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Abstract

In 1990 the Dutch government passed legislation that dictates the South West Texel coast must be main-
tained with regard to the 1990 coastline. The coast is currently maintained by applying shoreface and
beach nourishments with an interval of approximately 3 years, because it experiences erosion. The
problems with this approach are that the mobilization of the dredging vessels is expensive, dredging
vessels cause nuisance in the ecological system and moreover, the dredging vessels emit carbon diox-
ide and therefore contribute to climate change. The first goal of this study was to to investigate if an
alternative coastal protection strategy is able to mitigate the drawbacks of the current scheme. Conse-
quently, the application of a mega nourishment was chosen over a cross-shore dam or an outer delta
nourishment. To optimally design a mega nourishment, a morphological analysis was executed that
focused on elements in the sediment balance of the system. Using Vaklodingen and JARKUS data, vol-
ume changes of each transect were identified for 4 parts of the transect: the dune, the beach, the shal-
low part of the foreshore and the Molengat channel. It was found that dune and beach growth started
growing from the moment that the nourishments were structurally applied. When nourishments are
aborted, it is expected that the shrinking of the dunes will resume, just like the pre-1990 situation. The
Molengat in the transects was found to be moving towards shore before the nourishment program
started, and its landward movement was not influenced by the implementation of the nourishment
program. The Molengat filling rate was projected into the future, leading to a fill date in transects 880-
930 by 2035, and in transects 930-1013 by 2055. In transects 1013-1108 and 1108-1210 the Molengat has
already been filled. The late projection filling date of transects 930-1013 is a reason to put the mega
nourishment at that location, combined with the largest natural erosion occurring at the same loca-
tion. The application of a mega nourishment is done by putting 20 years worth of sediment at transect
range 945-1053 in one construction project. Simultaneously, the mega nourishment aims to diffuse sed-
iment alongshore in the shallow part of the transects, providing sediment to adjacent transects. The
sediment supply to other transects could be able to limit the shrinking of the adjacent dunes, or even
let them grow. However, this requires further investigation. Delft3D Model results showed that sed-
iment transport in this area is mainly caused by waves on the NUN-shoal, and by the current in the
Molengat ebb-tidal channel. The model resolution was not fine enough to accurately describe the ac-
cretion and erosion patterns alongshore. Yet, by the use of results of morphological updates it could be
determined that the mega nourishment will likely cause accretion south of the nourishment area. This
research can be used as a stepping stone for future design steps of a mega nourishment, and also for
acquiring knowledge about future behaviour of different parts of the bottom profiles in the South West
Texel area.
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1 Introduction

1.1 Problem statement and objective

The majority of the Dutch population is living below sea level. If all coastal protection structures would
be breached, at least 9 million people would be significantly impacted from the consequences of flood-
ing (Ministerie van Infrastructuur en Milieu, 2015). This threat of flooding requires flood protection
along the entire Dutch coastline. The Dynamic Preservation policy has determined that the entire Dutch
coast must be protected for different service levels. The service levels are maintained by the govern-
mental organization Rijkswaterstaat (RWS) through construction and management of coastal protec-
tion structures. One example of coastal maintenance by Rijkswaterstaat is periodic nourishments to
supply the Dutch coast with sediment to keep the coastline in place and avoid landward coastline re-
treat.

Since the start of the coastal nourishment program in 1990, the Texel coast has required nourishments
to keep its position in place. This study focuses on the South West (SW) area of Texel. Keeping the
coastline in place is achieved by application of nourishments on the foreshore and on the beach with
a frequency of once every 3 years on average. Nourishments are still necessary for the future, as the
cancellation of the current nourishment program would lead to coastal retreat, known as structural
erosion (Rijkswaterstaat, 2021). It is a political decision to keep the coastline in place, and the reasons
that this coastline is maintained are the diverse functions of South-West Texel:

¢ Economical: beach pavilions and camp grounds are located on and near the beach.

Ecological: behind the first dune at SW Texel there are protected Natura2000 areas.
* Recreational: the beach is home to beach guests, surfers and walkers.

Flood protection: The beach is part of the flood protection line to keep Texel safe from floods.

These functions will be jeopardized if the current nourishment scheme is aborted and the land retreats
freely. However, the current every-3-year nourishment scheme includes multiple disadvantages which

form the main problem of this study:

* The beach is vastly reduced in length at the end of each maintenance cycle (De Sonnivlle and Van
der Spek, 2012).

* The frequent mobilization of dredging vessels to the South West Texel is expensive.

¢ The dredging vessels cause disturbances in the ecosystem, such as noise disturbances and tempo-
ral turbidity increase (Barbanti et al., 2005).

* Dredging vessels emit carbon dioxide through fuel consumption and therefore contribute to cli-
mate change.



The nourishment program until 2027 has already been prepared by Rijkswaterstaat, meaning that the
above mentioned disadvantages continue on the short term. In the long term of around 20 years, al-
ternative coastal protection methods may mitigate the drawbacks of the current scheme. This study
formulates alternative interventions to protect the coastline of SW Texel, while continuing to protect
the current values of the beach and hinter-lying area. Then, a potential first order design is given of

a mega nourishment. Before the design of a mega nourishment, a deeper understanding of the mor-
phology changes through the last decades is required. Understanding of sediment volume changes in
the tidal channel, the beach and the dune helps to define a location for the mega nourishment. Sub-
sequently, a model is created to gain understanding in the initial response of the system to a mega
nourishment, which is one of the potential interventions. It is investigated what processes have the
most impact on sediment transport in this system and how areas of accretion and erosion change after
the intervention. This thesis focuses on 3 aspects: characterize the morphological evolution of the SW
Texel area since 1990, identify which processes are the main drivers of sediment transport, and identify
the effect on shoreline changes if the current nourishment strategy is replaced by a mega nourishment.

This study focuses on the beach of SW Texel and the shore directly in front of it. However, the sys-
tem interacts with features evolving at different time and spatial scales. Therefore, it is important to
broaden the scope to beyond the SW Texel area, but only for relevant processes.

1.2 Research questions

The effects of hydrodynamic processes on sediment transport in the area of South West Texel have
been investigated by Elias et al. (2021), and Cleveringa (2001). However, there is currently limited
knowledge available on the impact of new nourishment proposals or the construction of new struc-
tures to locally fix the coastline of SW Texel. Therefore, the main research questions in this study are:

1. What alternatives exist to protect the coastline of SW Texel in the future, while maintaining its current
values?

2. How has the morphology developed since 1990, including the nourishment program?

3. How could the morphology change by a replacement of the nourishment program by a mega nourishment?

4. What is the optimal location of a mega nourishment and what is the effect of the nourishment on shoreline
changes in the system?

This study consists of 3 main parts, as shown in Figure 1.1. The first part is the definition of the system
and its characteristics. The second part is a data analysis of morphological characteristics and a model
setup of the application of a mega nourishment. The third part is the overarching relation of the mor-
phological analysis and the model and the accompanying conclusions. For clarity, some sections start
with the sub research question that they answer.

To answer the research questions, first the features of the system of interest are described in detail

in Chapter 2. It gives the background on why nourishments are applied and contains information
on what tide and wave climates are present. The next step (Chapter 3) is the description of potential
coastal protection alternatives. From the different alternatives one alternative is worked out in detail:
the application of a mega nourishment. Other alternatives can still be viable options for coastal pro-

tection, but they are not the main focus of this study. In Chapter 4, the relevance of periodic nourish-



ments is explored in a morphological analysis, as they comprise Rijkswaterstaat’s coastal maintenance
scheme at SW Texel. Subsequently it is investigated what sediment flows are important, where they
are coming from, where they are heading and how they developed through time. This gives insight in
the behaviour of the current nourishment scheme. Understanding of coastal behaviour without nour-
ishments is important when it would be replaced by another type of coastal protection. Subsequently,
topographic measurements are used to identify alongshore areas that experience erosion and accretion,

which allows to indicate a location for system interventions.

To finalize the study, it is investigated how a mega nourishment could be applied in the system, how
large it needs to be, and what initial impact it has on the system in terms of sediment transport. Chap-
ter 5 explains the setup of a Delft3D model, followed by the presentation of results in Chapter 6.

Both the data analysis and the model results are combined in an overarching description in Chapter 7,
together with the limitations from both the data analysis and the model. Chapter 8 wraps up the most
important conclusions and presents recommendations for future research on this study.

C.2 — System definition and characteristics

C.3 — Coastal maintenance alternatives

L

C.4 — Morphological analysis

C.5+ C.6 — Model setup and results

b

C.7 — Relationship data analysis and model
results & limitations of study

C.8 - Conclusions

Figure 1.1: Overview research steps.



2 Description of SW Texel

The research first focuses on system analysis, as shown in Figure 1.1. This chapter describes why are
nourishments needed. This is done by an explanation of Rijkswaterstaat’s nourishment program (Sec-
tion 2.1) and how this relates to the Dynamic Preservation Act at SW Texel. A short overview of stake-
holders follows then in Section 2.2. Thereafter, an overview is given of the morpho-, hydrodynamic
and wind characteristics of the area (Section 2.3).

2.1 Background nourishment program and Dynamic Preservation Act

As mentioned in Section 1.1, the coast of SW Texel comprises multiple values for society. These values
are preserved for the future because of the Dynamic Preservation Act. The Dynamic Preservation Act
is legislation that states the coastline has to be maintained to a reference coastline from 1990. The refer-
ence coastline is called Basis Kustlijn (Base CoastLine, or BKL) and the coast is allowed to exceed this
coastline seaward, but not landward. The cross-shore position of the BKL at 1 location is mathemati-
cally defined based on the cross-shore position of the mean low water level, the dune foot and the sand
volume in between. Rijkswaterstaat annually compares the actual coastline - the Momentary Coast-
Line (Momentane KustLijn, MKL) - to the BKL and is then able to conclude what alongshore areas do
satisfy the BKL and what areas do not. The BKL is the MKL of 1990.

Generally, when the MKL is closer to shore than the BKL the coast must be nourished, see Figure 2.1.
Rijkswaterstaat both monitors the MKL and plans the nourishment program. Since the start of this
coastal preservation, the entire Dutch shoreline in 1990 has been nourished with an average volume

of 12 million m? of sediment per year, of which 33.8% is used for the Wadden Sea islands (Brand et al.,
2022). Within the Wadden coastline 50.2% of the volume is dedicated to the protection of Texel. Since
this is a significant portion of the total nourished volume, Texel is an interesting location for an attempt
to optimize the nourishment strategy. The main reason that Texel requires a large portion of nourish-
ment volume is that it experiences large structural erosion and therefore requires more sediment than
other areas to keep up with the BKL of 1990 (Rijkswaterstaat, 2021).

The coast of Texel facing the North Sea can be divided into 3 parts: North Texel, Middle Texel and
South West (SW) Texel, see Figure 2.1. This research looks at South West Texel only. The area of inter-
est is limited to a Dutch coastal reference system called JARKUS, and the SW Texel area ranges from
transects 416-1210. Within this range the BKL is only defined for transects 880-1210, meaning that the
coast in other transects is allowed to retreat. Structural erosion occurs at SW Texel as sediment is trans-
ported from both the ebb-tidal delta (ETD) and the coastline of Texel towards the Texel basin, which
forms part of the Wadden Sea basin (Rijkswaterstaat, 2021). This can be observed by landward migra-
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Figure 2.1: Right: Overview of North Sea facing Texel coastline. The numbers indicate: 1) North Texel (transects
2580-3432), 2) Middle Texel (transects 1210-2580), 3) South Texel (transects 416-1210). The green transects in-
dicate the coast that needs to satisfy the BKL, the blue transects do not have to satisfy the BKL. Left: The BKL
satisfaction in transect range 1000-1093 is shown in detail: the green vertical line indicates the BKL, the pink line
indicates the 2021 MKL. The MKL is further offshore than the BKL in transect 1075-1100, so this area satisfies the
BKL and is indicated with a green rectangle on the coast. In transect 1000-1075 the MKL is closer to shore, mean-
ing the BKL is not satisfied and this is indicated with a red rectangle on the coast.

tion of the ebb tidal channel called Molengat in front of the Texel coast. However, not all sediment is
transported to the Wadden Sea, as particles can also end up in the dune section of Texel, or alongshore
at the northern island coasts (Elias, 2021). Rijkswaterstaat applies nourishments at this coast to com-
pensate the lost sediment volume and make the MKL satisfy the BKL.

The observation of SW Texel losing sediment is evident when looking at the sediment budgets at Wad-
den Sea scale, as investigated by Elias and Wang (2020). Figure 2.2 shows a negative sediment bud-
get for the coast of Texel, indicating there is net sediment transport from the coast towards the Texel
basin. The Texel and Den Helder coast are eroding with a rate of 4.05 Mm?/yr. Elias and Wang con-
structed this figure with data from 1997 - 2015, taking into account the nourishment program. There-
fore it is likely that the sediment loss would have been even larger without nourishments, which con-
firms the need for nourishments by Rijkswaterstaat. As a result, the coastline retreats and the coastline
does not satisfy the BKL anymore. This information is on basin-scale, but there is no research available
on the distribution of volume changes on the detail level of JARKUS transects. This research fills that
knowledge gap in Chapter 4. Together, landward migration and the satisfaction of the BKL highlight
the need for the nourishment program of Rijkswaterstaat.
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Figure 2.2: Sediment balance of entire Wadden Sea. Elias and Wang (2020) concluded that the sediment budget
is negative at SW Texel and Den Helder. Figure from Elias and Wang (2020).

Satisfaction of the BKL on the timescale of decades

Rijkswaterstaat is responsible for the position of the MKL with respect to the BKL. Their current goal
on scale of the Wadden Sea is to nourish the North Sea coast with such a volume that it increases in
height proportional to the North Sea level rise (Lodder, Interview, 2022). Figure 2.3 shows the concep-
tual idea Rijkswaterstaat is aiming to achieve: a nourishment during sea level rise can be applied such
that the dune does not retreat. The Kustgenese 2.0 research found that the required nourishment vol-
ume for all Wadden Sea islands is 5.7 Mm? /yr for the coastline to keep up with sea level rise (Rijk-
swaterstaat, 2020). Kustgenese 2.0 did not state where the nourishments along the Wadden Sea islands
must be applied. Yet, the nourishment volume of 5.7 Mm?3 /yr is set as a quota by Rijkswaterstaat to
achieve every year. Some locations along the Texel coast always have to be nourished to satisfy the
BKL, and therefore experience structural erosion. The sum of the required volume by these locations
is less than the quota of 5.7 Mm?/yr. This leaves Rijkswaterstaat with creative freedom to nourish at

locations that do not necessarily require it.

