tidal basin areas and a certain offshore
area to simulate SLR and its influence. It expands about 44 km in the west-east direc-
tion and 36 km in the north-south direction. The computation domain and the grid is
developed by De Fockert (2008) and later modified by Jiao (2014). The domain includes
324 grid points in east-west(x) direction and 348 grid points in north-south(y) direction.
The Figure 3.4 shows the computation domain and the grid arrangement. For a clearer
illustration, the grid has been derefined to half of the original number. The size of grids
varies from the location, the grids near the throat of the Ameland basin are refined since
the flow is more complicated here. Therefore, the size of grids changes from 300-350m
at the boundaries to 30-40m at the inlet.
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Figure 3.4: Computation domain and the grid (Left figure: Google Maps location of the Dutch Wadden Sea.
From "Google Maps," by Google, n.d. (https://earth.google.com/web/@53.28453218,5.57895,-17.3108632a,
123495.07922972d,35y,0h,0t,0r). Copyright by Google.)

The bathymetry in 2005 is chosen as the initial bathymetry in this model. From off-
shore to onshore, the water depth decreases from 27 m at the north boundary to 0 m at
the barrier island beaches. The ebb-tidal delta is submerged and the water depth varies
between 3 and 6 m. The deepest part inside the tidal basin is found at the main ebb
channel, Borndiep, which is 26-meter deep at the throat and becomes shallower in on-
shore direction. The total areas of different elements of the Ameland inlet are shown in
Tab. 3.1 and the definition of the area is described in Figure A.1. The area is calculated
from the MSL at 0.05 m and the tidal range (H,;,) at 2.4 m.
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Table 3.1: The area of ebb channels and intertidal flat inside the Ameland inlet

Element category Area [m?]

Channel 1.147 x 108
Intertidal flat 1.985 x 108

3.3.2. PARAMETERS

The time step of the hydrodynamic calculation is chosen at 12 seconds according to the
Courant number, which promises the numerical stability of the calculation. In practical
cases, normally it's recommended to choose a proper time step to make Courant number
smaller than 10 and the calculation of Courant number is specified in Appendix A.3. The
water depth is used in the calculation of the Courant number will be introduced in the
later section.

The default value of horizontal viscosity and diffusivity follow Jiao (2014), which are
both 1 m?/s. And the bed roughness is prescribed with the Chézy formula at 63 m? /s
for the grids within the domain (Lenstra et al., 2019). One single non-cohesive sediment
with the median diameter (dsp) of 250um is applied and the sediment is assumed to
separate homogeneously within the domain (De Fockert, 2008, Jiao, 2014).

The power 7 in Eq. 3.11 is chosen at 5 from the sediment transport formula (Bos-
boom and Stive, 2021). The global equilibrium concentration(C,,) is firstly set at 0.045
kg/m3 which to be discussed in sensitivity analysis.

3.3.3. BOUNDARY CONDITIONS

There are three open boundaries in the offshore area located in the north, west, and east.
For the northern boundary, a harmonic water level boundary condition is applied and
the boundary is separated into seven continuous boundaries to avoid incorrect inter-
polation along the boundary. The harmonic water level condition was derived by Jiao
(2014). Jiao firstly computed the three water level boundaries of the Ameland inlet with
the nesting tool under the simulation of the whole Wadden Sea.
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Figure 3.5: Water levels at the Northern boundary

To reproduce the residual transport of the complete spring-neap tide cycle in the
long-term simulation and save the computation time, a morphological tide was cho-
sen among the whole time-series water level records at the boundaries to represent the
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residual transport as much as possible (Latteux, 1995). Due to the daily inequality at
the Ameland system, a double tide cycle was chosen from two spring-neap cycles and
the water level records were transformed into a harmonic boundary by using harmonic
analysis. The tidal constituents are shown in Table A.1. Among the eight constituents,
the O1, M2, M4, and M6 are the main components according to the amplitude.
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Figure 3.6: Bathymetry of the Ameland inlet in 2005 and three open offshore boundaries

In terms of the east and west boundaries, the Neumann conditions were applied. The
Neumann boundary can prevent the happening of boundary disturbances and make it
not necessary to determine the water level or velocity boundaries beforehand.

Inside the Ameland inlet, three closed boundaries are located in the North(landward),
West and East. The Western and Eastern closed boundaries are at the watershed where
the water and sediment would barely exchange with adjacent tidal basins (Bosboom and
Stive, 2021). Therefore, the Ameland inlet can be assumed to be isolated with the Vile in-
let in the west and the Pinkegat inlet in the east. The three closed boundaries together
with the Terschelling island and the Ameland island form the Ameland tidal basin.

At the beginning of the simulation, the sediment concentration at the water column
is set at 0, which is called cold start. In this case, the spin-up time is necessary other-
wise the deviation between the local concentration and the local equilibrium concen-
tration, and a local erosion will happen immediately. Within the spin-up time, no bed
level change is allowed and the water carrying sediment will flow from the boundaries to
the basin. A spin-up period at 2980 minutes, two tidal cycles, is applied, which promises
the local concentration inside the basin is equal to the sediment supply at the bound-
aries.
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3.3.4. REFERENCE LEVEL

The hybrid model is based on the Delft3D model, in which the reference level is set au-
tomatically at 0 m. The depth and water level are both referred to this reference level.
After supplementing the hybrid model, another reference level can be specified by users
which is related to the equilibrium depth. For a clearer statement, the reference level
mentioned later is referred to the equilibrium reference level.

Ah

hy hy>h, h,

Bed level

Figure 3.7: Two adjacent cells with different equilibrium water depth

As Figure 3.7 shown, with the unchanged reference level, the equilibrium depth is
equal to the local depth when SLR hasn’t been applied. And then an elevation is applied
to the reference level and the Eq. 3.11 changes to the Eq. 3.12. Obviously, under the
situation that Ahy keeps unchanged, when Ah; > 0, ¢, becomes bigger, which means
that the elevated reference level makes the vertical sediment exchange be less sensitive
to SLR. Physically, when an elevation is applied at the reference level within the whole
basin, the sensitivity of the shallower area, such as the intertidal flat, to SLR will decrease
more dramatically than the deep area, which means a higher reference level will make
the shallow area attract less sediment. As the default setting, the reference level is set at
0 m. The influence of the reference level is elaborated in Appendix A.4.

he + Ay

_ n
Ce = CE(—thAh1 +Ah2) (3.12)

Where:

Ah; = reference elevation
Ahy = Sea-level rise

3.4. MODEL SETUP AND STANDARD RUN
Before the long-term simulations start, a standard run with the basic setting is necessary
with parameters set as their "default value" described in the previous section. Those
parameters are decided at the very beginning and only according to the known data.
And the result of the standard run is worth being studied because it reflects the model’s
performance to SLR and from the result, we can investigate how does the model work.
With a MORFAC at 100, after 13.6 morphological years experiencing a total lift of
MSL at 13.6 cm (1 cm/year), the channels inside the basin are eroded and there is a vast
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Figure 3.8: Morphological change in two adjacent cells with different equilibrium water depth in the hybrid
model (a)stage 1: deeper cell starts to be eroded and shallow cell is accumulated, (b)stage 2-3: bed level for
both cells lifts and water depth reaches the initial water depth

intertidal area where sediment accumulation happens. Also, the ebb-tidal delta shows a
similar behavior with respect to SLR: some sediment is accumulated at the shallow part.
This can be explained by the Eq. 3.11 that the shallow part (intertidal flat and ebb-tidal
delta) has a smaller water depth and the channel has a much deeper bed. As shown in
Figure 3.7 and the equation below, when applying the same SLR rate to the whole area,
the smaller-depth area (%) is more sensitive to SLR and the equilibrium concentration
atthe smaller-depth area (c,) will decrease more than that of the larger-depth area (c,1).

h S hy
hi+Ah  hy+Ah

hi>hy — — Ce1 > Ce2

Therefore, sediment is more likely to accumulate in the area with a smaller equi-
librium concentration. In the Figure 3.7, two adjacent cells with different depths are
briefly shown which will be introduced as an example later. To reach a stable status,
the equilibrium concentration of adjacent cells have an intention to decrease the dif-
ference, which means the area with a deeper depth (h;) should be eroded to obtain a
smaller equilibrium concentration (c,;) close to c, at the early stage. Meanwhile, sed-
imentation is happening in the area with a smaller depth. The advection transport by
cyclic flow inside the basin and the diffusion transport are the two main processes in the
morphological change. So at stage one, the deeper cell will keep being eroded until the
shallower cell reaches the same equilibrium concentration. The sediment accumulated
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Figure 3.9: Cumulative sedimentation/erosion map after 13.6 years for the case with default setting (solid black
line is the contour line of -3 m of initial bed level)

at the shallower cell is from the deeper cell and the boundary (Figure 3.8(a)).

At stage two, the deeper cell stops being eroded and the sedimentation will happen at
both cells since the equilibrium concentration of both cells is smaller than the boundary
concentration, which is equal to the global concentration. At stage three, two cells reach
the equilibrium concentration as before and keep elevating with SLR (Figure 3.8(b)).

As the Figure 3.9 shown, inside the basin, a vast area with sedimentation can be
found at the intertidal flat and the channel is deepened significantly. These behaviors
are in agreement with the stage one introduced previously: the deeper parts are less sen-
sitive to SLR so they will be eroded to balance the local equilibrium concentration with
the adjacent area. In the ASMITA model, this behavior is shown in a similar way that
the channel connects the intertidal area and the outside of the basin, and the channel is
eroded to create a larger concentration gradient to attract more sediment into the basin
(Van Goor et al.,, 2003). As for the area outside of the basin, the ebb-tidal delta accu-
mulates as well since it behaves similar to the intertidal area. Therefore, a small nearby
offshore area is eroded (the blue area next to the ebb-tidal delta) which can be assumed
as the redistribution of the sediment. But this phenomenon is opposite to reality. When
SLR is accelerated, the inlet is out of dynamic equilibrium and the sediment inside the
basin is insufficient to keep pace with SLR. In this case, the ebb-tidal delta will act as the
source of sediment and the delta will be eroded.