Figure 2.3 is the concept that is followed, yet there are differences with the SW Texel coast. Firstly, the
concept is based on alongshore uniform beaches, while SW Texel is not alongshore uniform. Secondly,
the presence of the Texel basin impacts currents and sediment transport. Thirdly, there is an ebb-tidal
channel called Molengat in front of SW Texel, making prediction of future coastal development more

complex than the concept.

Currently, there is a financial disadvantage regarding the nourishment of the South West Texel coast.
67% of the nourishment volume at South West Texel has been applied at the beach, while only 33% has
been applied at the shoreface (Brand et al., 2022). Beach nourishments (& 5€ /m?) are more expensive
than shoreface nourishments (+ 3€/m?), because they require more fuel to pump the dredged sedi-
ment to the correct location on the beach (Rijksbegroting, 2013). In contrast, during shoreface nourish-
ments dredging vessels can just dump their sediment at the bottom. Nourishments at SW Texel mainly
use the expensive option. This is mainly caused by the fact the area is shallow, making it difficult for

dredging vessels to get to the location and apply shoreface nourishments.
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Figure 2.3: When a sufficiently large and well-distributed nourishment is applied during sea level rise, the dune
profile does not retreat landward. Simultaneously, the entire profile grows. This conceptual model is followed by
Rijkswaterstaat to nourish the Texel coast. Figure from Bosboom and Stive (2021).

2.2 Stakeholders overview

This section shows an overview of stakeholders that are concerned with the future of SW Texel’s coast-
line. This description of power dynamics has been confirmed by the Technical Manager of Coastlines
E. Brand, who has a central role within the organization of Rijkswaterstaat (Brand, Interview, 2022).
Stakeholders can be categorized into 4 groups:

¢ Beach businesses: pavilion owners and camp ground owners represent the economic activity
near the beach. Their interest is to have wide beaches, so that there is more accommodation space
for visitors and therefore a higher capacity for economic activity.

¢ Environmental organizations: these parties have the interest to let the sea, beach and hinter ly-
ing dune area develop as freely as possible, with minimum human interference. One example
of these organizations is Stichting Noordzee, that is concerned with sustainable use of the North
Sea by preferring shoreface nourishments over beach nourishments. Also there are Natura 2000
areas, in which it is aimed to contribute to biodiversity as much as possible by allocating land to
nature. These areas are designated by the Ministry of Agriculture, Nature and Food quality, and
being maintained by Staatsbosbeheer (State Forestry). These organizations try to enforce among
others the Bird Policy and Habitat Policy (Natura2000, n.d.).

* Recreational stakeholders: beach visitors that go to the beach for leisure. Their interests are to
enjoy the beach and nature. Typical groups in this category are beach goers, people exercising
sports, bird spotters and sports fishermen. Nourishment works are paused in July-August to ac-
commodate to this group’s interests.

* Governmental organizations: they represent the interests of local population to defend the area
against flood risk, and also aim to facilitate smooth cooperation between stakeholders to create
new legislation. One example is Hoogheemraadschap Hollands Noorderkwartier, which main-
tains the land side of dikes and dunes with emphasis on flood safety. Next, Rijkswaterstaat is
responsible to manage the sandy coast and the dunes. Staatsbosbeheer manages the natural areas

in dunes and areas designated for recreation.



2.3 Characteristics of SW Texel

This section answers the question: What are the characteristics of the area of interest? The section is di-

vided into morphological features, hydrodynamic features and characteristics of the wind.

2.3.1  Morphological characteristics

The structural erosion that occurs at South West Texel is related to the complex morphodynamics in
the area (Elias and Van der Spek, 2012). The left part of Figure 2.4 is taken from Elias (2021) and shows
multiple morphological elements in front of the beach of South West Texel. Just south of the South
West beach there is the Texel inlet. The Texel Inlet consists of a tidal channel (Marsdiep) that connects
the Texel basin to the North Sea. During ebb the water flows out of the inlet into the Schulpengat and
the Nieuwe Schulpengat (Elias et al., 2006). The Noorderhaaks is a shallow sandy shoal right in front
of the Texel inlet that divides the water outflow. A small fraction of the tidal prism flows through the
Molengat, which is a tidal channel located closely to the beach of South West Texel (Elias et al., 2017).
At the beach of SW Texel there are submerged cross-shore groynes with a length of O(80m) and spaced
by 400m in alongshore direction. Their goal is to keep the beach near the waterline from too much
erosion. The location of the Molengat has slowly moved towards Texel’s shoreline during the past
decades, and therefore it has impacted the morphological behaviour of the beach at South West Texel
(Elias, 2021). The Noorderhaaks is related to the long term beach evolution, and is also important in
the development of the South West Texel beach (Elias, 2021).

The Noordelijke Uitlopers of the Noorderhaaks (the NUN) is a shallow submerged area that is con-
nected north of the Noorderhaaks and almost attaches to the coast of Texel at a chart datum of —5 m NAP
(Rijkswaterstaat, 2020). Furthermore, there is the Helderse Zeewering at the tip of the North-Holland
coast: this is a stone seawall that keeps the shore of North-Holland fixed in place. Finally, the south-

ern tip of the Texel island is a large beach called De Hors, see Figure 2.6 . This beach has has not been
nourished as it does not adhere to the managed BKL. Figure 2.5 shows a bird perspective of the actual
coastline looking over transects 915-1000.

2.3.2 Hydrodynamic characteristics - Tide

The area of SW Texel is influenced by both tidal flow and individual waves (Van der Moolen, 2002).
Ebb-tidal delta systems can be classified based on tidal wave and individual wave characteristics, as
proposed by Davis and Hayes (1984). Figure 2.7 shows the general classification of ebb-tidal deltas.
Rijkswaterstaat (2023) has measured tidal wave data and individual wave data for multiple decades,
and from these data it can be concluded that the mean wave height is 1.27m. From literature it can
be found that the mean tidal range is 1.40m (Elias et al., 2022). This classifies the ebb-tidal delta as a
mixed-energy wave-dominated system, based on the classification system proposed by Davis and
Hayes (1984). Its position in the graph is indicated by a red dot. This mixed-energy system indicates
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Figure 2.4: Left: overview of the morphology at the South West Texel coastline. The color indicates the depth of
the map, or the extrusion of the island. Purple indicates the deepest part (-30m NAP), brown indicates 0m NAP.
Figure from Elias (2021). Right: overview of transects at SW Texel. Some of the transects are indicated in the
map. The blue transects adhere to the BKL and have been nourished multiple times since 1990. The red tran-
sects are outside the BKL zone, but are used in the analysis of the Molengat in Section 4.5. The red dots indicate
the 0-coordinates of all transects.

that both tidal flow and individual waves are likely to have significant impact on changes in the mor-
phology, and must therefore be taken into account in a model.

Tidal flow at Texel is semidiurnal. Rijkswaterstaat has tidal data available for a time range of 1 month
with time steps of 10 minutes. These data are available at multiple locations in the North Sea, and are
used to set up the model in Chapter 5. Figure 2.8 shows this tide at 1 location (west of the Noorder-
haaks) and the spring-neap range varies between 1.0 — 2.2m. Research from Elias et al. (2006) and Elias
and Van der Spek (2017) mention a spring, neap and average tidal range of respectively 2.0, 1.0, and
1.4m, which is in line with the data presented here. Therefore, the time series is used as a representa-
tive tide. The tidal wave through the system propagates from the south-west alongshore to the north-
east.

2.3.3 Hydrodynamic characteristics - Waves

Since this coast has a mixed-energy system, both tidal current and wave conditions are important in
morphological analysis. It is relevant to have information about different wave classes in order to ac-
curately model the impact of waves, which is done in Chapter 5. Multiple researches have been con-
ducted to determine the average significant wave height H;, accompanying wave period T (Elias and
Van der Spek, 2017. Elias et al., 2006) and typical storm wave conditions (Elias and Van der Spek, 2017.
Elias et al., 2022). Yet, the available data lack the incoming direction of these waves and their direc-
tional spread, or they consider a too small fraction of waves, which the required information for wave
modelling incomplete. Therefore, a more extensive wave analysis using raw data from Rijkswaterstaat
is presented below.



Figure 2.5: Bird perspective of the South West Texel coastline. In the middle of the photo there are a few horizon-
tal lines in the water, which indicate submerged cross-shore groynes that get exposed only during low tides. The
photo is taken at approximately JARKUS transect 900 and the coast bend starts at around transect 1000. The
white single line of white-capping waves indicates that during these conditions the waves break only at 1 breaker
bank.

The wave analysis is based on Rijkswaterstaat on hourly averaged significant wave height measure-
ments from the period 1995-2021 (Rijkswaterstaat, 2023). This data has been measured at the wave
buoy Eierlandse Gat (Figure 2.9), where the bottom is located at a depth of 26m. This is the closest lo-
cation to SW Texel that has measured sea wave data and it is therefore assumed that these wave data
are most reliable for SW Texel. There are wave measurement locations near Den Helder too, but they
are not useful as the wave heights in the Wadden Sea are severely impacted by the diffraction in the
basin and the geometry of the basin.

Figure 2.10 (left) shows the wave rose based on the wave data from this wave buoy. The colours in-
dicate the value of the wave height, and the thickness of each color layer indicates the percentage of
waves that occurs for each wave height. Waves predominantly come from the North West (NW) or
South West (SW). The right graph shows the occurring wave height for each hourly measurement,
distributed over the direction. Waves from the NW are bounded between 270° — 360° and SW waves
between 180° — 270°. This graph shows that the highest waves originate from these 2 directions. The
lower bound of 180° is not important for the analysis, because the number of waves from that direction
is low, shown by the small bracket in the left figure. Moreover, the highest waves from this direction
are 2m, which has significantly less impact than NW and SW waves of 5 — 7m (see Equation 2.1 and
2.2).

To answer research question 55 - what processes cause most sediment - it is important to split the
wave data into wave classes. This research distinguishes both wave conditions from SW (180° — 270°)
and NW (270° — 360°), and also distinguishes storm and calm wave conditions. NW waves occurred
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Figure 2.6: Overview of the southern tip of Texel: De Hors, an area that does not have a BKL to satisfy. The land
in the distance is Den Helder, and the island on the right is the Noorderhaaks. The narrow white line just in front
of the Noorderhaaks indicates a separation of the flow into 2 channels: the big channel is the Molengat, and the

small one is a developing tidal channel (Elias, 2021). This photo is taken at JARKUS transect 900. More photos of
the coast can be found in Appendix A.
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Figure 2.7: Classification of ebb-tidal delta system based on average wave height and average tidal range. Figure
from Davis and Hayes (1984).

45% of the time, whereas this was 33% for SW waves. Storm conditions are defined based on time: a
storm exists 5% of the time, while calm conditions occur 95% of the time. From the number of wave
height recordings it can be concluded that the highest 5% of the waves are larger than 2.80m and there-

fore is the threshold value of storm waves. This time-based storm approach is based on Elias and Van
der Spek (2017).
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Figure 2.8: Overview of observed tidal water levels west of the Noorderhaaks in the period 01-05-2009 to 31-05-
2009. The tidal range varies throughout each tidal cycle.

Figure 2.9: Location of wave buoy near Eierlandse Gat that measured the wave data used for SW Texel.

The waves are separated in 4 classes. Given a wave is from NW, storm conditions occur 5% of the time.
The probability of a wave from the NW is 45%, so the probability of a NW storm is 0.45 * 0.05 = 0.025.
The probability of NW calm conditions is 0.45 * 0.95 = 0.4275. The probability of each wave class is
used in the model results in Chapter 6. The significant wave height for NW calm conditions is then
calculated using all NW wave data points below the storm wave height, indicated by 1 in Figure 2.10.
Wave classes 2,3 and 4 are also indicated in the figure and their characteristics are shown in Table 2.1.

Waves drive alongshore sediment transport S and this transport is proportional to the cubed signifi-
cant wave height H, (Komar and Inman, 1970):

S o H? (2.1)

This proportionality indicates that higher waves contribute more to the total sediment transport at
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Figure 2.10: Left: wave rose at Eierlandse Gat based on data from 1995-2021. The values on the circle axis indi-
cate the percentage of the waves that occurs in each directional bracket. Right: this graph shows all hourly mea-
sured wave heights plotted over the direction. The orange part indicates SW storm waves (H, > 2.80m) and the
green indicates NW storm waves.

each location, and therefore this needs to be taken into account to find the average sediment transport
wave. This is done by giving the higher waves a larger weight factor, which is a methodology based on

Kaergaard and Fredsoe (2012):
noOH3.
Hs _ 3 Zz_l s, (22)
\/ n

The average wave period T}, and average wave direction 6, are calculated using the wave height as a

weight factor:

Z?:1(Hsg,i *Tpi)
i (HS )

Ty = (2.3)

Z?:l (Hf,i * 0;)

O = -
> (HE5)

(2.4)

For calm conditions the 95% lowest wave data are used in this calculation and for storm conditions the
5% highest waves are used. The threshold of the storm wave height is H; = 2.80m. In Figure 2.10 the
storm values are indicated with orange and green color for SW and NW waves respectively. Using the
above equations the characteristic values of each wave condition is determined and summarized in
Table 2.1

The average waves are in the same order of magnitude as those of Elias et al. (2006): H; = 1.3m, T =
5s, Elias and Van der Spek (2017): H; = 1.44m, T; = 5s, and Ridderinkhof et al. (2015): H, = 1.37m,
T; = 6.0s. The used significant wave height for the storm waves cannot be compared with this lit-

erature, because the storm definition is different. Differences with literature can be explained by the
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# Wave direction [°] Conditions Hg[m] T [s] 6[°] Directional spread[°] Wind speed [m/s]

1 NW [270-360] Calm 1.39 6.8 319 7.8
2 NW [270-360] Storm 3.65 8.6 312 ’1 154
3 SW [180-270] Calm 1.49 6.1 235 8.7
4 SW [180-270] Storm 3.37 7.5 239 15.2

Table 2.1: Characteristics of average waves and storm waves as input for wave-modelling, as described in Chapter
5.

different approach of using weight factors, but the order of magnitude serves as a reference of this esti-

mation.

Historical wind data at Texelhors [1971 - 2022]
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Figure 2.11: Wind rose from wind data at Texelhors from KNMI (2022). The dominant wave direction is from the
south-west.

2.3.4 Wind

A wind rose is plotted in Figure 2.11 using daily averaged wind speed Uy and direction data from
KNMI - the Dutch meteorological institute (KNMI, 2022). The data is taken from the period 1971-2022.
The dominant wind direction is from the SW. The wave rose in Figure 2.10 shows a dominant wave
direction in the same range. Simultaneously, the wave rose also contains a dominant wave direction
from the North West, whereas the wind rose does not. Elias and Van der Spek (2017) explained this dif-
ference by the geometry of the North Sea basin: NW waves have a long fetch and SW waves a much
shorter fetch. Using the same approach as the previous section, the wind speeds per wave characteris-
tic are estimated and summarized in Table 2.1.
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3 Conceptualization of solutions

This chapter focuses on the question what interventions can be applied to maintain the coast landward
of the BKL in the future. In Section 3.1 multiple alternatives are discussed, followed by an argumenta-

tion for the considered solution in this research.

3.1 Design alternatives and choice

Multiple future protection schemes are possible for the area of SW Texel. They are listed first and sub-
sequently discussed in more detail. It is emphasized that this research only focuses on the results of

1 solution, and does not focus on the comparison of multiple alternatives, as the design of the alter-
natives is not done in detail. As a result, other alternatives can still be a viable option for the future of
coastal maintenance at SW Texel. The alternatives are shown in Figure 3.1.

1. Continue the current nourishment program.

2. Apply alocalized mega nourishment at the coast of SW Texel to protect and feed adjacent beaches
in the long term.

3. Construct a cross-shore dam to catch sediment in front of the BKL-maintained beach at SW Texel.

4. Apply an outer delta nourishment to nourish the coastal foundation for the long term.

1. Continuation of current nourishment program

The current nourishment program has been able to keep the BKL largely satisfied since 1990. Small
adjustments of the BKL have been made, and at some locations the MKL has retreated so far landward
that the BKL was not satisfied anymore on the time scale between 2 nourishments (3 years). Yet, over

the decade time scale this maintenance program has been successful.

The main research question is to find more sustainable measures to protect the coastline of SW Texel
compared to the current scheme. Limiting the research to only this solution would not answer the
question. It is stressed that this research looks at alternatives for coastal protection, but it does not
mean the current scheme hast to be cancelled. It is still an option for the foreseeable future. The dis-
advantages are listed in Section 1.1, and the advantages (+) below:

+ The coast can be locally strengthened by location-specific nourishments.
+ The coast remains sandy, which is attractive for beach goers and beach businesses.
+ This method has proven to work, by satisfying the BKL since the implementation of the BKL re-

quirement.
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Figure 3.1: Potential future coastal maintenance options. Upper left: continuation of current nourishment program.
Upper right: mega nourishment at coast. Bottom left: construction of cross-shore dam. Bottom right: outer delta
nourishment.

2. Mega nourishment at coast

The application of a mega nourishment (upper right panel in Figure 3.1) at the coast has the goal of
nourishing the adjacent coastline by alongshore diffusion of sediment. This modification could change
the bottom and the beach such that the erosion and accretion patterns alongshore change. When waves
break at different alongshore locations - in this case because of the bottom change of the mega nourish-
ment - there is a change of wave energy flux that could cause a shift in alongshore sediment transport
gradients (Grady et al., 2013). As a result, the erosion and accretion patterns could potentially change.
Grady et al. explain that the degree to which alongshore sediment transport gradients are altered de-
pends on the alongshore non-uniformity of the bottom. Computing future sediment transport gra-
dients in a model includes more uncertainty in this area than alongshore uniform coasts, because the

bottom at SW Texel consists of the Molengat and the mega nourishment.

The volume of the mega nourishment must be an order of magnitude larger than the regular nourish-
ments at SW Texel. It could be regarded as multiple nourishments that are combined in one nourish-

ment acting as a buffer. As a result, dredging ships only have to be mobilized once, which reduces to-
tal costs and the frequency of nuisance compared to multi-annual smaller nourishment activities. This

reduces the disadvantages of the current nourishment scheme, as mentioned in Section 1.1.

+ Dredging happens only at the beginning of the project, which is cheaper.

+ Dredging vessels only have to be mobilized once, which limits nuisance and turbidity increase in
the ecosystem.

+ It feeds the shoreline for the long term by alongshore diffusion.

+ The coast remains sandy, which is attractive for beach goers and beach businesses.
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— The total investment costs must be paid at the start of the project instead of an annual payment
procedure.

— Uncertainties of BKL satisfaction far from the mega nourishment on the long term may increase.
3. Construction of cross-shore dam

The construction of a cross-shore dam (bottom left panel in Figure 3.1) aims to locally catch sediment
from the tidally averaged mean transport direction. The goal of such a dam on the shoreline morphol-
ogy is that the littoral drift is blocked completely or partially (Kristensen et al., 2016). Kristensen et

al. claim that as a result, the bed contours updrift of the dam tip tend to turn against the predominant
waves. As a result, the downdrift side of a dam at SW Texel is likely to experience erosion. This means
that the coast would be locally fixed in place, but it shifts the erosion problem to downdrift. Erosion is
allowed south of transect 880 because there is no BKL to be satisfied there, so transect 880 would be an
interesting location to investigate the effects of the construction of this dam. In regard of this project,
lessons could be learned from the effects the Eierlandse Dam has had on the coast of North Texel at
transect 3051.

The construction of a dam means that no sediment is added to the system. A cross-shore dam is a hard
solution (structure), as opposed to a mega nourishment (soft solution). While the transects close to the
dam may benefit from the sediment catchment, the transects further north may experience erosion,
and therefore require additional interventions. These are unknowns that could be researched more ex-
tensively, and may be solvable by investigating the optimal location and length of the dam extending
into sea.

+ In transects close north of the dam the BKL is satisfied for long term due to the catchment of sedi-
ment by the dam.

+ The structure does not need periodic construction works as the current nourishment program
does. It requires maintenance at most.

+ The Eierlandse Dam on North-Texel is similar to this dam, which can serve as a good learning
tool for considerations in this project.

— Itis a hard solution.
— Depending on location and structure size, transects far from the structure may require additional
interventions on the long term.

— Lack of sediment nourishment may affect the functionality during sea level rise.
4. Outer delta nourishment

A very new alternative is the application of an outer delta nourishment (bottom right panel in Figure
3.1. This type of nourishment is placed in the tidal channel(s) of the outer delta and aims to nourish the
coastal foundation on the long term in the order of T" 20 years (Ministerie van Infrastructuur en Wa-
terstaat, 2022). The same research claims that outer delta nourishments could merge into the existing
sediment transport flows towards the downdrift island - in this case being from the NUN to Texel. The
research claims that such a nourishment could also be altering existing sediment transport patterns
and thus erosion and accretion spots, but this topic requires more research.

The amount of available knowledge about outer delta nourishments is limited due to its novelty. The

impact of the outer delta nourishment on the direction of currents and subsequent sediment transport
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is one example that remains unpredictable.

+ Application of the nourishment is farther from the coast, meaning nuisance and turbidity distur-
bance is further from the protected system.

+ The nourishment may nourish the coast on the long term.

+ Dredging happens only at the beginning of the project, which is cheaper.

— The intervention is not applied directly at the coast, which imposes a risk of BKL dissatisfaction
on the short term.

It is unknown what percentage of the nourishment ends up in the wanted coastal area.

The impact on sediment transport is unknown.

Alternative choice and argumentation

Each solution has its own advantages and disadvantages. There are many unknowns regarding each
project, making it impossible to argue which alternative is better than the other. Each solution could be
viable. Nonetheless, one intervention is chosen for this study, and that is the mega nourishment.

The mega nourishment is a soft solution, and soft solutions have a higher priority of realisation for Ri-
jkswaterstaat than hard solutions. Therefore, the construction of a cross-shore dam is not chosen. Rijk-
swaterstaat has recently started looking into the opportunities of the application of a cross-shore dam,
but because of their soft-hard-solutions-prioritization the research of a mega nourishment is more rel-

evant (Brand, interview, 2022). Since Rijkswaterstaat is the manager of the coastline, their valuation is

deemed to be leading. Furthermore, the application of an outer delta nourishment currently has many
unknowns. The mega nourishment is applied directly at the coast and thus contributes to the satisfac-
tion of the BKL on the short term too, whereas the outer delta nourishment does not.

In the current advantages and disadvantages the amount of emitted CO2 is not considered, as first
order approximations are difficult to make and not the goal of this research. However, in Section 1.1
CO2-emissions are indicated as a disadvantage, but the comparison of this value requires an analysis
on higher project scale than this study. Considering all alternatives, the application of a mega nourish-
ment has the best arguments from the perspective of Rijkswaterstaat to investigate first and is therefore
analysed in the model in Chapter 5 and 6.
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4 Morphological analysis of SW Texel

Chapter 4 zooms in on specific locations along the SW Texel coastline, which was illustrated in Figure
1.1. The research question is: How has the morphology developed since 1990, including the nourishment pro-
gram? This is examined on scale of the system, and also more detailed in 4 transect parts. The goal is
to identify at what locations nourishments have been applied, and how the dunes and the Molengat
channel have changed in the coastal profile. In Section 4.1 an overview is given of the important fac-
tors in the sediment balance of SW Texel. In Section 4.2 till Section 4.4 the 3 factors of the sediment bal-
ance are discussed in order to show the volume changes of the area between 1991 and 2021. In Section
4.5 till Section 4.7 each of the sub-factors that contribute to each transect are discussed.

4.1 Overview sediment balance for SW Texel

The SW Texel coast is defined as transect numbers below 1210, see Figure 2.4. The area of interest in
this research is transect range limited in the south by transect 880 and in the north by transect 1210.

41.1 Methods and definitions

Method datasets

This research uses data from 2 data sets: JARKUS and Vaklodingen. Both datasets are used to calculate
volume differences between 1991-2021 for each transect. Gradients in alongshore volume differences
help to identify at which locations alongshore erosion and accretion have occurred.

Definition of datasets

JARKUS contains bathymetrical data in transect lines orthogonal to the shoreline and these data are
collected annually by Rijkswaterstaat. The bathymetry points are spaced every 5m nearshore and ev-
ery 10m starting at 500m. In alongshore direction the transects are spaced by the difference in tran-
sect number times 10. This means the distance between transects 900-1000 is 1km. The JARKUS tran-
sects have a maximum cross-shore distance of 3km. An example of a JARKUS transect measurement
is shown in Figure 4.1. On the horizontal axis the cross-shore distance is shown to the beach pole lane
('Rijksstrandpalenlijn” in Dutch, or RSP) onshore. The RSP indicates the 0-coordinate of the JARKUS
data in cross-shore direction. Positive values are seaward, negative values are landward. On the verti-

cal axis the bottom level with relative to NAP is shown. The other definitions are explained later.
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Figure 4.1: Example of JARKUS transect. The red shape indicated the location of a beach nourishment, the or-
ange shape indicated the location of a shoreface nourishment.

Vaklodingen also contains bottom values, but measured on a 2D-grid. The bathymetrical values are di-
vided in cells of 20 * 20m and they are measured approximately every 3 years. The Vaklodingen data
are measured over a much larger area than JARKUS data. The Vaklodingen maps 'KB121_2120" and
"KB122_2120" from the period 1971-2021 are shown in Appendix B. Vaklodingen data are used in the
analysis where the JARKUS data are not far enough offshore. In Section 7.3 a calculation is shown that
in terms of accuracy, both datasets can be used interchangeably. Using Vaklodingen data allows to plot
contour lines of the bottom (see Figure 4.2) and differences in bottom level between years on maps. Us-
ing an interpolation function in Python, it is possible to draw transect lines on a map and retrieve the
accompanying bottom profile. This leads to a similar profile as a JARKUS transect (for example Figure
4.1), provided the transect is taken at the exact same coordinates as the specific JARKUS transect. The
main differences between Vaklodingen and JARKUS are:

* Vaklodingen consists of 20 x 20m cells, whereas JARKUS is measured along a transect in 1D.

¢ JARKUS data are measured further onshore, yielding better data on dune volume. However,
Vaklodingen data reach further offshore.

¢ JARKUS data are mostly available per year since 1990, whereas Vaklodingen has been measured
every 3 years since 1991. The research comparison period is set as 1991-2021, because this allows
easily interchangeable bottom values from either JARKUS or Vaklodingen.

Figure 4.2 shows depth contours in the background of years 2000 (blue) and 2021 (purple) on the left.
These depth contours indicate -5m NAP depth. The -5m NAP line is in particular interesting, because
the shoal seems to have a flat bed between -4m and -5m at almost every submerged location on the
NUN. Between 2000 and 2021 the -5m contour has moved landward. Furthermore, the -5m contour
was not attached to the coast in 2000, and in 2021 the land- and seaward contour have merged. On the
right the bottom level difference between 1991-2021 is shown. The red areas indicate a higher bottom,
and blue areas have deepened. In front of the Texel coast there is a distinct pattern of bottom increase

on the dunes (Section 4.6), a narrow deepening strip around the water-sand interface, and bottom in-
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Figure 4.2: Left: the background shows a blue contour line, which represents the bottom from the year 2000. It
also shows a purple contour, which represents the bottom in 2021. The Molengat has moved towards shore. Fur-
thermore the sediment flows in and out of the system and the volume change are displayed. The purple box en-
closes transect range 880-1210, which must satisfy the BKL. The Vor,i,-term is coming from the south west, as it
mostly originates from the NUN entering the system. Right: Sedimentation-erosion map between 1991-2021. The
map shows in red the areas that have become higher, the blue areas have experienced deepening. The scale on
the right is height difference in meters.

crease further from shore. This bottom increase is a submerged bank slowly moving towards shore,
and the Molengat channel in between moved towards shore. This effect is better visible between the
Noorderhaaks and Texel, as the Molengat is deeper there. In the middle of the JARKUS transect area
this effect is limited, because the Molengat has slowly filled up.