At three boundaries, the sediment concentration is set at 0.045 kg/m?® which is equal
to the global concentration (Cg). However, the reference level of all offshore grids is lifted
at the same time and those grids need to keep pace with SLR as well. The tide-driven
flow’s direction is always parallel to the coast (Figure 3.10) which means the sediment
exchange in cross-shore direction is not frequent. As Figure 3.9 shown, the sedimenta-
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Figure 3.10: Velocity profile of the Ameland inlet during ebb (a) and flood (b)

tion only happens near the west and the east boundary, and the sediment redistribution
similar to the basin doesn’t happen in the offshore area. Even though the nearshore area
has a shallower water depth which may help it attract more sands, the parallel flow limits
the cross-shore sediment redistribution. The diffusion term may enhance the transport
along the concentration gradient, but in this case, it is obvious that the default value of
the diffusion term doesn’t influence the transport significantly. From the Figure 3.11, as
time goes, the gap between the local equilibrium concentration and global equilibrium
concentration is getting bigger, which means the intertidal area cannot keep pace with
SLR of 1 cm per year within this period.

Overall, the hybrid model with basic settings successfully reproduced the trend of the
morphological change with respect to SLR, especially inside the basin. But there are also
some details that should be discussed and some parameters are still to be determined.
The offshore sea bed and the ebb-tidal delta tend to elevate with SLR which may attract
too much sand that needs to be transported into the basin.

3.5. MODEL ADJUSTMENT

From the result of the standard run in Section 3.4, too much sediment settled near the
boundaries and the ebb-tidal delta before entering the basin. This could result in a
deficit of sediment supply and too much erosion at the channel. To cope with this prob-
lem, some methods are proposed.

3.5.1. LIMITED SEDIMENT AVAILABILITY

The local water depth (h) increases and exceeds the local equilibrium depth, leading to
sediment accumulation. Therefore, the offshore accumulation can be limited by increas-
ing the equilibrium water depth together with limiting the sediment availability that can
be eroded. According to the Eq. 3.11, increasing the local equilibrium depth and mak-
ing it exceed the local depth results in erosion but making the sediment availability at
the offshore area at zero can counteract the erosion, which keeps the bed from being
eroded.
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Figure 3.11: Equilibrium concentration evolution at the Ameland inlet with respect to the sea-level rise

The area outside the Ameland basin excluding the ebb-tidal delta is labeled (the blue
area in Figure 3.12). For the labeled area, the equilibrium water depth is no longer equal
to the initial depth but 10-meter deeper and the sediment availability is zero. That means
when SLR is applied, the local depth increases but it is still smaller than the equilibrium
depth. However, there is no sediment that can be eroded at the labeled area. The sedi-
ment at the water column will not settle earlier than approaching the ebb-tidal delta.

According to the bed difference at the end of the simulation shown in Figure 3.13,
the case with no sediment availability outside the basin has no sedimentation outside
the basin, and has slightly more sedimentation outside the ebb-tidal delta. But the bed
level at the ebb-tidal delta and inside the basin are totally the same at the end of the

simulation. This implies that the ebb-tidal delta traps the most of sediment which is
supposed to be transported into the basin.

By applying this adjustment, the sediment from the boundaries will not accumulate
just right after entering the domain. But the result also shows that the ebb-tidal delta is
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exactly the main trap of sediment. What's the role that the ebb-tidal delta really plays in
reality is still ambiguous.

3.5.2. BED ELEVATION/SUBSIDENCE

To deal with the problem that sediment accumulates at the offshore area because the
bed level cannot keep pace with SLR, an elevation is added to the offshore area manually
at the same rate as SLR by applying the subsidence function in Delft3D to the model.
The subsidence function provides the possibility to change the bed level regionally in
time and the value of subsidence can be negative (elevation) or positive (subsidence).
Therefore, if the bed level can elevate at the same rate as SLR, there will be no difference
in the equilibrium depth and the local depth. Another way to achieve it is by giving a sub-
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sidence rate inside the basin to simulate SLR. The difference between the two methods
is shown below but the underlying principle is the same.
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Figure 3.14: Three labeled areas within the domain: outside the basin (red), inside the basin (green) and barrier
islands (blue)

* Method 1: Bed elevation outside the basin

1. Applying SLR at the boundaries.
2. Applying SLR in changing the reference level.

3. Elevating the area outside the basin.
* Method 2: Bed subsidence inside the basin

1. Applying subsidence at the area inside the basin.

The domain is separated into three parts which are the area outside the basin, the
area inside the basin and the barrier islands which are not changing with SLR (Figure
3.14). The area outside the basin contains the ebb-tidal delta which differs from the
labeled area in the last section.

METHOD 1

On the basis of the standard run, method 1 is applied: the outside area elevates at the
same rate as SLR. The final bed level of the case with the bed elevation outside is com-
pared with the standard run and there is more erosion of the ebb tidal delta, less ero-
sion at the main channel but the bed level difference can be barely seen at the shallower
and landward parts. Moreover, according to the accumulative sediment transport across
the cross-section at the throat (Figure 3.15), an overall trend of sediment import can be
found with the bed elevation, which is opposite for the standard run where the sediment
is exported from the basin.
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Figure 3.16: (a) Accumulative sedimentation/erosion map of method 1 and the elevation outside the basin is
subtracted. (b) The depth comparison between the case with the elevation outside and the standard run.

From here, a conclusion can be drawn from the comparison between these two cases
that the sediment that was blocked at the ebb-tidal delta, is now transported into the
basin but cannot spread too widely into the more landward area, settling near the main
channel. By applying an elevation at the outside area, the erosion at the main channel,
whose sediment acted as the main source as the accumulation at the intertidal area,
becomes less.
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METHOD 2

By using method 2, subsidence is applied inside the basin at the green-ish area in Figure
3.14. The subsidence substitutes SLR which gives an increase to the local water depth at
the same rate as SLR.
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Figure 3.17: (a) Cumulative sedimentation/erosion map of method 2 and the subsidence inside the basin is
added. (b) The depth comparison between method 1 and method 2

Method 1 and method 2 should show no difference in results since they are identical
from the theory behind. To simulate SLR in the model, an increase in local water level
should be added and then the gap between the local depth and equilibrium depth can
force the model to evolve towards the equilibrium. In method 1, the water level at the
boundaries, reference level and the bed elevation outside the basin should be applied at
the same time. But for method 2, the subsidence alters those three steps at once.

The cumulative sedimentation and erosion map for both two methods are almost
the same and there are still some slight differences in Figure 3.17(b) but their orders
are around O(1072) to O(1073), which are relatively small compared with the bed level
change. The reason why the two methods are not completely identical could be that in
method 2, the water level increases at the same rate for all the places inside the basin
but in method 1 and also in reality, the water elevation is specified at the boundaries and
the elevation inside the basin is actually uneven. This may lead to different flow patterns
and tidal prism for two cases and eventually influence the morphodynamic change.

CONCLUSION

After comparing the Figure 3.15(a) and Figure 3.15(b), the ebb-tidal delta was found as
the main trap of sediment instead of the offshore area. There is no obvious difference
in the results of method 1 and method 2 and their principles behind them are the same.
For the sake of convenience, method 2 is applied for the following simulations because
of its fewer procedures.
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3.5.3. MORPHOLOGICAL SCALE FACTOR

The morphological scale factor (MORFAC) is a coefficient that can accelerate the mor-
phological evolution which is supplemented in Delft3D. The MORFAC is simply multi-
plied by the sediment exchange flux between the bed and the water column for each
time step. Especially in the case where the tidal condition is dominant and the flow can
be assumed as cyclic flow (neglect the effect of the neap-spring cycle), the scale fac-
tor can effectively shorten the computation time. After introducing the MORFAC to the
model, the time can be separated into morphological time and hydrological time and
their relationship are as follow.

Atmorpho = fMORFAC* Athya!ro (3.13)

However, the hydrological computation time and the scale factor cannot be selected
randomly. As for hydrological computation time, it is better to not be too short which
at least covers one whole tide cycle. Meanwhile, the MORFAC cannot be unlimited large
when trying to shorten the computation time. The accelerated computation ignores the
effect of bathymetry on the hydrodynamic flow which may lead to an unexpected error.
How to choose a proper value for the morphological scale factor which can decrease the
computation time as much as possible but at the same time won't result in an unaccept-
able numerical deviation becomes a problem.
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To investigate the influence of different MORFAC, a group of simulations without SLR
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Figure 3.19: The water level at the North boundary before and after changing the tidal periods

are carried out. There are 5 cases with different MORFAC are compared, which are 50,
75, 100, 200, 400. Undoubtedly, the case with the smallest MORFAC at 50 provides the
closest result with the case without acceleration. Hence, the smallest MORFAC case is set
as the control group and the result will be compared with the other four cases. For each
case, the only tidal condition is prescribed at the boundaries without SLR. Therefore,
without change in MSL and reference level, there should be no erosion or sedimentation
happening within the domain.

Table 3.2: Simulation time for different MORFAC

Morphological time MORFAC Hydrological time

[day] (-] [day]
50 24
75 18

1200 100 12
200 6
400 3

Apart from that, the morphological computation time for all cases is the same, but
due to the varied scale factor, the hydrodynamic time changes as well. The tidal bound-
ary described in Section 3.3.3 mainly contains O1, M2, M4 constituents. For the con-
venience of finding a moment every case has the same water level, the frequencies of
those tidal constituents are rounded to 15, 30,..., 120 degrees per hour. The water level at
the north boundary is shown in Figure 3.19 and the period of the water level is 24 hours,
which can promise the water level of each case will be the same at the end of the simu-
lation if their simulation time can be counted as an integer in day. Therefore, a common
morphological time of 1200 days can be applied to the simulation.

The bed level of each case is compared at the end of the simulation and the difference
in bathymetry between them is shown in Figure 3.18. In principle, there is no change in
bed level since no SLR is applied. However, from the figure there are still some unde-
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sirable deviations that can be observed especially in the cases with high MORFAC. In
Figure (a) and (b), the bed level deviation is small which is only at the order of 0.01. But
when the MORFAC comes to 200 or even 400 (Figure (c) and (d)), there are some devia-
tions appearing at the landward edge of the basin, and the magnitude of the deviation
is reaching 0.05 m, which is relatively large compared with the bed level change when
SLR happens. Hence, the MORFAC higher than 100 is not recommended to apply in this
case. The deviation induced by the MORFAC at 100 is acceptable no matter in area or
in magnitude. At the same time, the higher MORFAC can effectively save computation
time. Under the consideration of the computation time and the accuracy, the MORFAC
at 100 is preferable with the default settings.