Method transect profiles

A sediment balance helps gaining understanding of the behaviour of the system. The sediment bal-
ance consists of nourishments applied by humans, natural sediment transport and the net difference of
volume on each transect profile. The volume of nourishments is removed from the observed changes
to gain insight on the behaviour of the system without nourishments, which is the case if the mainte-
nance policy is replaced by a mega nourishment. Subsequently, each transect is divided into 4 parts,
and the volume change in each part is calculated to show where in the profile the changes have been

the largest. This information helps to plan a mega nourishment strategy.
Definition transect profile

A schematic representation of a transect profile is shown in Figure 4.1. The transect consists of 4 parts:
the dune, the beach, the shallow area and the Molengat. The dune is defined as the volume of the first
dune above the +3m NAP line, also known as the dune foot line (DF-line). In this example the DF is
coincidentally located at the RSP-line. The beach exists between the DF and the mean low waterline
(MLW), which has a value of -0.85m NAP at SW Texel. The shallow area has an upper bound at the
MLW and a lower bound at -4.4m NAP. This area consists of a part onshore and for some transects an
offshore part too. The lower bound is explained in Section 4.5. The Molengat is defined as the cross-
sectional area between the -4.4m NAP line and the bed.
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Transect | 880 | 900 | 915 | 930 | 945 | 960 | 976 | 1000

Brranseet | 100 | 175 | 150 | 150 | 150 | 155 | 200 | 125

Table 4.1: Width of transects 880-1000.

Rijkswaterstaat applies both beach and shoreface nourishments in their program. Beach nourishments
are applied starting at the DF-level and going toward shore as far as possible (Brand, Interview, 2022).
This is indicated by the red shape in Figure 4.1. There are no exact coordinates available for the cross-
shore extent of beach nourishments. Shoreface nourishments - indicated in orange - are applied start-
ing at —-5mNAP.

Definition width of transects

The width of each transect is defined by half the distance to both adjacent transects. At transect 900
the adjacent transects are 880 and 915: half the distance to 880 is 100m and half the distance to 915 is
75m, totaling 175m, which is shown in Figure 4.4. All transects except the transects at the edges of the
system have the width calculated the same way. Both transects at the edges of the area only have 1 ad-
jacent transect, so transect 880 has a width of 100m. The width-values of transect range 880-1000 are

shown in Table 4.1. The entire table including the entire transect range is shown in Appendix D.

4.1.2 Sediment balance

This section explains which sediment flows go in and out of the system. The magnitude of each of
the sediment flows is determined in Section 4.4 to 4.7. A sediment balance helps understanding what
would have happened without human intervention in the area. The in-, outflow and storage of sedi-
ment are shown on the left of Figure 4.2. The equation of a sediment balance in the SW Texel area is:

AVvtot = Vnourish,tat + VCT,in + VLT,in - VLT,out - VCT,out (41)

Where:

* AV, is the volume difference of the bathymetry between 1991 and 2021 of all transects. This
term can be calculated from the JARKUS measurements.

® Viourish,tot is the sediment nourished into the system by dredging vessels. This term is known
from RWS data.

* Veor,out is the sediment volume that moves behind the first dune of the coast. In Section 4.3 it is
explained that this volume is negligibly small and is set to 0.

* Ver,in, Vir,in and Vi1 oyt represent the incoming cross-shore transport, incoming longshore
transport and outgoing longshore transport respectively. The size of these individual terms is

unknown.

The sum of the unknown individual terms can be combined into a term that describes the natural vol-

ume change of all transects without interference of the nourishment program V¢ to:- It can be taken
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as the only unknown in Equation 4.1:
Vnat,tot = VCT,in + VLT,in - VLT,out (42)

A‘/;Sot = Vnourish,tot + VNat,tot (43)

The control volume is bounded by the first dune on the coast and the location of the offshore Molen-
gat bank in 1991 which is submerged at around -4.4m NAP. The volume change is calculated per tran-
sect, and the summation of all transects equals the total volume change. The total area alongshore is
between transect 880-1210, as these transects must adhere to the BKL.

Equation 4.3 merely shows the volume change of the control volume between 2 moments in time. To
better understand what happened in the area through time, in the next sections AV;,qpnsect Of each tran-
sect part in the control volume is determined, then the changes of the volume per year are indicated,
and also the spatial distribution of the volume along each transect is analysed in detail. Figure 4.3
shows AV,,ansect 830 Of transect 880 between 1991-2021, where nourishments have been added to the
transect, and Vj,q¢ transect sso in this case is indicated offshore. Since it is a 2D-figure, it does not show
the possibility of a net sediment flow in alongshore direction, orthogonal to the screen of the transect.
The green area indicates erosion since 1991, and the purple area shows accretion since 1991. The green
area corresponds to the blue part between the landward migrating bank as mentioned in Figure 4.2.
Behind the first dune on the left cross-shore transport is indicated as 0. On the right the AV, gnsect 830
of transect 880 is subdivided into the 4 transect parts:

A‘/transect 880 — AVvDune.,transect 880+AVBeach,transect 880+AVMolengat in filling,transect 880+A‘/shallow,transect 880
(4.4)

Where:

* AVDune transect 830 is the volume of sediment that went into the first dune above +3m NAP, as
defined in Figure 4.1.

* AVBeach transect sso is the volume of sediment that went into the beach.

* AVitolengat in filling transect 880 15 the volume that has been deposited into the Molengat channel
below —4.4m N AP. This term consists partly of erosion (green part) and partly of accretion (pur-
ple) and its value represents the net change.

* AVihaliow,transect sgo is the remaining term between MLW and the Molengat (—4.4m) that rep-
resents the volume changes on the transect that are not incorporated by the other terms. In this
example there is partial accretion on the beach (x = 250m — 300m), partial erosion too (v =
300m — 500m), and accretion above the —4.4m N AP-line in the offshore part of the transect
(x = 1000m — 2000m). This last part needs to be considered because the offshore boundary was
set at the 1991-cross-shore Molengat bank location.

In the next sections each term in Equation 4.3 is discussed in detail.
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Figure 4.3: Left: overview of the sediment balance in a transect. The direction of V,,qt,transect sso in this exam-

ple is pointed towards offshore, while it can also be partly directed orthogonal to the screen in alongshore direc-
tion. This depends on the values of the Vi out, Vi1,in and Ver,in, yet these are unknown. Right: subfactors of
AViransect 830- TWO Virolengat in filling,transect 880 @Nd Vsnailow, transect 880 terms are illustrated, as they have a part
that consists of erosion (green) and accretion (purple). The red lines indicate the separation between dune vol-
ume, beach volume, shallow volume and Molengat volume from up to down respectively.

4.2 Nourishment volume (V,,ourish.tot)

The main question in this section is: What has been the history of nourishment volumes at Texel and how
have they been distributed? Rijkswaterstaat has applied 2 types of nourishments in the SW Texel area:
beach nourishments and shoreface nourishments. The cross-shore locations of both types is shown in
Figure 4.1. It would be useful to know what percentage of nourishments end up at each location of the
profile, so it could be checked whether the nourishment program contributes to its goal to maintain the
BKL or not. However, it is difficult to observe changes between before- and after-nourishment bottom
profiles in 2 successive years. This is caused by a combination of reasons:

1. The timescale of processes that cause changes at the location of nourishments seems to be in an
order of smaller than a year. Brand et al. (2022) mention that beach nourishments on average dis-
appear after 2.9 years, supporting the idea that profile changes are significant within 1 year.

2. Measurements of transects are not taken as frequently as the changes occur, which can cause
large differences between 2 successive years.

3. The exact measurement date of the transects is unknown, as Rijkswaterstaat’s dataset has set
them at 1 July artificially.

4. Cross-shore coordinates of the applied nourishments are not logged by Rijkswaterstaat.

It is important to know where nourishments have been applied, and how much has been supplied at
every transect along the SW Texel coast. This helps in understanding how much erosion of the area has
occurred in 1991-2021 because of human intervention and how much could have occurred naturally
(AVnat,tot). Though, this is based on the assumption that the nourishment scheme does not signifi-
cantly change the natural behaviour of the system, so that the nourishments come on top of that. The
Rijkswaterstaat (2022b) Nourishment data set gives the information at what JARKUS transect and how
many nourishments have been applied. The nourished volume is divided into beach and shoreface
nourishments and are shown in Figure 4.4. The left part of the figure shows the overview of the area,
where the transects are indicated by number. The blue shape shows the cross-shore location where
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shoreface nourishments have been applied, and the yellow shape indicates the location of beach nour-
ishments. Table 4.2 shows the used information of the shoreface nourishment in 2003 on the second

line.

#  Transect Start Transect End Year  Volume [Mm”3] Volume over beach width [m"3/m] Type of nourishment

1 880 1063 2005  0.301384 164.6907 Beach
2 900 1148 2003  0.972486 392.1315 Shoreface
3 900 1392 2007  2.00097 406.7012 Shoreface
4 900 1070 2009 04 235.2941 Beach
5 900 1210 2012 0.751589 242.4481 Beach
6 900 1190 2017 0.895 308.6207 Beach
7 900 1298 2021* 1 251.2563 Beach
8 930 1210 1994  0.761204 271.8586 Beach
9 1001 1190 2000  0.35702 188.8995 Beach
10 1038 1143 1997 0.340038 323.8457 Beach
11 1200 1312 2012 05 446.4286 Shoreface

Table 4.2: Nourishment data at SW Texel from Rijkswaterstaat (2022b). With the total volume known, spread out
over a transect range, the volume per meter beach width can be calculated. *This beach nourishment has not
been included in the analysis of Chapter 4, because its impact is not noticeable in the transects of 2021. The nour-
ishment was applied after the measurements were finished.

The total volume of the 2003 shoreface nourishment in Table 4.2 is V,,ourish,2003,t0t = 972,000 m?® and

is smeared out over an alongshore range from transect 900 to transect 1148. As a result the nourished

volume of the 2003 nourishment is about V,ourish,2003 transect = %

meter. This is an approximation, because the coast is curved at transect 1000-1001 and not all transects

= 392.1 m®/m per alongshore

are parallel. Further from shore the distance between transect 1000 and 1001 increases, meaning that
the nourished volume on the foreshore is spread over a larger distance, leading to a slight overesti-
mation of the calculated shoreface nourishment volume. When the total nourished volume per me-
ter beach width alongshore is summed for all nourishments that have ever been applied in the project
area, the result is Vi, ourish transect sShown the right graph of Figure 4.4. The graph shows how much cu-
mulative volume has been nourished from transect 880 to 1210 since 1991. The data also shows that no
nourishments have ever been applied in this area before 1994. The cumulative nourished beach vol-
ume Viourish transect,beach 15 largest around transect 1033-1053, which is the location where the NUN
also attached to the coast of Texel.

Using both the width of each transect from Table 4.2 and the volume difference per meter beach width
Viourish,transect, the total nourished volume at SW Texel V,,oyrish 1ot can be calculated. From Rijkswa-
terstaat (2022b) Nourishment data, the total nourished beach volume V;,ourish tot beach in the area was
calculated to be Vyourish, tot beach = 3.813%10° m?, the nourished shoreface volume is V,,ourish, tot,shore2-318%
10° m?3, amounting to a total nourished volume of V,ourish t0t6.131 * 106 m?>.
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Figure 4.4: The left figure shows the location of the applied nourishments at SW Texel and the numbered tran-
sects. The width of transect 900 is illustrated in the figure. The right graph shows the cumulative nourished volume
of the same transect area per m alongshore beach width V,,ourish,transect-

4.3 Volume difference in 1991-2021 (AV,)

The volume difference for each transect AV, qnsect i Was already shown in Figure 4.3. For transect 880
it is calculated by:

A‘/transect 880 — ‘/2021,t7'ansect 880 — V1991,t7'ansect 880 (45)

The definition of the cross-shore boundaries of V5021 transect i and Vigo1 transect i is important, as the lo-
cation significantly impacts the size of the volume changes, see Figure 4.5 and 4.6. The boundary must
be defined for all transects and also be far enough offshore to incorporate the effect of the landward
migrating Molengat banks. The cross-shore boundaries are set on:

* A cut-off point behind the first dune. Appendix C.1 shows all transect developments through
time, and they all show that the volume increase behind the first dune is negligible. One example
is Figure C.9. As a result, on this boundary the outgoing cross-shore transport Vo out = 0.

¢ The offshore boundary is set at the 1991 location where the Molengat intersects the —4.4m NAP

line, as explained in Section 4.5. This is the seaward bank of the Molengat.

Next, the total volume difference between 1991-2021 for each transect AV, qnsect can be calculated. The
volume difference shown in Figure 4.6 is positive everywhere (accretion), but it depends on where the
offshore boundary of the system is chosen. The current offshore boundary is located at the Molengat
seaward bank, and the corresponding volume difference is called AV cqward, transect- It is also possible
to choose the offshore boundary at the landward bank of the Molengat, as shown in Figure 4.5. As a re-
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Figure 4.5: The offshore boundary is at the Molengat landward boundary instead of the seaward boundary. As a
result, the volume changes in Figure 4.6 are much smaller. Boundaries are indicated by the vertical black lines.
Erosion is indicated in green, and accretion in purple. The red lines indicate the separation between dune volume,
beach volume, shallow volume and Molengat volume from up to down respectively.

sult, less volume enters the system - mainly due to the Molengat infilling being excluded. The volume
difference resulting from the landward bank boundary - AVjondward, transect - is shown on the right of
Figure 4.6. As a result, the area between the dune and the landward Molengat bank eroded in transect
range 945-976 and 1013-1043. Both graphs are important, as the right graph shows where erosion has
happened close to the coast where the BKL must be maintained. The left graph is important to show
where large quantities of sediment are slowly migrating towards the Texel coastline. Knowing where
large quantities are moving towards shore helps to prevent unnecessary selection of a location for fu-
ture interventions if the coast will be nourished naturally on the long term without human interven-
tion. In transect range 945-1053 the onshore volume changes are most disadvantageous (right graph),
and the lowest volume of sediment is moving towards shore (left graph). The values of the left graph
are shown in Table G.1 and G.2. The total volume change AV, is the sum of the volume change of all
transects AV,,; = 8.22 Mm?3 between 1991-2021.