Those undesirable deviations were found mostly at the place with extremely shallow
water depth. Therefore, the numerical error may result in a significant difference in those
shallow places where the equilibrium depth is small as well. To avoid the happening
of numerical deviations and discover the possibility of using a higher MORFAC to save
computation time, a higher reference level is proposed. The high sea level at the high
tide inside the Ameland inlet is 1.2 m. Hence, as Section 3.3.4 described, an elevation at
1.2 m is added to the reference level which makes the area be less sensitive to SLR and
the water level change.
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Figure 3.20: The cumulative sedimentation/erosion map (a) MORFAC=200 (b) MORFAC=400

With the elevation in the reference level, the landward area is not as sensitive as it
did before changing the reference level. The numerical deviation was not amplified to
morphological change from the Figure 3.20 and there is no abnormal bed level change
as Figure 3.18. Which means that it is possible to adopt a higher MORFAC to shorten
the computation time with a lifted reference level. What is worth mentioning is that
MORFAC still cannot be unlimited large even there is no numerical deviation appearing
anymore. The reason is no matter which method between subsidence inside and ele-
vation outside is selected, there is a residual flow induced by SLR which can also lead
to sedimentation or erosion inside the basin. Especially when SLR rate is large and un-
der this circumstance, the water flows in during the flood period but at the ebb period,
the MSL has changed, which induces a residual flow and also a morphological change.
When applying the morphological scale factor to the model, the residual flow and its in-
fluence will be amplified as well. To avoid instability happening, MORFAC is not advised
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to be too large. A MORFAC at 200 is applied for the following cases.

3.5.4. GRID COARSENING

For the sake of higher computation efficiency, except using a higher MORFAC, coarsen-
ing the computation grids is also a frequently used method. A coarser grid mesh short-
ens the computation time not only by providing fewer cells to be computed but also by
permitting users to use a larger time step according to the Courant number. But coars-
ening is not suitable for all models and it may change the bathymetry and consequently
influence the hydrodynamic conditions. To check the hybrid model’s robustness, twice
coarser and three times coarser grids are used and their results will be compared with
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the original grids. Meanwhile, SLR is prescribed by method 2 and to avoid the appear-
ance of instability, a 1.2 m elevation is added to the reference level. All other settings are
identical with the standard run in Section 3.4 including SLR rate.

The twice coarser grid and the three times coarser grid present a quite similar mor-
phological change pattern as the original one. From the Figure 3.21, some instabilities
can still be observed at the landward area for two coarser grids, which might be induced
by the further coarsening to the cells that are coarse enough at the landward area.

To investigate whether the coarsening changes the bathymetry, Figure 3.23(a)) and
(b)) showing the hypsometric curve after and before the simulation compares the grids
of three resolutions. At the end of the simulation, the twice coarser grid still presents a
really close curve to the original one. But the 3 times coarser one has a smaller basin area
which varies from the result of the original grid. The three curves overlap until the height
comes to 0 m, and the coarsest one deviates from the other two curves getting steeper,
which means the 3 times coarser grid has a smaller basin than the other two cases. The
reason for it can be found from 3.23(b)): the initial hypsometric curve has been already
changed after the coarsening and the 3 times coarser grid is too coarse to depict the orig-
inal bathymetry. If a finer resolution than 2 times is used, the grid should be optimized to
keep the bathymetry unchanged. Therefore, combining the bed level difference and the
computation time, the twice coarser grid is the optimum choice. Meanwhile, a longer
time step at 30 s could be applied according to the Courant number. The total computa-
tion time can be shortened to one-tenth of the previous computation time.
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LONG-TERM SIMULATION

The time scale of the morphological change induced by SLR is much larger than the time
scale oflocal hydrodynamic conditions, like tides and waves. To investigate the influence
of SLR, a 100-year or even longer period is necessary for the simulation duration. Be-
sides that, the morphological change doesn’t respond simultaneously to the water level
change. A longer duration can show the time lag between the hydrological change and
the morphological change more clearly. Moreover, SLR rate is relatively small compared
with tidal water level fluctuation. The local bed level change induced by SLR may not
that easily be seen due to its much smaller scale than the influence of other factors. In
this section, the simulation time will be extended to 100 years and the model’s perfor-
mance in a long period will be studied.

4.1. SCENARIOS

(a) Den Helder (b) Delfzijl
14 - - - 14 -
iy Tide gauge ash — Tide gauge
— RCP2.6 : — RCP2.6
_ lop{ — RCP8.5 _ Lo{ — RCP85
E E
o 08} o 08
[=J o
g &
2 06 2 06
o o
K7 K]
3 04f H 0.4
§ o2p § o2
0.0 0.0
-0.2 -0.2
1900 1950 2000 2050 2100 1900 1950 2000 2050 2100
Year Year

Figure 4.1: Tide-gauge observations (black and solid line) vs local relative sea-level projections for RCP2.6
(blue) and RCP8.5 (red) in Den Helder and Delfzijl (2005-2100, 95% confidence interval, Vermeersen et al.,
2018)

Due to too many uncertainties, the prediction of SLR is not 100 percent precise, and

39
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it is not a constant value for the whole period. Figure 4.1 shows the projection of SLR
based on the IPCC AR5 results in Den Helder and Delfzijl, The Netherlands. The sea-
level change in 2100 can vary from the up limit of RCP8.5 at 1.2 m to the down limit of
RCP2.6 at 0.2 m. How the Ameland basin will respond to the uncertain SLR is still to be
studied.

In this section, three independent long-term runs are carried out with SLR rate at 4
mm, 6mm, and 8 mm per year, respectively. The boundary conditions and the bathymetry
remain unchanged as in Section 3.4 and a twice coarser grid is applied. Besides that, the
SLR is achieved by method 2, i.e., subsidence inside the basin.
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Figure 4.2: Cumulative erosion/sedimentation map for three SLR scenarios after 100 years

Figure 4.2 shows that a higher SLR rate leads to a faster and larger morphological
change. Within the same period, three cases perform quite similarly: erosion happens
at the ebb-tidal delta and its nearby area, which is the main source of sediment together
with the alongshore sediment transport. At the east side of the throat, Borndiep which
is the deepest part of the basin, the sediment is eroded and the erosion is still going
on. At the west side of the throat near the Terschelling, here is much shallower than the
Borndiep initially. Therefore, when sediment firstly enters the inlet, it will deposit here.
The sufficient sediment supply ensures that the sedimentation at the west of the throat
can always keep pace with SLR. Inside the basin, the main channel is still being eroded
even with a much longer period at 100 years and the erosion degree is proportional to
the SLR rate. The sedimentation of the intertidal flat located close to the main channel
can also keep pace with SLR. When it goes further from the main channel, towards the
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basin edge, the sedimentation at the intertidal flat gets less since the sediment exchange
here is not as frequent as in the main channel. Hence, there are two necessary condi-
tions for the area inside the basin to keep pace with SLR which are sufficient sediment
supply and a relatively large gap between local equilibrium concentration and equilib-
rium concentration in the surrounding area. Although the main channel has the most
sediment supply directly from outside, the sediment cannot be kept in the channel due
to the equilibrium concentration gradient to its surrounding intertidal area.

Figure 4.3: Four cross-sections at the Borndiep and sediment flux direction
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Figure 4.4: Cumulative sediment transport through the Ameland inlet (toward basin is positive, without mul-
tiplying MORFAC)

Four cross-sections are shown in the Figure 4.3 along the Borndiep from north to
south, which are Borndiep 1, Borndiep keel, Borndiep 2 and Borndiep 3. Firstly, the
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cumulative sediment transport through the Borndiep keel is recorded in Figure 4.4. For
all three SLR rates, the sediment is being imported into the Ameland basin through the
Borndiep keel for the whole period. In the first 25 years, the sediment imported into the
basin doesn’t change too much since the morphological change usually has a time lag
after SLR starts. In the beginning, after the spin-up time, the sediment concentration
in the water column inside the basin is equal to the global equilibrium concentration.
When SLR starts, there is a gap between the local equilibrium concentration and local
concentration. At this moment, the sediment in the water column will settle down firstly
to compensate the gap. That’s why in the first 20 years, there is barely any erosion at
the channel and no much sediment from outside, but the intertidal flat can also elevate
together with SLR. After this period, the sediment inside the basin, floating in the water
column and eroded from the channel, is not sufficient for the shallow area to keep pace
with SLR. Therefore, the sediment starts to be imported into the basin. The speed of
the sediment import is proportional to the SLR: the higher rate of SLR leads to more
sediment import.
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Figure 4.5: Sediment accumulation at the channel and the intertidal flat for three SLR rates
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Figure 4.6: Cumulative sediment transport through cross-sections with SLR rate at 4 mm/year (a) Borndiep 1
(b) Borndiep 2 (c) Borndiep 3 (toward basin is positive, without multiplying MORFAC)

The cumulative sediment transport direction at the main channel also should be no-
ticed. The Figure 4.6 shows the cumulative sediment transport with SLR at 4 mm per
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year through three cross-sections at the main channels (without multiplying MORFAC).
Borndiep 1 and 2 are both located between the Terschelling and the Ameland but the
Borndiep 1 is closer to the ebb-tidal delta. Borndiep 3 is situated more landward com-
pared with the other two cross-sections. At Borndiep 1 and 2, the sediment is being
exported to the outside of the Ameland basin and at Borndiep 3, the sediment behaves
in an opposite way, which is imported to the landward and shallower area. The reason
for it is that the area between Borndiep 1 and 3 is the deepest part of the main channel
which is always being eroded to supply the sediment needs at its surrounding shallow
area. And the area at the north side of Borndiep 1 is shallower than the channel at the
south side of Borndiep 2. Therefore, even with the sediment supply from outside the
basin, the sediment will keep being transported from the channel to the north entrance
until the equilibrium state of both two places is the same, i.e., their equilibrium concen-
trations are equal. That’s why in Section 3.5.2, when method 1 is applied, the erosion at
the main channel decreases compared with the case without sediment supply from out-
side. The sediment supply from outside truly alleviates the erosion at the main channel
since it acts as another source of the shallow area at the entrance where the main chan-
nel is the only source before. The sediment transport direction at Borndiep 3 can be also
explained by this.