The remainder of this research uses the seaward boundary of the Molengat in volume calculations,
and AVseqward, transect is therefore also mentioned as AV gnsect. Next to just volume differences it is
important to look at the other sub factors of AV}, sect to see how the changes happened spatially in
each transect.
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Figure 4.6: Left: AVicaward, transect if the offshore boundary is chosen at the sea bank of the Molengat channel
with the -4.4m line (right graph Figure 4.3). Right: AVigndward,transect if the boundary is chosen at the landward
intersection point between the Molengat channel and the -4.4m line (Figure 4.5). Both graphs include the effect of
applied nourishments.

4.4 Natural transport term (Vs ransect)

AVior and Vi ourish, tor are known, meaning that Vi, 1or can be calculated using Equation 4.3. In the
preceding sections the volume changes include the applied nourishments in the area. Vi, 10t repre-
sents how much would have likely been accreted if the nourishment program was not applied. This

is relevant when the current nourishment scheme is replaced with a mega nourishment. It is not pos-
sible to determine how the coast would have changed without nourishments to an exact degree, since
the addition of nourishments could also change sediment transport gradients alongshore. According
to Coelho et al. (2020) nourishments generally cause a smaller shoreline retreat and an increase of the
cross-shore profile volumes during a limited period of time. This supports the assumption that the ap-
plied nourishments did not change the behaviour of sediment transport significantly. Figure 4.7 shows
on the left the Vgt transect in pink when the offshore boundary is chosen at the seaward bank of the
Molengat. When Vit transect > 0 and the nourishment scheme is aborted, there is accretion, and for
VNat transect < 0 without a nourishment scheme, there is erosion. The right graph shows the same, but
for when the boundary is chosen at the landward bank of the Molengat. In this case there is only small
accretion at transect 880 when looking at Vet transect 880, and there is erosion for all other transects.
The actual volume changes including the nourishments are indicated by the black lines, which are the
same as in Figure 4.6.

The erosion and accretion pattern without the nourishment scheme Vgt transect depends on the loca-
tion of the chosen boundary, because of the landward migrating shoal - the NUN - in front of the coast.
The movement of the shoal is important to determine what the optimal location of an intervention in
the area would be. The right graph shows there is erosion in the nearshore area of all transects when
the nourishment scheme is aborted and the erosion is maximum between transect 945-1053. Since this
range cannot expect natural nourishment by landward movement of the Molengat, it is reasonable to
choose this location for a system intervention. The left graph shows that when looking at the move-
ment of the shoal towards shore, the area of 945-1053 would still have experienced erosion without the
nourishment program. Additionally, the observation of Figure 2.1 that the BKL is not satisfied between
transect 940-1080 provides extra support to apply an intervention in transect range 945-1053. The dis-
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Figure 4.7: If the nourishment program at each transect V,,ourish,transect 18 Subtracted from the volume changes
at each transect AV, ansect, it Shows in what transects erosion would have occurred naturally Vit transect. Left:
the cross-shore boundary is chosen at the seaward Molengat bank (subscript sea), and without the nourish-

ment scheme there is erosion between transect 945-1053. Right: the cross-shore boundary is set at the landward
Molengat bank (subscript land), leading to a nearshore erosion profile almost everywhere without the nourishment
scheme.

satisfaction of the BKL is instantaneous, and is generally alternating between satisfied and dissatisfied
within the short term (O(5yr)), yet it still highlights short term need for a mega nourishment at this lo-

cation.

The next sections discuss the sub-factors AVDune,transect/ A‘/Beach,transect/ AVvI\/[olengat infilling,transect
and AVshaiiow, transect to gain understanding in how the volume changes for each transect AV, qpnsect
are spatially distributed.

4.5 Molengat infilling volume (AVisoiengat in fitting transect)

The previous sections focused on the sediment flows, and the next sections highlight the volume changes
in 4 parts of the profile of each transect. As a result, alongshore variability in volume changes can be
identified. The first factor is the the Molengat infilling. Figure 4.5 shows that the infilling of the Molen-
gat consists of landward bank erosion and seaward bank infilling. The sum of these 2 is the infilling of

the Molengat. This volume change per meter beach width AVaroiengat in filling,transect i calculated by:

AVJ\lolengat infilling,transect — V]VIolengat in filling,2021,transect — V]Wolengat infilling,1991,transect (46)

Calculating the infilling rate is better than calculating the migration rate of the offshore seaward bank,
because the bank becomes steeper and the infilling rate is about the entire cross-section. The cross-
section of the Molengat Visoiengat in filling transect 1S defined as the area between z = —4.4m NAP and
the bottom underneath, see Figure 4.8. The value of z has been chosen because of 2 reasons:

1. To determine a correlation between time and Visotengat in filling transect there must be enough data
points, so the level must be chosen as low as possible to find an offshore boundary point.

2. The value must be as high in the profile as possible, because otherwise the Visoiengat in fitling transect
value becomes too low to show a correlation with time. The Molengat closure seems to be at a

constant pace.
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The landward intersection point is located onshore at approximately 450m from the RSP, the offshore
intersection point is located offshore starting at 2000m and slowly migrating towards shore. In tran-
sect range 1128-1210 the Molengat offshore bank is deeper than —4.4m, so the offshore bank was deter-
mined manually by looking at the transect profiles. In these transects the Molengat has already been
filled (see Appendix C.1), so they can be used to explain how the Molengat closes.
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Figure 4.8: In the early 1990s the landward intersection of transect 880 moved towards shore. Starting around
2006 the intersection started moving seaward slightly offshore. Meanwhile, the offshore intersection point moved
landward and simultaneously made the Molengat shallower.

451 Calculation of VMolengat in filling,transect

The Molengat infilling volume for each transect Visoiengat in fitling, transect is relevant to know how large
the influence is on AV;;.qnsect for each transect. Together with the other sub factors, the Visoiengat in fitling transect
is shown in Figure 4.18. This value is calculated using Equation 4.6.

For all transects that do not have a Viroiengat in fitting 2021,transect= OF VMotengat in filling 1991 transect-value
in JARKUS data, the Vaklodingen data is used to determine the value. The total volume infilling of

the entire Molengat within this project range AVisoiengat in fitling,tor can be calculated by multiplying
each individual transect volume with the transect width By, qnsect from Table D.2 and then summing
all values, see Equation 4.7:

n

A‘/Molengat infilling,tot = § (AVMolengat infilling,transect,i * Btransect,i) (47)

i=1

In transect range 880-1210 the AVisoliengat in filtingtot = 6.21Mm3>. The volume values per transect are
plotted in Figure 4.18 and can be found in Appendix G.
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4.5.2 Molengat fill date projection

When the Molengat cross-section Viroiengat in filling,year transect i calculated for each year of the JARKUS
transect at 1 location, it can be plotted over time. This is shown in the upper left of Figure 4.9 for tran-
sect 880. Subsequently, a linear line is fit through all data points and extrapolated for future years. The
R2-value of the fitted line is 0.985. An R?-value of 1 means the a direct correlation between time and
volume, and with a value of 0.985 the line can be concluded to be accurate. Therefore, if the data for

this transect is extrapolated to the future, the trend forecasts that Visoiengat in fitting transect 880 will be 0
in 2029, meaning that the Molengat is completely filled.
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Figure 4.9: Linear fit and prediction of Molengat infilling at an example transect for each sub area in T1-T4. In tran-
sect 880 in T1 the Molengat will be closed at this location in 2029.

The Molengat fill date projection can be repeated for all transects, and these results are collected in Ap-
pendix E. For each alongshore location it is determined when the Molengat is likely to be filled. This is
shown in the graph of Figure 4.10. On the left transect area 880-1210 is shown in blue, and transect 703-
880 in red. The latter range is included to show the changes behind the Noorderhaaks in the Molengat.
The reason is that in the past another shoal at the coast migrated towards shore, so the Noorderhaaks
might affect Molengat development too (Elias, 2006).

Based on the fill date projection of Figure 4.10 transect range 880-1210 can be subdivided into 4 char-
acteristic ranges T1-T4. Additionally, TE1-TE3 are formulated only for Molengat projected in transect
range 703-880. Since these transects are on a curved part of the coast, only the volume differences of
the transects Visolengat infilling transect are considered. The ranges are defined in Table 4.3, and they
show that a transect in T1 will likely be filled on the short term by the mid-2030s, T2 on the long term
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Figure 4.10: Overview transect areas TE1 to T4. On the right the alongshore graph is shown of the Molengat pro-
jection fill date. This filling date is the criterion that separates TE1-T4.

in the 2050s, T3 has been filled recently around 2020, and T4 has been filled around 2010. For T1 the
R?-value is high, making it highly likely the Molengat will close by 2035 at this location.

In transects 703-880 the Molengat is much deeper than transect range 880-1210. This is one reason why
it takes multiple decades more than transect 880-1210 to be completely filled. Within this range it is
questionable if TE2 is going to close, because the cross-section has remained constant since approxi-
mately 2010. The reason is that around 2003 a new ebb-tidal channel started to develop on the NUN,
causing the offshore Molengat bank to move offshore and increase the cross-section, as shown in Fig-
ure 4.12. Additionally, TE1 has a slightly lower R?-value than the other ranges. This is because transect
703 and 704 did experience less Molengat filling around 1990.

Just like TE2, T2 is a remarkable transect range. The R?-value is also much lower and the linear ap-

Sub area Transect Range BKL requirement Molengat filling date Average R*-value

TE1 703-707 No 2070 0.872
TE2 707-820 No 2080 0.659
TE3 820-880 No 2032 0.985
T1 880-930 Yes 2035 0.942
T2 930-1013 Yes 2055 0.638
T3 1013-1108 Yes 2023 0.924
T4 1108-1210 Yes 2010 0.924

Table 4.3: Transect ranges based on projection fill date of the Molengat channel.
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proach does not fit as well to the data as other ranges. This is because the Molengat offshore bound-
ary moved offshore in T2 around 2003-2005, see for example Figure 4.11, and as a result the future
projection at this location is likely overestimated. Figure 4.12 shows the location and development

of this ebb-tidal channel. The graph on the right shows the volume increase because of the offshore
bank movement, and as a result the linear fit has a lower R?-value. The reason for this offshore move-
ment could have been that a pre-existing small ebb-tidal channel just north of the Noorderhaaks was
closed around that time, meaning that the entire ebb-current then started to flow out in T2. This could
have halted the onshore migration of the offshore Molengat bank and caused a short back-and-forth
movement. Since the closure of the small ebb tidal channel the new ebb-tidal channel described in
the previous paragraph has started to grow on the same location on the NUN and the landward mi-
gration of the Molengat bank has restarted migrating towards shore in T2. However, since 2005 the
VMolengat infilling linearly dropped in these transects, making it seem that the linear relation would
hold after this trend break.
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Figure 4.11: Left: Transect 960 from T2. In 2000-2005 the offshore boundary moved seaward (A), and thereafter
it restarted migrating towards shore (B). Right: The offshore movement increased the Molengat cross-section and
therefore disturbed the linear fit through data points. A second fit (black line) that only uses data after this event
would estimate a Molengat closure around 2055.
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Figure 4.12: Left: Overview of location of ebb-tidal channel. Right: Development of ebb-tidal channel based on
Vaklodingen data. The x-axis is the distance in meters from the cross section starting point (upper left). The y-axis
shows the bottom level with respect to NAP. The ebb-tidal channel has flattened the initially steep Molengat bank
connection with the NUN
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The development of the new ebb-tidal channel has caused the R?-value of the infilling-graphs to be
lower in TE2. Since the new tidal channel is cutting the Molengat bank, its sediment supply to fill the
Molengat channel could be interrupted in the future. Currently, no effect is noticeable in the Molengat
cross section values in Appendix E, but this development might delay the attachment of the NUN to
the Texel coast by 2035 in TE3 and T1.

From the JARKUS data it is impossible to conclude what processes have caused these changes. To an-
swer which processes are responsible, sediment transport is simulated in a model, which is explained
in Chapter 6. Furthermore, few data points in transects from before 1990 are available (see Appendix
E), implying that the Molengat migration has started before the application of the Dynamic Preser-
vation Act and was unaffected by the nourishment program by Rijkswaterstaat. This means the pro-

cesses were ongoing before human intervention.

In existing literature there are not many predictions about the attachment of the NUN to the Texel
coast. Elias (2021) gave the prediction of under water attachment of the NUN to the Texel coast in 2030.
Graphs in this research confirm that in TE3 and T1 the Noorderhaaks would attach by 2035, but attach-
ment in T2 takes much longer. This means that T2 will experience the current erosion for the foresee-

able future, which emphasizes the need for an intervention in this area.

4.6 Dune and beaCh VOlume (AVDune’t'pansect and AVBeach7tra,nsect)

4.6.1 Calculation of AVpune transect @A AVpeach transect

The 2 terms at the top of the transect profile are AVpune transect and AVBeach transect- The dune is de-
fined landward of the dune foot level, and the beach is defined between the dune foot and the MLW-
line, as shown in Figure 4.1. The change in dune volume is displayed in the left graph of Figure 4.13.
It is the area between 2021 (green line), 1991 (red line), between the landward boundary (vertical black
line) and the most offshore dot of the dune foot (horizontal blue line).

The landward boundary of the dune and its position is selected manually for each transect by select-
ing the point where the transects of 1991 and 2021 start overlapping in landward direction. Behind the
overlapping point the dune profile has remained more or less constant. This is illustrated by the tran-
sect on the right: landward of the —150m-coordinate the dune has not changed in profile height, so it
can be assumed that there has been no cross-shore transportation of sediment behind this point. This
explains the assumption in Figure 4.2 that Vo7 o+ = 0 and applies to all transects. All transects’ de-
velopments in Appendix C.1 show that the overlapping point is behind the first dune. This point is
chosen manually, because not all transects have data that extend far enough onshore to set the overlap-
ping point at the same location.

Next, the volume difference AVyyne transect is calculated using the following equation:
Avdune,transect = Vdune,transect,QOQl - Vdune,transect,1991 (48)
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AVdune transect 880 and AVbeach,U‘ansect 880 in 1991 — 2021 ['Transect’, 880.0, 'development in Jarkus']

DF

1991
2021
MLw

15

10

. RN

-10

Level relative to NAP (m)
Level relative to NAP [m]

-200 -100 0 100 200 300 400 500 -500 0 500 1000 1500 2000 2500 3000
Distance to RSP in m Distance to RSP in m

Figure 4.13: Left: beach volume growth is defined by the MHW-line and MLW-line, which are indicated in blue and
purple. Beach volume increase is positive when the dune grows into seaward direction. Dune volume increase is
indicated by the green shape above the DF-line and seaward of the overlapping point of the 1991 and 2021 tran-
sect, which is the landward boundary. Right: overview development of transect 880. At —150m from the RSP the
second dune starts, and through time it has shown no volume changes behind this point. This point is the overlap-
ping point.

Where:

* Viune transect,1991 [%3] is bounded by the manually selected landward boundary and the inter-
section point of the DF-level z = +3m NAP. In Figure 4.13 these are x = —150m RSP and
xr = T75m RSP.

® AViune transect,2021 [m>/m] is bounded likewise, but the seaward boundary is here x = 110m RSP.

* The dune in this example has moved seaward and thus increased in volume, so AVgyne transect 1S
positive. Its value AVgune transect sso = 899[%3].

Next, the beach volume AVieqch, transect is calculated. This is done similarly to the dune volume:

A%each,trunsect = %each,transect,2021 - V;)each,transect,lQQl (49)

AVheach, transect 1S the value between the 1991- and 2021- DE- and MLW-line, as shown in Figure 4.13.
Since JARKUS-measurements have a spacing of 5m in cross-shore direction, the measured z-values are
never exactly on DF- or MLW-level, so the values are interpolated linearly. Between 1991-2021 transect
900 has partly accreted and eroded, and the total Vicqch, transect 900 = 84.7%3.

The process of calculating AVgyne transect and AVieqeh transect is repeated for each transect in the tran-
sect range of 880-1210. The volume change for each transect is shown in Figure 4.14. The dune growth
is in the order of 500"‘;3 in all transects except transect 945 and 1033. The beach growth is an order of
magnitude smaller: it is slightly eroding in transects 930-1033 and slightly accreting in transects 880
and 1093-1210. This sub factor is also shown in Figure 4.18.

It is remarkable that the dune growth at transect 945 and 1033 is limited, because the total amount of
nourished volume has been equally much as the surrounding transects (see Figure 4.4). The limited
dune growth can be explained by 2 things:

1. The initial steepness of the dune in transect 945 (1:2) was larger than the steepness of surround-

ing dunes (O(1:4)), see Figure C.5. Aeolian sediment transport capacity is lower when the slope is

35



Dune volume change from 1991 - 2021
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Figure 4.14: Left: Alongshore overview of the calculated volume changes of both the dune and the beach. Right:
location of parking lot at transect 1033 (photo on the right, adapted from Google Maps).

steeper (De Vries, 2013). Thus, it can be argued that in the same time, under the same wind con-
ditions the volume change is smaller in this transect.

2. There is a sediment sink present that reduces the volume of the transect. This is true for transect
1033 (Figure C.11), because the entrance to the beach is kept open. The deposited sediment gets
removed by bulldozers from the entrance and from the parking lot. The width of the parking lot
is however limited: it does not represent the entire transect, even though the measurement of the
transect would imply so. Therefore, the volume change per meter beach width for this transect
AViune transect 1033 in Figure 4.7 is underestimated. The underestimation can be estimated based
on the ratio % to be the order of 0(100%3).

In Section 4.5.2 the area was divided into transect ranges T1-T4. Figure 4.15 shows both the dune and
beach development in the period 1991-2021 for 1 representative transect of each sub area. In T1, T3 and
T4 the dunes have increased in steepness and moved seaward, while the T2-dune moved landward.
All dunes increased in height.

The total accreted AVpyne tor and AVpegen tor can be used for the sediment balance and are calculated
using the same method as the Molengat infilling:

n

AVvDune,tot = Z(AVDune,transect,i * Btransect,i) (410)
i=1
n

AVBeach,tot = Z(AVBeach,transect,i * Btransect,i) (411)

i=1
Where:
® Biransect,i is width of each transect ¢ in [m], given by Table D.2.

The total dune volume change of the system AVyyne tor = 1.81 Mm?, meaning the dunes have grown.
The transect values that contribute to this number are shown in Appendix G. In a similar manner the
total beach volume of the system AVjcqen tor amounts to —0.093 M m3, meaning the beach volume has
reduced. This supports the explanation of increasing steepness in the profiles. Figure 4.15 shows that

the beach profile has lowered and simultaneously moved towards sea between MLW and DF-level.
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Figure 4.15: Dune development from 1990-2022 in T1 (900), T2 (960), T3 (1073) and T4 (1148).

Since the total beach volume is an order of magnitude lower than the beach, its development through

time is not considered in the next section.

4.6.2 Dune development through time

Like the development of the Molengat volume, the development of dune volume changes through
time gives insight in the behaviour of dune development. Pre-1990 JARKUS data was only sufficient
for the Molengat infilling calculations to confirm that the Molengat closure was an ongoing process
before the nourishment program started. Similar behaviour is described by comparing dune volumes
before the start of the nourishment program with changes after the start of the program.

Dune volume pre-1990

The pre-1990 JARKUS data consists of other transect numbers than the post-1990 data. Therefore, the
pre-1990 data of the already-considered transects are not adequate for a pre-1990 comparison. All pre-
1990 transects are shown in Appendix C.2, of which a representative example is plotted in Figure 4.16:
transect 1003.

Transect 1003 is shown for period 1965-1980. It shows the retreat of the front dune, its slope became
milder and the dune top reduced. Since no overlapping point can be determined between the profiles
of all years, the exact volume reduction cannot be determined. If the assumption of no volume loss
behind the first dune (Vor, oyt = 0) holds true in these years, then the general trend was a reducing
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Figure 4.16: Pre-1990 JARKUS data at transect 1003. It shows the retreat of the dune in the period before the
BKL started to be managed. The coast shows a diminishing trend in volume, steepness and height.

dune volume. This trend flipped to dune volume increase after the start of the nourishment program.
Dune volume in 1991 - 2021 and future

Since the start of the nourishments and the Dynamic Preservation of the BKL in 1990 the dunes in-
creased in volume, which is shown in Figure 4.15 and 4.17. This change in transect profiles is likely
caused by the application of beach and shoreface nourishments, since the dune volume started to in-
crease after the application of the first nourishments in 1994, see Figure 4.17. The possibility of aeolian
sediment transport from the beach to the dune is supported by the main wind direction being onshore,
see Figure 2.11. It is unknown to what extent the shoreface nourishments cause sediment transport
towards the dune. Since beach nourishments are closer to the dune than shoreface nourishments, it

is likely the largest part of dune volume increase originates from beach nourishments, and less from
shoreface nourishments. This is however a hypothesis that requires more research. Nonetheless, based
on the overlapping starting date of dune volume increase and the start of the nourishment program, it
can be calculated that the dunes have grown by a volume that is equal to 29.9% of the nourished vol-
AVbunetor _ 1836 _ 99 907

Ume: 3 entor  6.131

Dune volume growth can only be calculated for data post 1990. When these developments are plot-
ted over time in Figure 4.17, it therefore includes the effect of the nourishment program. Transects 900
(T1), 1073 (T3) and 1148 (T4) show an almost linear increase in dune volume. Transect 960 (T2) started
in a linear trend too, but the dune volume has remained constant since 2000. A possible explanation
is that the current profiles in T2 have steepened so much that the aeolian sediment transport capacity
reduced, similar to transect 945 (De Vries, 2013). Simultaneously, the dune started to retreat landward,
meaning the front lost volume, while the volume growth at the top reduced. This combination could
explain the constant volume of the dune. The steepness in T2 has not yet been reached in T1, T3 and
T4. Transects in T2, T3 and T4 started increasing in volume in 1995, which coincides with the applica-
tion of the first beach nourishment at those locations (see Appendix D).

The future projection of dune growth and dune stability requires further investigation. From this study
it can be concluded that the dunes are likely to start losing sediment if they do not receive any future

nourishments anymore. This is relevant when the current nourishment program is replaced by a mega
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Figure 4.17: Dune volume development for representative transects in T1 (900), T2 (960), T3 (1073) and T4
(1148). Dune volumes started increasing after the application of the first beach nourishment in T2-T4. In T1 the
increase could be explained by alongshore sediment transport.

nourishment. However, the mega nourishment aims to supply sediment to adjacent transects that did
not directly receive part of the nourishment on their transect. This could result in long term sediment
supply and therefore limited dune volume loss in the area. Furthermore, it can therefore be expected
that transects that are within the mega nourishment range will continue dune growth till the maxi-

mum steepness is reached.

4.7 Shallow volume (AVshaiion)

From Equation 4.4 all terms have been discussed, except the volume per transect between the MLW-
level and the limit of the Molengat at —4.4m N AP: Vspaiiow transect- This term is calculated by:

AVt‘:}hallow,transect = A‘/transect - AVdune,transect - A%each,trunsect - Aernolengat in filling,transect (412)

As explained in Figure 4.3, AVgpq1101 consists of 2 parts: the accretion in the Molengat above —4.4m
near the sea bank boundary, and the onshore erosion or accretion. Since this term is split, its value
depends on the location of the offshore boundary, as mentioned in Figure 4.7. Figure 4.18 shows the
value of AVspaiiow,seaward,transect in the purple line for both the whole profile (boundary at Molengat
sea bank) and AVspaiiow landward,transect Small profile (boundary at Molengat land bank). Additionally,
it summarizes the alongshore volume changes of AV ansects AVarolengat infilling transects AVBeach, transect

and AVpune, transect.

Similar to AViroiengat infilting,totr AVaune,tot a0 AVieach tot, the value of the total volume change in the
system of the shallow area AVgpaiiow,tor 1S calculated by the sum of the product of the transect-value
AVshailow transect and the transect width:
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Figure 4.18: Left: all sub factors that contribute t0 AViyansect,seaward- The sub factor values for each tran-
sect have been calculated using Equation 4.5, 4.6, 4.8, 4.9 and 4.12. Right: all sub factors that contribute to
AViranseet,landward- N this calculation the offshore boundary is at the landward bank of the Molengat.

n
AVt‘S‘hallou).,25075 = Z(AVShallow,transect,i * Btransect,i) (413)
i=1

The value of AVshaiiow tot = 0.2614m3 when the sea bank of the Molengat is used as offshore bound-
ary. The values of each subfactor of each transects are shown in Appendix G.

The offshore part of AVghaiiow transect,scaward ONLy exists in transects in transect range 880-945, see T1
in Figure 4.19. This accretion volume is significantly larger than the onshore part, and explains why
AVshailow transect,seaward i the left graph of Figure 4.18 is much larger in this range. In the right graph
it is shown that the nearshore AVghaiiow transect.iandward-part is negative, meaning the nearshore area
has eroded.

Figure 4.19 shows an overview of AVgpaiiow, transect in all transects ranges T1-T4, based on Vaklodin-

gen data. All transects can be found in Appendix F. In T1 and T2 the erosion values AVspqiiow, transect

in Figure 4.18 are larger than in T3 and T4. In T3 and T4 the Molengat is close to complete filling and

has finished closing already. The Molengat closure might therefore be a preceding indicator that future
nearshore erosion will reduce. This observation is based on a small area, and would require more ex-

tensive research to support the same assumption for T1 and T2. In T3 and T4 the bottom in AVgnaliow transect
was approximately 0, while beach and shoreface nourishments were applied too. When the current
nourishment scheme is replaced by a mega nourishment, the goal is to have the mega nourishment dif-

fuse sediment alongshore in the shallow range such, that it compensates the erosion that would occur

when no nourishments are applied.
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Figure 4.19: Overview of AVshaiiow,transect iN €ach transect area in T1-T4 between the 2 blue lines. In T1-T2 the
Molengat is still closing, and there is significant erosion on the Molengat land bank. In T3-T4 the Molengat has
already closed and the erosion is much more limited.
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5 Delft3D model set-up

This chapter focuses on how the current system and the mega nourishment can be setup in a model, as
shown in Figure 1.1. The mega nourishment at the coast has the goal to nourish the adjacent coastline
through alongshore diffusion of sediment. The impacts of the nourishment are determined by building
a process-based model in Delft3D-software. In order to accurately setup the model, first the research
questions regarding the model are stated in Section 5.1, followed by an explanation of the basics be-
hind Delft3D (D3D) in Section 5.2. Section 5.3, 5.4 and 5.6 discuss the input in the model and Section
5.5 checks the numerical stability of the model.

5.1 Model research questions

To accurately define the contents and detail of the model, the main question needs to be answered:
How would a mega nourishment at the coast change erosion and accretion patterns alongshore?