The sediment eroded from the main channel is separated into two directions. One is
being transported to the landward intertidal area and another one is to the outside the
basin. In the latter case, the sediment settles at the shallow area and later it is stirred
up and transported to the side channel near the Terschelling. In Figure 4.4, the sedi-
ment is always being transported into the basin through the inlet but at the Borndiep,
sediment is exported. That’s because there is lots of sediment coming inside the basin
through the side channel which is even more than export at the main channel. From Fig-
ure 3.10, during flood a large proportion of water which enters into Boschgat passes over
the shoal between Boschgat and Borndiep with sufficient sediment, returning Borndiep
and forming a transport cycle. The sediment exchange between two channels is of great
importance in the morphological change with SLR in the Ameland inlet. The sediment
transport direction is marked in Figure 4.3 by those white arrows.
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Figure 4.7: Accumulation rate at the intertidal area in year 0, 50, 100 with three SLR rates

The basin’s behavior with varied SLR rates is also worth being investigated. In both
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Figure 4.3 and 4.5, when SLR rates increase, the accumulation rate at the intertidal area
and the erosion rate at the channel speed up at the same time. The accelerated SLR cre-
ates a larger gap between the local water depth and equilibrium depth within the same
period, which drives more sediment to be transported to the shallow area. As Figure 4.5
shown, in the first 50 years, the accumulation rate at the intertidal area increases dra-
matically, but in the following 50 years, the increasing rate slows down. The reason is
in the first 50 years, the local concentration difference, c, — ¢, is also increasing which
leads to an increase in accumulation rate simultaneously. When the difference is large
enough and can attract enough sediment, the intertidal area is approaching the dynamic
equilibrium state, which is described in the ASMITA model as well. Under the equilib-
rium state, the local concentration difference is no longer increasing and the sediment
is imported at a nearly constant speed to hold the difference. And obviously, a faster SLR
rate needs a greater difference in concentration which consequently leads to a higher
accumulation speed. For three cases, at the end of the simulation, the channel is still
being eroded and the sediment keeps being imported at the throat, and the sediment
eventually settles down at the intertidal area.
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Figure 4.8: The evolution of the local water depth compared with the equilibrium depth (h—he)/he

The difference between the local water depth and the equilibrium depth reflects the
how far the area is left from the equilibrium state. Figure 4.8(a) and 4.8(b) show the
difference between the local water depth and the equilibrium water depth. The lighter
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color, the further the area away from equilibrium. In subfigure (c) and (d), three points
represent the channel, the area at the intertidal flat close to the channel and the area at
the intertidal flat far from the channel, respectively. All three points are evolving away
from the equilibrium within 100 years and none of them reaches the dynamic equilib-
rium state, i.e., the gap between h and h, doesn’'t change anymore. In subfigure (a) and
(b), the inner flat area used to be dark blue in year 50 changes to light blue in year 100
quickly and the increase of the gap between h and h, is ongoing after 100 years. The
depth gap at the flat near the main channel increases for the whole period but the speed
is slightly decreasing which means the area is approaching its dynamic equilibrium. If
the simulation is extended, the flat near the main channel is the area that most likely
reaches its equilibrium compared with other areas.

4.2. SENSITIVITY ANALYSIS

To set up the hybrid model and apply it to the morphological change prediction, there
is a group of parameters that needs to be determined beforehand because their influ-
ence is still unknown. In this section, the sensitivity analysis will be carried out for each
coefficient used in the hybrid model and two main questions will be discussed:

1. How do these parameters change the erosion and sedimentation pattern?

2. How to explain these corresponding phenomenons?

This analysis is trying to figure out the principle behind the model, find out the sensitivity
of all parameters, and finally give some suggestions to future users in the scale of the
parameters and how significantly the results will be influenced.

The initial conditions for the sensitivity analysis are the same as the long-term run
described in the previous section. The SLR rate is selected with a lower value at 4 mm per
year. As introduced previously, the higher SLR rate can induce a more dramatic bed level
change. However, until now, the numerical limit of the hybrid model is still unknown.
For the sake of numerical stability, the most conservative value of SLR is applied to avoid
the extreme case that sedimentation happens too fast to keep the original hydrodynamic
conditions. In terms of simulation time, the same morphological time at 100 years is ap-
plied. When the SLR starts, from the sedimentation and erosion pattern, the horizontal
sediment flux through the cross-sections, and other outputs, the influence of each pa-
rameter can be compared. And in each group, only one parameter will be changed. The
list of parameters which are going to be modified is as follow:

* Sediment diameter (settling velocity)
¢ Diffusivity

* Equilibrium concentration

* Power n

e Multiple sediment fractions



46 4. LONG-TERM SIMULATION

4.2.1. DIAMETER

The diameter of the sediment decides the settling velocity which consequently influ-
ences the spreading of the sediment. In the hybrid model, the settling velocity is calcu-
lated by the embedded Van Rijn et al. (1993) formula, which is inherited from Delft3D.
Therefore, only the diameter of the sediment needs to be specified by users. The re-
lationship between the non-cohesive sediment median diameter (Dsg) and its settling
velocity is described below.

(£0-1)gnl?

18v ’ 65um < D; < 100um
0)_ 03
wi = 18—?(\/1+%-1), 100um < Dy < 1000um 1)
L1y/(s ~1) gD, 1000um < D

Where:

s = relative density p\*’/ p,, of sediment fraction(¢)

Dy) = representative diameter of sediment fraction(¢), which is equal to the median
diameter multiplied by the FACDSS (parameter defining the relationship between
the diameter of sediment on the bed and in the water column (Deltares, 2011))

v =kinematic viscosity coefficient of water

Table 4.1: 5 runs with varied diameters and the corresponding settling velocity

Dso [um] 75 125 250 375 500
w [m/s] | 0.005 | 0.014 | 0.056 | 0.126 | 0.225

100 200 300 400 500 600 700 800 900 1000
Do Lum]

Figure 4.9: The relationship between the median diameter (Ds50) and the settling velocity (Van Rijn et al., 1993)

In the hybrid model, the diameter of the suspended sediment and that of sediment
on the bed are assumed the same. Therefore, the FACDSS is set at 1 and D; is equal to the
user-specified median diameter. Besides that, only one non-cohesive fraction is applied
in the model. Five simulations with different sediment diameters are carried out and
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SLR is prescribed within the domain at the rate of 4 mm per morphological year. And the
sediment sizes of 5 runs are shown in Table. 4.1 and Figure 4.9.
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Figure 4.10: Sediment accumulation inside the Ameland basin for five diameters
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Figure 4.11: Cumulative sediment import through the inlet for five diameters (toward basin is positive, without
multiplying MORFAC)

Firstly, the cumulative sedimentation and erosion map, the difference between the
bed level at the end of the simulation and the initial bed level of all cases are compared
graphically (Figure 4.13). Overall, the sedimentation happens at the intertidal flat and
the erosion happens at the channel and outside area where the water depth is shallow.
The smaller sediment has the widest area under sedimentation at the intertidal area and
also the most significant erosion at the main channel. Besides that, there is a large area
under erosion outside the basin which plays as a main sediment source of the intertidal
flat. When the sediment gets coarser, the erosion at the nearby area outside the basin
and the main channel become less and at the same time, the sedimentation at the flat
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gets less. Another thing needs to be noticed is that at the west edge of the intertidal flat,
there is an area being eroded abnormally. Similarly, at the south end of the channel, an
extreme rise of the bed level could be found. This could be induced by the coarsening
of grids. In Figure 3.22, the differences also appear at those areas where the grids are
too coarse. Those abnormal differences might get alleviated by optimizing the grids in
the future but they don’t influence the general trend of the morphological change signif-
icantly. So they are not going to be discussed in this section.
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Figure 4.12: Bed level change of cross-section Borndiep 2 and 3 in 100 years (a, b) and the original bed level
profile (c, d) with a diameter at 75 um

Figure 4.10 shows the accumulation trend at the channel and the intertidal area. No
matter which diameter is chosen, the overall trend of morphological change at the inter-
tidal area doesn’'t change too much, which is that the sediment has a smaller diameter
causes more sedimentation at the shallow area and vice versa. The reason for this is
intuitive. Finer sediment has a smaller settling velocity which makes the suspended sed-
iment roam longer and further to the more landward area. At the channel, the situation
is more complicated. Compared with the 250 um, the finer sediment and coarser sedi-
ment show a significantly different erosion trend. For the coarser sediment, in the first
50 years, there is more sediment accumulating at the channel than being eroded. And
later the sediment volume at the channel gets less since the sediment is transported to
the intertidal area. On the contrary, the finer sediment doesn’t show the beginning ac-
cumulation but the erosion. And after years, the erosion stops and the total volume of
sediment at the channel turns to increase, which is not seen for the coarser sediment
within 100 years. The coarser sediment has a higher settling velocity which makes it
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cannot spread widely. When the sediment enters the basin, it will firstly settle at the
main channel, that’s why an accumulation is observed at first. And after a period, there
is no sufficient sediment supply at the intertidal flat, the gap between local equilibrium
concentration and the local concentration becomes larger and larger until the concen-
tration gradient is great enough to attract sediment from the channel. As for the finer
sediment, it can be carried further into the shallow area with water flow, which promises
an adequate sediment supply. With a much faster accumulation rate at the intertidal
flat, there is no need to erode that much sediment from the channel to compensate for
the sediment deficit at the flat. That's why after a while a tipping point shows and the
channel starts to accumulate. At this moment, the channel can be assumed that it is
approaching the dynamic equilibrium, and in the future, it can be predicted that the ac-
cumulation rate at the channel and intertidal flat will become constant and eventually
reach the dynamic equilibrium.