In Section 2.3.2 the hydrodynamic classification according to Davis and Hayes (1984) was determined
to be dominated by mixed energy from tide and waves. Therefore, the model needs to consider both
waves and tidal flow. Furthermore, there are multiple aspects regarding the boundaries of the model.
The main modelling question can be subdivided into multiple sub-questions:

1. What is the modelling domain? [C5.3]
2. What processes are considered in the model? [C2.3.2]
3. How is each process modelled? [C5.4, C5.6]
4. What processes cause most sediment transport? [C6.2 - C6.3]
(a) How do waves and currents affect sediment transport? [C6.1, C6.3]
(b) Taking into account the frequency of storms, what is the difference in effect of calm wave
conditions compared to storm wave conditions? [C6.2]
(c) How is sediment transport affected by waves coming from the NW or SW? [C6.3]

5. How does sediment transport change after the application of a mega nourishment? [C6.4]

The next sections answer questions 1-3 and Chapter 6 answers questions 4-6 with an analysis of the
model results.
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5.2 Principles of Delft3D

Delft3D is a process-based model that follows the processes as shown in Figure 5.1. First, the model
requires a grid with at each cell a defined depth. Next, boundary conditions are imposed to simulate
waves and a tidal flow. The waves and tidal flow interact with each other, so they are coupled. To-
gether, they provide the information to calculate the sediment transport magnitude and direction at
each grid cell. This is the final step of this model. Other modules in D3D have the option to add a fi-
nal step that calculates the bottom change resulting from sediment transport. This step of calculations
with bottom updates in this area is prone to severe uncertainties depending on the use of simplifying
physical assumptions (Bertin et al., 2007). Since this project area is geometrically very complex due to
the presence of the ebb tidal delta, tidal channels and the inlet system, the bottom updates could yield
unreliable results. Therefore, this research looks at the sediment transport changes alongshore to assess
the impact of the mega nourishment. This approach is also known as Initial Sedimentation Erosion

Simulation or ISE.

Bathymetry

|
! v

Waves o Flow

¥

Sediment transport

Figure 5.1: Processes in the Delft3D model are calculated in the indicated order.

Due to time limitations in the research the level of detail in the model is limited. As a result, it is opted
to let D3D-FLOW+WAVE simulate a two dimensional model. D3D-WAVE uses a SWAN model to
compute the wave field from a characteristic wave condition that is applied at the boundaries of the
model. D3D-Flow simulates 2DH (depth-averaged) unsteady flow and transport by solving the shal-
low water equations using an Alternating-Direction Implicit numerical scheme. The shallow water
equations are applicable because the tide in the North Sea has a wave length L = O(450 km) and the
depth is limited » = O(50 m). Shallow water is defined as % < 0.05, which is a satisfied condition
in the North Sea. The shallow water equations consist of the continuity equation and the momentum
equation in 2 directions. The equations are taken from the Delft3D-Flow Manual and adapted to this
2DH-specific case (Deltares, 2022).

The D3D Continuity equation reads:

% 4 1 a((d+C)U\/ Gm/) + 1 8((d+C)V\/ G&E)
Ot \[Gee /G ¢ VGee on

=(d+Q)Q (5.1)

In this model there are no external sources or sinks of the water quantity ), meaning that term equals
0. Finally, since the grid is rectangular, no grid correction is needed, leading to a correction factor G, =
1 and G¢¢ = 1. In this case £ and 7 represent the - and y-directions. The simplified equation reads:
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Where:

¢ = Water level with respect to NAP and positive above NAP [m].
t = Time [s].

d = Depth from bottom to NAP [m]. Deeper bottom means a more positive d.
h = ¢ + d = Total depth [m].
U,V = Depth averaged velocity in respectfully z- and y-direction [m/s].

For the momentum equation 4 assumptions are made. First, a constant water density is assumed, so

that no spatial temperature and spatial salinity differentials cause density-flows. Second, a constant
Coriolis force is assumed. Third, the shear stress in a 2D depth-averaged flow is assumed to be a quadratic
bed friction term. Finally it is assumed that there are no external forces of momentum by for instance

the application of discharge as a source in the model area. The D3D momentum equation in 2D reads:

ou oU _oU & gUNTZ + V2 PU 02U

o Vo TVoy = etV T Tavger T e o) =0 59
U 1% ov. A gVJUZ + V2 PV 0PV,
o VeV e VT Targe T ) =0 o4

Where:

* g = Gravitational constant [m/s?].

f = Coriolis parameter [-]. This depends on the latitude and Earth’s rotation and is constant in
this research.

C = Chézy coefficient [@]

* v = Horizontal eddy viscosity [m?/s]. The term Z/H(% +

8%V
0y Oy

) includes turbulence.

The D3D-WAVE model transforms a wave condition at the boundaries of the model towards shore and
calculates the evolution of the wave spectrum. This is done using the 2D wave action density spectrum
(Deltares, 2023). This equation reads:

0 0 S

Where:

N = action density: this is the energy density divided by the relative frequency.
* ¢y, ¢y, Cq, Cy = propagation velocity in x—, y—, o— and #—space.

* o = relative frequency: a frame of reference moving with the particle.

6 = wave direction.
* S =source term that represents generation and dissipation of energy and non-linear wave-wave
interactions.
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Within the source term S there are processes that can be enabled, such as whitecapping and wind growth.
These are discussed in Section 5.5.

The D3D-Flow and D3D-WAVE models are coupled, where in the first time step the FLOW compu-
tations are executed, and the results are used as input for the WAVE-calculation. The results of the
WAVE computation are subsequently used to compute the next 60 time steps of the FLOW model. This
process is repeated for the entire simulation time. In Section 5.5 it is explained that the time step is 1
minute, meaning the FLOW and WAVE module communicate once every hour.

5.3 Model domain

To identify the effects of the application of a mega nourishment, 2 model situations are tested: a model
without additional nourishments, and a model including a mega nourishment. Within both cases it is
investigated what processes cause most sediment transport. The model domains of both models are
identical, except for the increased bottom at the mega nourishment.

Due to time constraints of the research, an already available model grid and accompanying depth
values in each grid corner point created by Rijkswaterstaat is being used: the model schematization
Delft3D-FLOW_Waddenzee-PACE_j09_v06. This model contains a grid of the entire Wadden Sea, as
shown in Figure 5.2. The depth profile for each grid cell is taken from the 2021 Vaklodingen data. The
red box indicates the SW Texel area that is shown in Figure 5.4: only a small part of the entire grid is
part of the area of interest. This model originally contained bathymetry from 2009, but this has been
updated with the most recent Vaklodingen data of 2021 (Rijkswaterstaat, 2022).
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Figure 5.2: Entire model grid of the Wadden Sea with a spatial resolution of 200m. Depth is indicated in m and
taken from Vaklodingen data in 2021 (Rijkswaterstaat, 2022)

The grid cells of the model are slightly rotated. The model makes use of a rectangular grid. Each grid
cell has a resolution of 200 * 200m. Furthermore, the grid is 2D, meaning there are no multiple vertical
layers in the water or soil.
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5.3.1 Design of mega nourishment

This section answers how a mega nourishment could be applied in the system. Firstly, a location is re-
quired, then the volume is determined and spread over the location. From Figure 4.7 it was concluded
that transect area 945 — 1053 is the area with most erosion without the application of nourishments
(Viuat) and therefore the most interesting location to investigate the application of a mega nourishment.
In this area the BKL is not satisfied, because the MKL is closer to shore than the BKL. The dissatisfac-
tion is an additional short term reason to put the mega nourishment at this location. At the attachment
point of the NUN to Texel in transect range 1093-1210 the BKL currently suffices. This emphasizes the
need for a mega nourishment at transect range 945 — 1053. In order to define the characteristics of the
mega nourishment 4 design choices are made:

¢ The mega nourishment must consist of the volume that would be used for 20 years of nourish-
ments in this area. This volume is determined by taking the average annual nourishment vol-
ume at SW Texel since the start of the Dynamic Preservation Act and multiplying it by 20 years.
The total nourished volume was determined in Section 4.2 and the total volume then results in
4.09 Mm3. The annual nourished volume in the Wadden Sea is 5.7 Mm? and since this is a nour-
ishment for the long term, the required volume is reasonable (Rijkswaterstaat, 2020).

¢ The volume is distributed between transect range 945-1053.

¢ The sediment is filled up above the MHW-line, so the beach remains dry during MHW-conditions.
This prevents additional sediment runoff during high water conditions.

* The shape of the nourishment is triangular to allow diffusion of the nourishment to happen in
north and south directions.

The left of Figure 5.3 shows the 2021-bathymetry of the project area where the mega nourishment would
be applied between transects 945—1053. This location is far enough north so that the nourishment does
not cut off the flow through the Molengat. The middle part shows the same area schematized in the

grid of the model. The red area encloses the transect range 945 — 1053 from the dune towards the sea-
ward Molengat bank. Within the area a dark green triangular shape is drawn that represents the shape
of the to-be-applied mega nourishment. However, since the model only takes as input bottom values

at the corner points of each grid cell, the real nourishment area does not entirely fit the nourishment
area.

On the right of Figure 5.3 3 grid cells are colored black, which means the grid cell has a bathymetry
with a bottom level above the MHW- line. The landward edges of these cells indicate the dune area.
Since their average bed level is above MHW, the required nourished volume in these cells can be ne-
glected. The remaining 21 green cells do receive sediment from the mega nourishment. The mega nour-
ishment follows a rigid-lid approach, meaning sand is filled up to an equal level in all indicated cells.
This rigid-lid-level - or the nourishment height level - is referred to with z,our tcver-

Each cell has a different average bottom level before the nourishment is applied. In Equation 5.6 the
known total volume Visega nour is distributed over all grid cells with area Ag,iq cei- Since the initial
bottom level of each cell zceis qv,; is known (indicated in m below NAP on the right in Figure 5.3), the

only unknown is Zpour rever, Which can be calculated by isolating it from the following equation:
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Figure 5.3: Left: schematic representation of mega nourishment between transects 945-1053 with the current -
5m depth contours. Middle: translation from schematic representation to bathymetry in the model. Right: Average
depth values in m below NAP of all grid cells within nourishment.

VMe -

ga nour

A— = E (zcell,av,i - Znour,level) (56)
grid cell -

Where:

* Virega nour = 4.09 * 105 m3 is the total mega nourishment volume.

® Agrid cen = 40,000 m? is the area of 1 grid cell.

® Zcell,av,i i taken from the depth map of the model, which is based on Vaklodingen data (Rijkswa-
terstaat, 2022).

The elevation of the bottom in the mega nourishment is the same in all green grid cells. The bathymetry
gradients are largest between the grid cells with the highest elevation change. This is a maximum of

7m over a grid cell of 200m, meaning the maximum bathymetry gradient is 0.035, or 2 degrees, which

is a reasonable value for under water slopes. The value of z,our icver = 1.12 m, meaning if all indicated
grid cells are filled until the mega nourishment is satisfied, the bottom will exceed the water level by
1.12m above NAP. The adapted bottom after mega nourishment is shown on the right in Figure 5.4.

Initial bed level 2021 bathymetry Initial bed level mega nourishment
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Figure 5.4: Left: The initial bed level in the area of interest. Right: Adapted 2021 bathymetry after the application
of the mega nourishment. The rest of the bathymetry is identical.
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5.4 Flow input

To set-up a model properly, many inputs need to be defined. The original model of Rijkswaterstaat
used different processes as input than the adapted model in this research. Salinity and heat flux were
included in the original model, but are not considered in the calculation of tidal flow in this model.
Sensitivity of sediment transport to temperature was found to be limited by Barkdoll et al. (2019).
Small temperature differences would lead to limited density fluxes, a limited change in flow veloc-

ity and hence a limited effect on sediment transport. The same holds for salinity. Barkdoll et al. based
their research on rivers, yet these claims are assumed to be similar for this research. The original model
of Rijkswaterstaat contained salinity and heat flux, but these inputs are neglected to save on computa-
tion time. The negligence can be observed in Figure 5.5: at the observation location Den Helder the wa-
ter level development is almost the same in both cases after 6 hours of running time. This is the same
at other observation locations. Therefore, heat flux and salinity are not considered in this model. In the
next subsections the input of used variables is explained.
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Figure 5.5: Water level development through over at observation location Den Helder. The blue line indicates the
original model which includes heat flux and salinity and the purple line indicates the model without them.

5.4.1 Simulation time

The simulation time of morphology can vary from days (storm impact) to multiple years (large scale
evolution). However, the goal of this model is to investigate how sediment transport flows change af-
ter the application of a mega nourishment. This is done without updating the bathymetry, because the
uncertainties in this area could be large, especially because of the complex area that includes a tidal
channel, an inlet and ebb tidal delta. Therefore, the model is used to look at the differences in mean
sediment transport on a spring-neap tidal time scale. The spring-neap cycle is long enough to aver-
age out the effects of random low and high waters, and consequently offers a useful value for mean
sediment transport. The cycle is also short enough to keep model computation time manageable. For
clarity, in this research computation time means the real life duration a simulation takes to run, whereas
simulation time means the artificial time range that is being modeled. The spring-neap tidal cycle in the
North Sea depends mainly on the M 2- and S2-constituents, which amount to a time of 14.7 days (Stive
and Bosboom, 2021). This is confirmed by the tidal data shown in Figure 2.8.
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5.4.2 Initial conditions

The initial conditions of the model are set as a so-called hotstart: at ¢ = 0 the model uses a spatially
varying field of wave-heights in all grid cells. The application of a hotstart allows the mean total sed-
iment transport to be calculated without spin-up errors starting from the first time steps. The spin-up
time in this model is approximately 5 hours, which can be concluded from multiple graphs that con-
verge to oscillating signals, see Figure 5.6. At the start of the graph the peak consists of 2 peaks, which
smooths out after the first wave. The spin-up time can influence the mean sediment transport value

over the simulation time of 2 weeks. Therefore, a separate full simulation is applied using a hotstart.
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Figure 5.6: The spin-up time is the time it takes for the model to have no large random spikes in data anymore.
In this graph the spikes stop after approximately 5 hours, meaning this is the spin-up time. The spin-up time has
been determined by comparing the water levels and depth averaged velocities at different observation points.

This hotstart is different for each simulation. The hotstart is created by running test simulations that
start with a uniform flat water level in the entire grid. The test simulations simulate 12 hours, during
which a spin-up time occurs of approximately 5 hours. Next, the wave field at t = 12h is exported as
a hotstart file, and this is used as input in the full simulation. The full simulation is restarted using the

end time of the cold start simulation.