In the case with the diameter at 75 um, after 40 years the channel turns to accumu-
late. To study how the does channel behaves under the overall accumulating trend, the
bed level changes at Borndiep 2 and 3 are depicted in Figure 4.12. Even the sediment
volume at the channel is increasing, but meanwhile, not all the area is rising together
with SLR. At the deep part of Borndiep 2 and 3, the area is still being eroded and the
bed level is lowering. But at the area which is located below the MLW and above -10 m
(from the graph), it is elevating because it has a shallower depth which entitles the area
to attract more sediment than the area deeper than it. The overall increasing trend af-
ter 40 years in Figure 4.10 only indicates the accumulation volume is more than erosion
volume but cannot prove all the area is under accumulation. Hence, another conclu-
sion can be drawn that the time scale for each area with different water depth in turning
from erosion to sedimentation is different which depends on the order of obtaining sed-
iment. Normally, the deepest area has the longest time scale because it has the least
sediment settlement. Apart from that, the sediment size has a significant influence on
the morphological time scale since the settling velocity directly influences the horizontal
sediment exchange.
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4.2.2. DIFFUSIVITY

Diffusivity controls the diffusion term in the advection-diffusion equation (Eq. 3.9). A
higher diffusivity coefficient can enhance the sediment transport along the sediment
concentration gradient. As introduced previously, there is a huge gap between the con-

centration at the channel and that at the intertidal flat. With

a higher or lower value of

diffusivity, a more or less active horizontal sediment exchange could be observed theo-

retically. Therefore, five cases with varied diffusivity of 0.01, 0.

carried out.
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Figure 4.14: Sediment accumulation inside the Ameland basin for five diffusivity coefficients
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Figure 4.15: Cumulative sediment import through the inlet for five Diffusivity coefficients ((toward basin is

positive, without multiplying MORFAC)

Figure 4.14 shows the sediment accumulation at the chan

nel and the intertidal flat

for five diffusivity coefficients. Compared with the default value (D=1 m?2/s), two smaller
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Dantziggat

Figure 4.16: Five observation points along the main flood channel and the cross-section Dantziggat

diffusivities at 0.1 and 0.01 are selected and their accumulations at the intertidal flat de-
crease slightly, but the difference between those cases is quite small. Also, at the main
channel, the difference can be barely seen between two lower diffusivity cases. In this
circumstance, the diffusion term is no longer dominant in the sediment transport pro-
cesses and the advection is way more important than the diffusion. When increasing
the diffusivity, the erosion at the channel and the accumulation at the flat both increase.
Between the flat and the channel, there is a large difference in suspended concentration
as well as in equilibrium concentration. The difference creates a concentration gradient
that diffusivity plays an important role on. A higher diffusivity intends to close the gap
between them which enhances the sediment exchange between the low concentration
area with high concentration area and sediment will be transported to the low concen-
tration area, i.e., shallow area, more frequently.

Even though both decreasing sediment diameter and increasing the diffusivity can
speed up the accumulation rate at the intertidal flat, they achieve it in a different way.
For the case with diameter at 125 um and with diffusivity at 10 m?/s, the accumulations
at the flat after 100 years are both around 10 x 106 m3 but their erosion at the channel is
0.25 x 10° m3 and 3.7 x 10® m®, respectively. Apparently, higher diffusivity induces much
more erosion than finer sediment when the accumulations at the flat are around the
same order. The higher diffusivity drives more sediment to be eroded at the deeper area
and transported to the shallow area. From Figure 4.11 and 4.15, the cumulative sediment
transport into the basin of d=125 um in 100 years is about 8 x 106 m3, which is 3 x 10 m3
more than that of D=10 m2/s. Therefore, the main sediment sources for the two cases are
different: one is the eroded sediment from the channel and another one is mainly from
outside the basin. And also one thing that should be mentioned is that the diffusivity
increases from 0.01 to 10 m?/s, the sediment imported into the basin doesn’t change
dramatically which means the diffusivity only rules the horizontal exchange inside the
basin but between the basin and the outside, it doesn’t influence that much.
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Figure 4.17: (a)Bed level difference at five observation points in 100 years compared with D=1 m?/s. (b)Bed
level in 100 years of D=1 m?/s.

To investigate the influence of the diffusivity in morphological change, five obser-
vation points are labeled in Figure 4.16 and their bed level differences compared with
the default case (D=1 m?/s) are shown in Figure 4.17(a). For a clearer reference, 4.17(b)
shows the bed level in 100 years and from A to E, the water depth decreases. Increasing
the diffusivity makes the erosion at the deepest point, A, become more but at E whose
water depth is the shallowest, the erosion is even more severe compared to point A. The
higher diffusivity makes the slope of the channel milder instead of steeper. According to
Eq. 3.11, the shallower area has a smaller ¢, which is supposed to be eroded less than
the deeper area. But here the situation is the opposite. That’s because the channel is not
a closed system and the sediment finally is transported to the flat. Compared with point
E’s adjacent flat, point E is still a relatively deep area and a sediment source of the flat.
What's different between A and E is that at A, there is sufficient sediment supply from
outside but at E there is not. Hence, the erosion at E is even more than that at A.

Figure 4.18 compares the bed level difference in 100 years at the cross-section Dantzi-
ggat which is labeled in Figure 4.16 for different diffusivity coefficients and diameters.
The higher diffusivity induces a severe erosion at the channel which reaches 0.6 m for the
case with D=100 m?/s at the deepest point but the smaller diameter promises a sufficient
supply, so there is no significant erosion at the channel, even though the accumulations
at the shallow area are about in the same order.

Overall, a strong diffusion term has an intention to flatten the sediment concentra-
tion gradient which can attract more sediment to the shallow area and also normally lead
to more severe erosion at the channel.
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Figure 4.18: (a, b)Bed level difference at Dantziggat compared with D=1 m?/s and d=250 ym in 100 years.
(c)Bed level profile of cross-section Dantziggat.

4.2.3. EQUILIBRIUM CONCENTRATION
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Figure 4.19: Sediment accumulation inside the Ameland basin for five global equilibrium concentrations

In Eq. 3.11, there are two equilibrium concentrations controlling the sediment ex-
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change processes and the local equilibrium concentration is proportional to the global
one depending on the water depth difference. Therefore, the one is going to be discussed
is the global equilibrium concentration (Cg) which is also prescribed at the boundaries.
In physical meaning, the Cg reflects the sediment availability in the water column and
also the sediment supply from the boundaries. In the aggregated models, Cg influences
the time scale of the model. The larger Cg, the shorter the time scale of all elements (Bui-
jsman, 1997). Also, Wang et al. (2007) stated that the Cf is the parameter indicating the
level of morphological activity. Therefore, investigating the Cg can help people under-
stand the relationship between the morphological time scale and the physical processes.
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Figure 4.20: Cumulative sediment import through the inlet for five Diffusivity coefficients ((toward basin is
positive, without multiplying MORFAC)

A higher Cg results in more sedimentation at the flat and also less erosion at the
channel from Figure 4.19. With regard to the accumulation after 100 years at the flat,
when the Cg increases from 0.015 to 0.03 kg/ m?3, the accumulation increases from 3.7 x
10% m3 to 5.2 x 108 m3, but when the C increases in the same interval, the increase in
accumulation gets less and less. But in terms of the erosion at the channel, it behaves in
an opposite way. When Cg is small, the increase in Cg doesn’t influence the erosion at
the channel as much as it does at flat. But when the Cf gets higher, a higher Cr does de-
crease the erosion at the channel and even changes the shape of the accumulation curve.
Therefore, it can be deduced that when the Cg is at a low level and the sediment avail-
ability in the water column is not abundant, the increased Cg provides more sediment
at the boundaries which is transported to the flat preferentially. When the Cg reaches a
certain level where the sediment in the water column is relatively sufficient for the flat,
part of the sediment will also be transported to the deeper area, i.e., the channel. With
more sediment settled at the channel, the tipping point appears earlier than other cases
after 80 years for C5=0.075 kg/m?3.

The cumulative sediment import through the inlet at the end of the simulation in
Figure 4.20 is linearly proportional to the Cg. And the amplitude of the cumulative sed-
iment curve, which indicates the sediment volume is imported into the basin in a tidal
cycle, increases when Cg, increases. In a word, the results prove the point of view of Wang
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et al. (2007) that the Cg controls the sediment availability which eventually influences
the morphological activity within the domain and the time scale of each element.

4.2.4. POWER N

The power n is applied in Eq. 3.11 which is inherited from the sediment transport for-
mula. From the previous study in the aggregated models, the time scale is inversely pro-
portional to the power n which means a larger n can shorten the time in reaching the
equilibrium state (Buijsman, 1997). According to Eq. 3.11, the n influences the vertical
sediment exchange by amplifying or narrowing the difference between local water depth
and equilibrium water depth which consequently changes the local equilibrium state.
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Figure 4.21: Sediment accumulation inside the Ameland basin for five values for power n
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Figure 4.22: Cumulative sediment import through the inlet for five values of power n (toward basin is positive,
without multiplying MORFAC)

The effect of changing the power 7 is similar to changing the reference level de-
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scribed in Section 3.3.4. By increasing or decreasing the power n, areas become more
or less sensitive to SLR, especially at the shallow area. From Figure 4.21, the accumula-
tion at the flat doesn’t change too much with varied 7 but a slight increase in the accu-
mulation volume can be observed when n increases. Unlike the volume change at the
flat, the accumulation at the channel changes quite dramatically with changed #, not
only in the volume, but also in the time scale. A higher n makes the channel reach the
equilibrium state earlier since the moment when the erosion stops appears earlier than
other cases with lower n. The influence of 7 and Cg are quite similar observed from the
accumulation patterns which is in agreement with their effects in the aggregated models
(Buijsman, 1997).
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Figure 4.23: Sediment accumulation at the channel and the intertidal flat for four combinations of Cr and n

With the theoretical analysis in the aggregated models, n is not independent with
Cr and the morphological time scale is decided by the product n * Cg. Therefore, four
combinations of n and Cg are shown in Figure 4.23. Based on the default setting with
n=5 and Cg=0.045 kg/ m?3 (case 1), two independent cases (case 2 and 3) with a higher
n at 6 and with a higher Cg at 0.06 kg/m?3 are carried out. They perform really similarly
on channel erosion and the time scales for the two cases are approximately identical.
But the case with a higher Cg obtains slightly more sediment at the flat. When both two
parameters increase at the same time (case 4), even the accumulation at the flat only
increases modestly, the erosion behavior at the channel change dramatically and the
time scale obviously gets shortened. The results prove that the study in the aggregated
models that n and Cg have a quite similar effect on the morphological activity is also
valid in the hybrid model.

Two different combinations (case 2 and 3) still result in similar behavior and two pa-
rameters have a comparable effect on the sediment accumulation, no matter they are
changed jointly or severally. Thus, during calibrating the model in the application, one
parameter can be fixed beforehand and calibrating the model by modifying another pa-
rameter.
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4.,2.5. MULTIPLE SEDIMENT FRACTIONS

Wang and Van Der Spek (2015) claimed the necessity of applying more than one single
fraction of sediment to both the process-based model and the aggregated model since
each fraction plays its role in infilling the basin. Therefore, another sediment fraction is
supplemented to the simulation to check the influence of each sediment fraction. Three
cases with two sediment fractions are carried out. For all three cases, the median sedi-
ment diameter is the same at 250 ym and the sediment compositions are shown in Ta-
ble 4.2. The global equilibrium concentration and the sediment concentration at three
boundaries keep the same at 0.045 kg/m3. The equilibrium concentration of each frac-
tion is related to its ratio in the bed which is equal to its ratio times the global concentra-
tion (fCg). In this case, there are two sediment fractions and their volume in the bed is
the same. Meanwhile, at the boundaries, the suspended concentration for each fraction
is 0.0225 kg/m3.

Table 4.2: Sediment composition of four cases

Case# Dso[um] percentage (fi) Dsol[pm] percentage (f2)

1 100 50% 400 50%
2 150 50% 350 50%
3 200 50% 300 50%
Single 250 100%
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Figure 4.24: Sediment accumulation inside the Ameland basin for three cases with two sediment fraction and
one case with a single sediment fraction

Figure 4.24 shows the accumulation and erosion at the channel and the intertidal
flat. Even though four cases have a same median sediment diameter, they perform quite
differently. Case 1 has the finest and the coarsest sediment fraction among all cases. Due
to the appearance of the much finer sediment fraction, the flat accumulates faster than
other cases and also the time scale of the channel is shortened.
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The difference between the case 1 and the single fraction case is shown in Figure
4.25. In subfigure (a), the case with two fractions has a lower bed level at the channel
but a higher level at the flat. This is because the finer sediment has a longer adaptation
length (Wang and Van Der Spek, 2015) and can be easier transported to the flat. That
also means there is less sediment settling at the channel which induces a lower bed level
at the channel. Subfigure (b) indicates how sediment is spreading in the basin. In the
model settings, to promise there is enough sediment to be eroded, the total thickness of
sediment is set at 30 meter and two fractions contribute a half, respectively. The sedi-
ment in the bed and the water column is assumed as well-mixed. So the ratio between
the volume of the finer sediment and the total sediment volume can reflect the erosion
or sedimentation of different fractions. The blue area indicates that at the area the finer
fraction is less than the coarser fraction and the yellow area indicates the opposite. At
the inlet and some parts of the main channel, the coarser sediment is dominant since
the coarser sediment has a higher settling velocity and it is easier to settle down just af-
ter entering the basin. Meanwhile, the finer sediment is more than coarser sediment at
the landward end of the channel and some parts of the intertidal flat. This is in agree-
ment with the observation that at the flat the sediment is much finer containing lots of
mud fraction and at the channel, the sediment is coarser (Pearson et al., 2019).

Besides that, the percentage of every fraction will evolve approaching the ratio of the
suspended sediment at the boundary. For instance there are two fractions 1 and 2. When
two fractions’ ratios are both 50% at the boundary but in the bed, fraction 1 is more than
fraction 2 which means f is higher than f, and f; Cg is higher than 0.5Cg. For fraction
1, the local concentration is higher than the equilibrium concentration. At this moment,
even though the water depth is at the equilibrium state, the fraction 1 is still eroding and
fraction 2 is accumulating. And the ratio in the well-mixed bed will evolve towards the
ratio at the boundary.

For the stratified bed the evolution is quite similar. Although both fractions have the
same volume in the bed (f; = f2), the upper layer only contains fraction 1 and fraction
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2 is in the lower layer. For example, the bed at the channel is stratified and SLR is ap-
plied. The channel is eroded according to the morphological change pattern and only
fraction 1 can be eroded. Therefore, the volume of fraction 1 decreased and fi < f, at
this moment. There will be more fraction 2 accumulating at the channel which makes
the bed become well-mixed again. In reality, coarser sediment covers fine sediment at
the main channel and it is stratified. But in this case, if the upper layer at the channel
only contains coarser sediment, the channel will become another trap of fine sediment
which influences the accumulation at the intertidal flat. Hence, only well-mixed bed is
considered in this section.



SUBSIDENCE

The hybrid model provides us with an effective and more robust tool to simulate the
morphological change of tidal basins with respect to the water level change. The sea-
level rise and the ground subsidence both increase the water level externally. Therefore,
the hybrid model should be capable of morphological simulation with respect to the
ground subsidence. In this chapter, the performance of the model in reproducing the
bed level change with subsidence is going to be discussed.

5.1. MODEL SETUP
The basic parameters’ setting keeps unchanged as used in Section 4.1 but without SLR
applied. A circle area with a geographically uneven subsidence is applied inside the
basin as Figure 5.1 shown.
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Figure 5.1: Subsidence area and the rate inside the Ameland basin

The center of the subsidence circle is situated southeast of the throat inside the basin
and near the end of the channel. The diameter of the subsidence circle is 10 km and at
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the center the subsidence speed is 1 mm/year which linearly decreases to 0 at the edge of
the circle. The subsidence lasts for the beginning 40 years and in the following 60 years,
the subsidence stops.

5.2. RESULTS

(a) after 40 years (including subsidence)

(b) after 40 years (subtracting subsidence)
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Figure 5.2: Cumulative erosion/sedimentation map in 40 years and 100 years at the Ameland inlet. (a) and (c)
show the bed level change including the subsidence in year 40 and 100, (b) and (d) show the bed level change
after subtracting the subsidence in year 40 and 100.

The subsidence results in a local water depth increase which eventually leads to a
morphological change similar to the response to SLR. Figure 5.2 shows the cumulative
erosion and sedimentation pattern at the Ameland inlet after 40 years and after 100
years. In the first 40 years, the bed level within the circle area subsides at a constant
speed and when the subsidence stops, the bed level change can be not only observed
within the circle area, but also at the main channel. The subsidence area is out of equi-
librium and has an intention to recover to the original water depth, which needs more
sediment import. In this circumstance, the main channel acts as the primary source of
sediment which is in agreement with the ASMITA model. The main channel connects
the flat and the outside area and the erosion at the channel induces a larger concentra-
tion gradient with the outside which helps the basin attract more sediment. And in the
following 60 years, the basin tends to recover to the original bed level since the equilib-
rium water depth doesn’t change. 60 years after the subsidence has stopped, the erosion
at the channel is alleviated and the erosion degree at the flat becomes lower which can
be observed from the smaller erosion area and the lighter color in Figure 5.2(c).
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Figure 5.5: Bed level change in 100 years at six observation points inside the basin

The sediment import through the inlet doesn’t respond immediately when the circle
area starts to subside (Figure 5.3). Between year 40 and year 80, the sediment shows an
obvious import into the basin which is transported to the sunk area and this increase
slows down after year 80. There is a time lag between the subsidence and the sediment
import.

A cross-section A-B is drawn in Figure 5.4 which crosses two channels and the inter-
tidal flat in between. The center of the cross-section is also the center of the subsidence
circle which is near the deepest part of the side channel. In this first 40 years, the bed
level change at the southern flat is basically equal to the subsidence and no additional
morphological change happens. But the deep area of the southern channel is only 0.1 m
lower than the original bed level which is much smaller than the subsidence. Referred to
the subsidence, the southern channel accumulates but the middle flat and the northern
channel are further eroded to -0.3 m. In year 100, the bed level at the southern chan-
nel and the southern flat are elevating and especially the bed level at the main channel
is 0.05 m higher than the original level before subsidence. The profile of the northern
channel keeps the almost same shape as that in year 40. Overall, the southern channel
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and the southern flat can recover from subsidence quickly but the northern channel is
under a sediment shortage for the whole period.

In Figure 5.2, those areas close to the main channel (west part of circle area) have
abundant sediment supply which helps them quickly recover from the subsidence ap-
proaching the original depth. When it comes to the east, the flow is not as strong as that
at the main channel (Figure 3.10) and the exchange between the flat and the channel
is much less frequent. Therefore, the landward area at the east of the subsidence circle
can hardly restore from subsidence. The weaker horizontal sediment exchange can also
explain why the main channel can restore faster than the flat.

In Figure 5.5, along the main channel from the throat to landward three observation
points, Channel 3, 2, 1, are set. Channel 1 has an immediate response in bed level change
since it is located within the circle, and channel 3 has a 5-year delay between its response
and the subsidence. Although the channel 2 and 3 are not situated inside the circle, they
both experienced an erosion of 0.13 and 0.07 m, respectively. This follows the principle
behind that if there is a point inside the basin under a sediment shortage, the nearby
deeper area will be the first source of sediment. It is worth mentioning that according
to the curve, after the stop of subsidence can distinguish the state of the area. When the
subsidence stops, if the bed level curve shows a convex curve, that means the sediment at
this area is accumulating and the area is attracting sediment. But if the curve is concave,
the area is being eroded previously and acts as a source of sediment. Therefore, it can be
deduced that point channel 1, center, and flat are attracting sediment and channel 2, 3,
4 are being eroded.






DISCUSSION

The hybrid model has been adjusted and applied at the Ameland inlet to simulate the
morphological response with SLR and subsidence. The adjustment to the model and the
result of the long-term simulation are going to be discussed in this chapter.

6.1. SEDIMENT SOURCE

In Chapter 3, the phenomenon behind is elaborated and a further modification is con-
ducted to re-arrange the sediment morphological activity outside the basin, which also
adjusts the sediment source of the basin. Whether the ebb-tidal delta is labeled (see Sec-
tion 3.5) is of great importance to the sediment supply inside the basin. According to
the model formulation, all the shallow areas including the ebb-tidal delta and the inter-
tidal flat behave quite similarly as they are more sensitive to SLR and attract most of the
surrounding suspended sediment. If it is labeled as the outside area, the sedimentation
can happen at the delta which can block almost all the sediment from the boundaries.
Ifit is not labeled, the sedimentation is not allowed at the ebb-tidal delta which will not
attract the sediment passing by. This promises a more abundant sediment supply than
the latter case.

However, the role that the ebb-tidal delta plays when SLR is applied is ambiguous.
The Ameland inlet’s behavior with SLR is simulated by the process-based model and
also the aggregated model, and the ebb-tidal delta is being eroded with an accelerated
SLR (Dissanayake et al., 2012, Stive and Wang, 2003). It is commonly accepted that the
most of basin infilling is supplied by the ebb-tidal deltas (Elias et al., 2019). In this model,
to promise a sufficient sediment supply through the inlet, the ebb-tidal delta is excluded
from the area where the sedimentation can happen. Even though sediment cannot accu-
mulate at the delta, the delta can be still eroded. From the long-term simulation’s result
in Chapter 4, the ebb-tidal delta is always being eroded with different SLR speed which
is in line with the result of Dissanayake et al. (2012). But the difference between them is
that in the process-based model the behavior is decided by the hydrodynamic and mor-
phodynamic conditions, but in the hybrid model it is decided by the equilibrium state
beforehand.
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In the present circumstance, the ebb-tidal delta in the simulation is acting as the
source of sediment to keep the sediment supply inside the basin approaching to reality.
But when the relationship between the SLR speed and the morphological activity of the
ebb-tidal delta is clearer, it’s possible to adjust its role in the whole system by modifying
the equilibrium depth of the ebb-tidal delta.

To reproduce the real sediment transport processes, the alongshore transport can-
not be ignored, which is the main source of the basin and the deltas. From the Bruun
(1954) Rule, a higher mean sea-level results in a retreat of barrier islands’ shoreline. The
eroded sediment will be carried by the alongshore flow, settling at the ebb-tidal delta,
bypassing the inlet, or being transported into the basin. Due to the concept of equilib-
rium state, the Bruun Rule can hardly be applied in the model. Even a relatively larger
equilibrium depth can be prescribed at the littoral area to achieve the shoreline retreat,
the quantity of the erosion and the erosion rate are out of control. If do so, the shoreline
retreat can only be compared qualitatively. Thus, in this model the shoreline is fixed and
the alongshore transport only contains the sediment from the east and west boundaries.
The hybrid model’s performance in reproducing the behavior outside the basin is to be
developed and more adjustments should be applied to the model to make the whole
sediment transport process more realistic.

6.2. SEDIMENTATION/EROSION PATTERN

In Chapter 4, the model simulates the morphological response of the Ameland inlet to
three SLR speed of 4, 6, 8 mm/year in 100 years. For all three cases, the degrees of sedi-
mentation and erosion are different but the general trends are identical. The main chan-
nel Borndiep and the side channel Boschgat are being eroded for the whole period and
the ebb-tidal delta is eroded as well. Meanwhile, the intertidal flat experiences a signif-
icant sedimentation especially in the area near the channel. Those characteristics are
pronounced when the SLR speed increases. These results are in line with previous stud-
ies using the ASMITA and Delft3D (Stive and Wang, 2003, Dissanayake et al., 2012). But
a slight difference among them is that when the sediment imported into the basin is in-
sufficient to infill the space induced by SLR, the erosion at the channel would happen in
the process-based model. But for both the hybrid model and the aggregated model, the
deep area of the channel is always being eroded within the period no matter how much
sediment is imported. Similarly, in the ASMITA model, the channel is eroded from the
start and the erosion lasts for the whole simulation.

The equilibrium depth decides the morphological change’s direction of each ele-
ment. In this project, the Ameland inlet is assumed as under the equilibrium state and
the equilibrium depth is determined at the depth in 2005. But when dealing with the
case that the tidal inlet is not under the equilibrium state, the determination of equi-
librium depth would become a problem. But for the aggregated model, the empirical
formula indicates the relationship between the equilibrium volume of each element and
tidal range, tidal prism, and the area of the basin, which decides the evolution’s direc-
tion. The difference in the way to determine the equilibrium state of each point or each
element leads to the difference in the morphological trend.

Another remarkable morphological feature at the Ameland inlet is the migration of
the channels, which is introduced in Chapter 2. But due to the local equilibrium depth,
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the channel-shoal structure is fixed. Therefore, it’s difficult to reproduce the channel’s
horizontal development by using the hybrid model.

The sedimentation and erosion pattern is also affected by the hydrodynamic condi-
tions. Even all simulations in this thesis only contain tidal conditions, the hybrid model
provides a possibility to add other processes into it, i.e., wind and wave, based on its fully
calculated 2-D hydrodynamic computation. Dissanayake et al. (2012) adds waves to the
process-based model and proves waves enhance an easterly net transport in combina-
tion with tides. Wind can also play an important role in the sediment transport inside
the basin. Wind has a significant influence in re-directing the flow which may enhance
the sediment spreading at the shallow area and the transport between the channel and
the flat. So far, the simulations’ results already reflect the morphological trend with SLR
successfully, but when enough data is collected, the calibration can be carried out and
other processes can be supplemented to the model.

6.3. PARAMETER ANALYSIS

Those five parameters are selected in Section 4.2 and it is proved that they do influ-
ence the morphological activity in different degrees from the comparison. Firstly, the
sediment diameter (settling velocity) is of the greatest importance to the morphologi-
cal activity among those five parameters. Especially, the accumulation time scale at the
channel is affected significantly by changing the diameter. Furthermore, it decides the
order of the sediment volume accumulated at the flat. Secondly, the diffusivity mainly
influences the horizontal sediment exchange particularly between the flat and the deep
area of the channel. This value decides how much sediment is going to be eroded at the
channel and transported to the flat and only has a modest effect on the sediment import
through the inlet. Thirdly, the global equilibrium concentration and the power n basi-
cally have a quite similar influence on the accumulation pattern. The sediment import
of both two parameters is linearly proportional to these two parameters. And they have
a significant effect on the morphological time scale of the channel.

Although changing the sediment from one fraction to two fractions with the median
diameter unchanged has a quite similar influence as changing the median diameter di-
rectly, it provides another way to modify the morphological behavior of the flat and the
channel separately. The finer sediment plays an important role in infilling the additional
space induced by SLR at the flat and the coarser sediment is important in maintain-
ing the channel. Hence, when two or more sediment fractions are introduced in to the
model, it is possible to calibrate them separately and no need to keep the median diam-
eter at the same value. And it’s no doubt that the simulation with two fractions produces
a more realistic sediment distribution approaching to the observation data.

According to the previous study in the aggregated model, Wang et al. (2007) proposed
that the calibration of the parameters follows the order that firstly the power »n and set-
tling velocity (diameter), then the diffusivity, finally the Cg. Here in the hybrid model a
similar order is recommended based on the result of sensitivity analysis:

1. Choosing a power n based on the sediment transport formula.

2. Choosing a proper sediment diameter (Dsg) according to the order of sediment
imported into the basin and overall erosion pattern of the channel. The multiple
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sediment fractions can be introduced in this step to achieve a more realistic mor-
phological activity.

3. Choosing a diffusivity to adjust the sediment arrangement between the flat and
the channel, i.e., balance the priority of two elements in attracting sediment.

4. Changing the Cg to decide the specific time scale of the channel.

6.4. SUBSIDENCE

In Chapter 5, a subsidence circle area with a diameter of 10 km is applied inside the
Ameland basin behind the Terschelling island to simulate the real ground subsidence
induced by gas mining. Subsidence and SLR both result in a gap between the local water
depth and the equilibrium water depth which induces a further morphological change.
Due to their similar principle, the hybrid model predicts the bed level change of the
whole basin during the subsidence and after the subsidence stops. Although the cen-
ter of the subsidence circle has the fastest subsidence rate at 1 cm/year, it doesn't have
the biggest bed level change at the end of subsidence compared with other areas where
subsidence is slower. Instead, the bed only sinks for 0.1 m where the subsidence is 0.4 m,
which indicates that the sediment is being attracted to the center from the subsidence
starts. The main channel is eroded even at the area excluded from the subsidence circle,
showing that the main channel is always the first source of sediment when there is a de-
mand inside the basin. And the priority to gain the sediment is inversely proportional to
the equilibrium depth. Similarly, the priority to give away the sediment when needed is
proportional to the equilibrium depth.

The results prove the principle behind the sediment transport that sediment always
follows the gradient of sediment demand. Also, if the gas mining center is at the channel,
the bed level of it can quickly recover from the subsidence. From the result in Section 4.2,
the diffusivity is dominant in sediment distribution between the channel and the flat, es-
pecially at the channel located more landward. When the data in the field is collected,
calibration can be carried out by modifying the diffusivity to balance the erosion or accu-
mulation rate of the flat and the channel. Besides that, the sediment transport between
the area gaining sediment at the west and the area losing sediment at the east can be
calibrated by adjusting the diffusivity. The erosion at the main channel and the time
scale of the accumulation and erosion inside the subsidence circle can be calibrated by
changing the sediment size.



CONCLUSIONS

The content of this thesis will be concluded in this Chapter by answering the research
questions proposed in Chapter 1.

7.1. CONCLUSION

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

The hybrid model has fully computed 2-D hydrodynamic conditions in the horizon-
tal direction and in the vertical direction, a new sediment exchange equation containing
the equilibrium state substitute the original equation in the Delft3D. The equilibrium
state is inherited from the aggregated model which is defined by the local equilibrium
water depth and the present water depth. Simply speaking, when SLR is applied, all the
areas are chasing for their equilibrium but different areas with different water depths
have different sensitivity to SLR. The varied sensitivities influence the equilibrium con-
centration and eventually affect the sediment transport.

Before applying the adjustments, the ebb-tidal delta blocks almost all the sediment
from outside the inlet. So when SLR is applied, the sediment accumulating at the inter-
tidal flat is mostly eroded from the channel and only little from outside. To reproduce
a more realistic sediment import, the ebb-tidal delta turns from accumulating to being
eroded by applying the adjustments. And due to the robustness of the hybrid model, a
coarser grid and higher morphological scale factor can be used to shorten the computa-
tion time.

Three different scenarios of the SLR speed at 4, 6, 8 mm/year are applied at the Ame-
land inlet and the simulation time is 100 years. For the whole period, the channel is
being eroded. On the contrary, the intertidal flat is accumulating and the sediment set-
tling at the flat is from both outside and the channel. The erosion/sedimentation is pro-
nounced with a higher SLR speed. Besides that, Faster SLR speed also increases the sed-
iment import through the inlet since the demand for sediment is expanding. Because
of the fully calculated hydrodynamic conditions, the sediment transport trace could be
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tracked. The sediment at the Borndiep partially is imported to the flat to compensate
for the additional space induced by SLR. And another part of sediment at the Borndiep
is exported to the outside during ebb, and settles at the nearby area, e.g., the ebb-tidal
delta, and in the next flood is transported into the basin through the Boschgat. One part
of sediment will be carried more landward to the west of the basin and settle at the flat
near the Boschgat. Another part of sediment passes over the shoal between the Borndiep
and the Boschgat and returns the Borndiep at the end.

To investigate the influence of different parameters, a sensitivity analysis is carried
out. The sediment diameter which decides the settling velocity of particles is of great
importance to the sediment import. The finer sediment can spread further inducing
the most sedimentation at the flat. And the tipping point of the channel turning from
being eroded to accumulating appears earlier with a smaller diameter, which is corre-
sponding to the time scale of the channel. The diffusivity plays an important role in the
sediment balance between the shoal and the channel. A higher diffusivity enhances the
transport induced by diffusion and results in more erosion at the channel and more sed-
imentation at the flat. The global equilibrium concentration and the power n from the
sediment transport equation have a similar effect on the whole process. The time scale
is inversely proportional to these two parameters. Especially, the channel is sensitive to
these two parameters which have a significant influence on its time scale. The model
performance with two sediment fractions is studied as well. Introducing more than one
fraction can present a more realistic sediment distribution and it is easier to calibrate the
morphological activity at different elements.

Compared with previous models, what'’s the difference?

The process-based model and the aggregated model are the most frequently used in
the morphological response of tidal basins to SLR. The aggregation level of the hybrid
model is in between those two types of models since the computation is integrated in
depth. Compared with the aggregated model, the hybrid model has the fully calculated
horizontal hydrodynamic computation which provides the possibility to track the sedi-
ment transport. This is not feasible when using the aggregated model.

The equilibrium concept inherited from the aggregated model makes the hybrid model
more robust. In the process-based model, a small deviation might mislead the whole
simulation to another direction since there is no such an equilibrium concept. The
equilibrium state of all the areas controls not only the evolution’s direction but also the
sediment distribution and the priority of attracting sediment. The higher robustness al-
lows users to use a coarser grid and a higher morphological scale factor which shorten
the computation time dramatically. However, also because of the equilibrium state,
the shoal-channel structure is fixed, which means the channels and the shoals cannot
migrate and the number of channels cannot change, either. But in the process-based
model, it is proved that the evolution of channels is able to be simulated.

With regard to the model results, three types of model are in agreement: the channel
and the ebb-tidal delta are being eroded and the flat is accumulating. The only difference
is on the erosion at the channel that in the process-based model, the channel will only
be eroded when the SLR speed is fast enough and the sediment import from outside is
not enough. But in both the hybrid model and the aggregated model, the channel is
eroded from the beginning no matter how fast the SLR speed is. This is induced by the
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concentration gradient between the flat and the channel which consequently influences
the diffusion term. The sensitivity analysis of the hybrid model also gives a quite similar
recommendation in calibrating the parameters as the aggregated model since they share
a common equilibrium concept.

How does the model perform with subsidence?

The principle behind the process of subsidence is similar to imposing SLR as the
morphological response shown. An uneven subsidence circle simulating the subsidence
induced by gas mining is applied inside the basin behind the Ameland. The area near
the center where the subsidence speed is the fastest doesn’'t subside as fast as the sub-
sidence rate since the sediment is being attracted to this area. However, the area at the
main channel where is not located in the circle is eroded, which means that the equi-
librium state is not a local concept but a global concept. If one part of the area inside
the basin is out of equilibrium, the sediment will firstly be redistributed from the deeper
area which is the primary source of sediment to the shallow area or the area influenced
by depth change the most. The hybrid gives a very reasonable deduction about the mor-
phological change induced by subsidence but the result needs to be further calibrated
with the observed data.

7.2. RECOMMENDATIONS
No model is perfect. There are still some imperfect points in this model which may be
improved in the future.

1. The retreat of coastline at the barrier islands is a important feature in the mor-
phological change in the Wadden Sea. But in this model, the equilibrium con-
cept restricts the shift of the coastlines. The beach erosion also contributes to the
alongshore transport. So the sediment import into the basin is limited due to the
lack of one of the main sources. So the sediment source outside the channel could
be a key point to improve the model.

2. The fully calculated hydrodynamic conditions provide the possibility for researchers
to apply wind and wave into the model which is missed in this project. The wind
plays an important role in the sediment redistribution inside the basin and this
may enhance the sediment exchange between the shoal and the channel.

3. The up limit of the robustness of the hybrid model is not fully checked. The new
vertical exchange formulation makes it possible to use a much coarser grid and
higher MORFAC without affecting the morphological activity. Therefore, a limit
check could be carried out and if possible, the calculation time could be shortened
significantly.

4. For now when the sediment contains multiple fractions, the equilibrium concen-
tration of each fraction is directly related to the proportion of each fraction in the
bed. In the future research the way to calculate the equilibrium concentration in
the case with multiple fractions could be developed to make the stratification in
the bed be more realistic.
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5. When the data is enough, a calibration can be carried out to compare the result of
the hybrid model with the other two types of model.
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MODEL SETTING

A.1. TIDAL BASIN ELEMENTS

A tidal basin can be separated into the ebb channels and the intertidal flat. The MILW
separates those two elements according to the water depth. And the area of the ebb
channels and the intertidal flat mentioned in this thesis are both referred to Aqp piw
and Ay ppw in Figure. A.1.

MHW -
MSL H
MLW -
A(z)
AMI.W AMSI. AMHW

Figure A.1: Definition of the basin area, channel area and flats area relative to the tidal levels (Bosboom and
Stive, 2021)
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A.2. BOUNDARY CONDITIONS

A.2.1. HARMONIC BOUNDARY
The harmonic water level boundary conditions at the Northern boundary are shown in

the following table.
Table A.1: Harmonic boundary at the northern boundary
Frequency Period Amplitute  Phaseat Amplitute Phase at
[degree/h] at A [m] A [degree] at B [m] B [degree]
0 0.1163 0 0.1163 0
14.497 24h 50m 0.122 183.45 0.127 192.32
28.993 12h25m  0.897 54.33 1.002 77.8
43.49 8h 17m 0.01 100.44 0.011 139.89
57.987 6h 13m 0.113 333.14 0.121 181.11
72.483 4h58m  0.008 79.19 0.01 121.8
86.98 4h 8m 0.095 203.64 0.064 274.73
101.477 3h33m  0.007 224.6 0.003 155.97
115.973 3h6m 0.003 357.93 0.004 49.18
A.2.2. NEUMANN BOUNDARY
N ¢=9() 5
% = faa(t) ‘ % = fBp(t)

—_—> 7

Figure A.2: Neumann boundaries at the cross section A-A’ and B-B’(Deltares, 2011)

The cross section A-A’ and B-B’ in Figure. A.2 are corresponding to the west and the
east offshore boundaries of this model. The water level gradient in alongshore direction
is prescribed at each boundaries.
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A.3. COURANT NUMBER

Normally, the time step will be selected for the sake of accuracy and also computation
time. The courant number is introduced to the numerical model to decide the numerical
stability from the grids size and time step. Once the local courant number exceeds the
up limit, the instability will probably appear which is not favourable for the result itself.
In the Hybrid model, the courant number is calculated as follow(Deltares, 2011):

Courant =2ATc\/1/Ax% +1/Ay? (A.2)

In most of cases, it is not recommended to have courant number exceeding 10. But
when the variants don’t vary too much in space and in time too much, a higher up limit
for courant number can be applied.

A.3.1. ORIGINAL GRID
The courant number map with time step at 12 seconds is shown below.
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Figure A.3: Courant number map with the time step at 12 seconds

From the map, at the intertidal area and the ebb-tidal delta, the courant number is
smaller than 10. When it comes to the offshore area and the main channel, where the
water depth is deep, the courant number exceeds the limit. But in this computation
case, only tidal flow is applied to the model which varies slowly. Therefore, the time step
at 12 seconds is acceptable in this case.
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A.3.2. COARSER GRID

For the twice coarser grid, according to the Courant number, the time step could be
larger simultaneously. Therefore, the Courant number map is drawn for the coarser grid.
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Figure A.4: Courant number for with a coarser grid and the time step at 30s
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A.4. REFERENCE LEVEL

Reference level is related to the equilibrium state which further influences the bed level
change. As the default setting, the reference level is set at 0 m as high as the global refer-
ence level, which means that the the initial water depth is equal to the equilibrium water
depth. To investigate the influence of the reference level, three additional simulations
are carried out.
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Figure A.5: Cumulative erosion/sedimentation map of four reference levels

185

Lifting the reference level can make the basin less sensitive to the SLR, and vice versa.
But decreasing the reference level is not proposed to do because the drop will make the
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equilibrium depth of some shallow points decrease below zero. The abnormal bed level
change may happen at the point whose equilibrium depth is at a negative value, since
these points are treated as '’emerged’ points referred to the reference level but they are
actually submerged during high tide. Therefore, only the lift at reference level is carried
out.

As the reference level goes up, there are less erosion at the channels and less sed-
imentation at the ebb-tidal delta and the intertidal area. For the case with no change
(upper right figure), at the intertidal area approaching to the edge of basin, where the
water depth is shallow, there are some instabilities could be found (the dark blue points).
When the reference level reaches to 1.2 m, which is the high water level inside the basin,
no instability appears within the domain. The elevation of reference level promises that
all the areas below the high water level have a positive depth related to reference level.
Therefore, having a higher reference level can increase the stability of the model.
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