5.4.3 Boundary conditions

The grid in Figure 5.2 contains four wet boundaries which are all open: south-west, west, north and
east. The barrier islands of the Wadden Sea, the land and the Afsluitdijk are all closed boundaries with
a reflection parameter of 0, meaning the wave energy is dissipated. The wet boundaries are forced by

the original model water level time-series given by Rijkswaterstaat.

Each of the wet open boundaries is subdivided in groups of 4 or 5 cells, see Figure 5.7. Together these 4
cells share the same water level time-series. The next four cells on the boundary have a slightly differ-
ent water level time-series, because the tidal wave has a different amplitude depending on the depth
at those grid cells, and a different phase depending on the alongshore location. As a result, there is

a small spatial variation of the tidal wave along all boundaries. The water level is defined at many
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Figure 5.7: Left: overview of how the western boundary is subdivided into brackets of 4 cells. Right: each of these
brackets has their own water level time-series, and therefore the phase and amplitude along the boundaries is
more realistically represented in the model compared to imposing 1 boundary condition along the entire western
boundary.

groups of grid cells, instead of using the same water level everywhere along the entire western bound-
ary. This collection of water level time-series is based on measured water level data from 2009. The
model simulation uses bathymetry from 2021, yet since the tidal wave characteristics at the open bound-
aries have not changed much in that period, it is still considered acceptable to use these same bound-
ary conditions (Jacob et al., 2016).

Next to the water level the model requires a boundary condition for sediment concentration at each
location. This has been set as the equilibrium concentration, so that there are no sources discharging
sediment into the system at any boundary.

5.4.4 Physical parameters

The model requires multiple physical parameters to be defined. The gravitational constant g = 9.81m /s>
and the density of the sea water ps,, = 1025kg/m3. Then there are model dependent parameters:

* Bottom roughness: as input for bottom roughness the formula of Chézy is used with a value of
C = 61.5%. This value is based on the model of Elias et al. (2006): as they modeled the same
Texel area, it is assumed this uniform Chézy-value is also applicable in this model. Just like Elias
et al., the same enlargement of the bed shear stress due to waves is included using the formula-
tion of Fredsoe (1984).

¢ Background horizontal viscosity: the horizontal eddy viscosity and diffusivity have both been
set as v = 5m?/s, based on the model of Lenstra et al., (2019). Their model is applied at Ameland,
which is close to Texel, and therefore it is deemed reasonable that this value is representative for
the model in this research as well.

e Sediment characteristics: the bed at SW Texel consists of sand. General values for this sediment
are used, based on default input from the D3D-FLOW manual (Deltares, 2022). The specific den-
sity ps = 2650 kg/m3, the dry soil density ps 4, = 1600 kg/m?. The median sediment diameter
amounts to 0.200mm and is taken from grain size studies in the Texel area by Elias and Van der
Spek (2017) and McLaren et al. (1998). Furthermore, Van Rijn’s sediment transport formulations
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are used to compute sediment transport (2000). This is the default sediment transport setting in
D3D and it distinguishes both bed load and suspended load transport.

* Morphological characteristics: to calculate the mean total sediment transport the morphologi-
cal scale factor has been set to 1. Sediment transport parameters and multiplication factors have
been set to default values in D3D (Deltares, 2022). No bathymetrical updates have been applied.

5.5 Numerical stability

The numerical model needs to converge to a stable solution over time. This requires the tidal wave to
propagate through each grid cell during each time step. This can be calculated with the Courant num-

ber. The Courant number is defined as:

~ult  \/ghAt
=N T A 6.7

Where:

e At = time step [s].
* Az = grid cell length [m].

The depth at each location is different, meaning the Courant number is different for each grid cell. The
original Rijkswaterstaat model uses a time step of 60s, which results in the maximum Courant number
in the grid being 18, which is only applicable on Marsdiep in the Texel Inlet. This is not in the area of
interest at SW Texel. In the area of interest this Courant number still leads to stable results in the order
of 5-6. A time step of 30s would mean a maximum Courant number of 9, leading to a stable solution
at each location in the model. However, for a timestep of 60s the Courant number is only exceeded

in the Marsdiep, which is not in the area of interest. The rest of the model still leads to stable results.
The time step of 60s is accepted with the goal to save computation time of the model. The rest of the
numerical parameters have been set to default values in D3D.

5.6 Wave input

The model from Rijkswaterstaat did not contain any information on waves, so this part of the model
has been setup separately. The WAVE module executes a SWAN calculation and uses the water level
from the FLOW calculations as input. As explained in Section 5.2, WAVE is coupled with FLOW ev-
ery 60 minutes. The input variables are the wave conditions at the boundaries and the used physical

parameters and models.
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5.6.1 Wave conditions

To answer the research questions 5B in Chapter 1 or 44ABC - what wave directions cause the most im-
pact on sediment transport, and the question whether the annual effect of storm conditions is bigger
than calm conditions - multiple wave conditions have been defined. They are shown in Table 2.1. In
general, the waves are distinguished in waves from the NW and SW and both calm and storm condi-
tions from each direction.

This research focuses on the qualitative effect of waves from one direction for 2 weeks of simulation
time. This means that the goal is not to model a representative wave climate for the 2 weeks of sim-
ulation time, but the goal is to gain insight in the effect of calm/storm waves from the NW/SW on
sediment transport. This is different from studies that aim to formulate a representative wave climate
as wave input to calculate morphological changes on the long term. The reason this study looks at a
simulation time of 2 weeks is to limit the computation time of the model, and to avoid the high uncer-
tainty in erosion and accretion in this complex area if the simulation time would be extended to 1 year.

Creating a representative wave class for a simulation of only 2 weeks is not realistic. In order to have a
representative wave class, the wave rose of the 2 weeks should be almost equal to the wave rose of the
measurements at Eierlandse Gat (Figure 2.10). If 2 random weeks of wave data was taken and used as
input for the model, the probability of the wave rose resembling the measured data is low. The 2 weeks
of data could be useful if this experiment was repeated 100x, but doing this many runs is outside of the
available time limit of this research.

The same argumentation holds for the application of wind in the model: there are many possible con-
figurations of different wave and wind fields, which would require many model simulations to ap-
proach an average value for the effect on mean sediment transport. This is avoided by assuming that
wind is coming from the same direction as the waves. In Figure 2.11 the wind rose shows this holds
true for waves from the SW, but not for the NW. The effects of NW waves may therefore be overesti-
mated in the results of the model simulations.

In Section 2.3.3 it was mentioned the directional spread of the wave conditions is 21°on either side of
the mean wave direction. The directional spread is entered by a cosine power M .S in D3D, and accord-
ing to the WAVE-manual from Deltares (2023) a directional spread of 21°translates to M S = 6.

The location of the model is within the North Sea, meaning that the shape of the wave spectrum is re-
quired to be JONSWAP. The peak enhancement factor was kept as a default at 3.3, just like Elias et al.
did in their Texel model (2006).

5.6.2 Physical and numerical parameters

In the WAVE-module the same constants as the FLOW module were applied. An additional uniform
wind was applied over the grid. The wind speed for each simulation was determined in Section 2.3.3
and the wind direction was assumed to be aligned with the waves, as explained in the previous sec-
tion. Furthermore, there are processes that need to be defined for the waves specifically:
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* Depth-induced breaking: this is applied using the Battjes and Janssen model. This model takes
into account the coefficient to determine the rate of disspation « and according to Battjes and
Janssen (1978) the value o = 1 applies to this model. The breaker parameter v = &= = 0.73
according to Battjes and Janssen.

* Non-linear triad interactions (LTA): this process is activated, because in very shallow water triad
wave-wave interactions transfer energy from lower to higher frequencies, which often result in
higher harmonics (Beji and Battjes, 1993). Non-linearity matters more in shallow conditions, es-

pecially during high energetic events, such as storms. At the NUN and at the shoreface the water

wave height
depth ~ 1.5

account. The default inputs for this process are used, as was done in the Texel model of Elias et
al. (2006).
* Bottom friction: this process is included by the JONSWAP bottom friction, as introduced by Has-

is very shallow: the ratio of 2™ [—], and therefore this process is taken into

selman et al (1973). This model is applicable for fully developed wind-sea conditions in shallow
water. This approach requires one variable, being a JONSWAP coefficient of 0.067’;1—32 for wind-
sea conditions.

* Whitecapping: The model of Komen et al. (1984) is used, because that is applicable to fully de-
veloped wind-sea conditions and growing wind-seas, which is also the case in this project area
(Deltares, 2023).

e Refraction is included, as the shallow bathymetry around the Noorderhaaks affects the direction
of the waves. Frequency shift is also taken into account.

Finally, the numerical parameters have been set to default values in D3D. The only exception is the
accuracy criterion of the percentage of wet grid points, which by default is 98%. This value is set as
90% to allow larger accuracy errors in the wave height of the model. This is done to avoid numerical
errors at irrelevant locations in the grid. The wave height accuracy is still over 95% in the grid points
near SW Texel, which is considered acceptably high. An example is shown in Figure 5.8 of simulation
3. The colored axis indicates a maximum of 5% (of H;; = 1.39m of accuracy error, which is not present
in the project area. The same holds for all other simulations. For an overview of the characteristics of
each simulation, see Table 6.1.

5.7 Model sensitivity

Regular modelling practise includes the application of a sensitivity analysis to investigate how much
the results fluctuate because of deviations in specific input values. In this research no sensitivity analy-
sis is applied because of time constraints. The model can still be useful, because the inputs that would
be analysed in a sensitivity analysis are taken from other models, as mentioned in Section 5.4 and 5.6.
These models include the same area near Texel or a relatively close location to Texel, meaning their
values are likely to have the same application range as this model. Moreover, the used values in this
model have been confirmed by scientific literature to be within the application ranges of said literature.
This literature is referred to in the subsections that define the input-values of the model (Section 5.4.4
and 5.6.2).
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Figure 5.8: Example of wave height accuracy in simulation 3. The accuracy of 5% (0.07m) in this simulation does
not get exceeded and therefore it can be concluded that the wave height error is accurate enough to consider the
output results.
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6 Delft3D model results

This chapter presents the results from the model. A simulation results overview is given in Section 6.1.
Sections 6.2, 6.3 and 6.4 present differences between the variables that are being tested with the simula-
tions.

6.1 Overview sediment transport results of simulations

The model that has been set up in Chapter 5 is used for 10 simulations that are shown in Table 6.1. The
simulations distinguish the following variables:

1. Bathymetry: the current bathymetry of 2021 and the adapted bathymetry including the mega
nourishment are applied.

2. Wave and wind direction: wave conditions coming from either the NW or SW are used. These
conditions are representative for respectively 45% and 33% of the time of the raw wave data pro-
vided by Rijkswaterstaat.

3. Conditions: wave conditions have been divided into calm and storm conditions with a probabil-
ity of occurrence of respectively 95% and 5%.

Simulation Type of model = Bathymetry Wave and wind direction ~Conditions
1 FLOW 2021 - -

2 FLOW Mega nourishment - -

3 FLOW + WAVE 2021 NW Calm
4 FLOW + WAVE 2021 NW Storm
5 FLOW + WAVE 2021 SW Calm
6 FLOW + WAVE 2021 SW Storm
7 FLOW + WAVE Mega nourishment NW Calm
8 FLOW + WAVE Mega nourishment NW Storm
9 FLOW + WAVE Mega nourishment SW Calm
10 FLOW + WAVE Mega nourishment SW Storm

Table 6.1: Overview of simulation characteristics.
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Simulation #1 and #2 exist to show the mean total sediment transport if only the FLOW module of
D3D is used and the WAVE module is neglected. Analysing the differences allow to investigate the ef-
fect of tidal currents in the area. To test differences between bathymetry, where all other model inputs
are identical, simulation #3 must be compared to simulation #7, and so do simulations #4-8, #5-9 and
#6-10. The effect of wave and wind direction can be distinguished by comparing simulation #3 and #5,
#4-6, #7-9 and #8-10. Finally, the effect of calm and storm wave conditions is distinguished by compar-
ing simulation #3-4, #5-6, #7-8 and #9-10.

Figure 6.2 shows the results of each simulation. At all coordinates at SW Texel the mean total sediment

3 . .
[-2—] are shown. Differences between these runs are discussed

transport direction and magnitude S [

in the next sections, but general remarks are stated below:

¢ The differences between simulation #1-2 and #3-10 indicate the effect of waves in the area. The
current is present in the Molengat channel and the Marsdiep, but it has lower impact on sedi-
ment transport on the NUN and further from the coast.

* The color scale for storm simulations #4, #6, #8, and #10 is 6x higher than calm simulations, be-
cause it shows where mean total sediment transport is relatively high within those simulations.

¢ Sediment transport is always directed around the Noorderhaaks shoal.

¢ The simulations never show sediment transport values at Texelhors at the southern tip of Texel.
This is because the depth in the model is above the MHW-line, so there is no sediment transport
there. The background map is taken from Openstreetmap.org, but falsely shows the presence
of water at this location. The scale at which the background has been downloaded did not have
enough level of detail to show the Texelhors seaward extension. Figure 6.1 shows a more repre-
sentative coast, so this island tip explains the absence of model data in the figures in this chapter.

¢ In all storm simulations there is significantly higher sediment transport on the NUN compared to
sediment transport during calm conditions.

)
S-0ps

Kelderhuispolder

Paal 8

De Hors &

Figure 6.1: Coast at Texelhors showing the tip of SW Texel differently than the figures in this chapter. This tip is a
better representation and must be kept in mind while viewing the other figures.

56



'sajel odsuel) Juswipas 1saybiy ayl aoualadxa (0}

-8-9-p#) SwJ0ls BuipN[oUI SUOIB|NLWIS PUB ‘SUOIIPUOD SABM |0 108}18 8yl 8pN|oUl O L# |1} S# UONEBINWIS "Paloalip PIBMING PUE [suueyd 1eBUS|op 8yl JO 8|ppIW 8Y) Ul JUBUIWIOP 1Sow
SI sjua.nd Ag 1iodsuel) JuswWIPag “AJUO SIUSLIND WOJ) S)NS8J 8Ul MOYS g- |# UOIB|INWIS "SUONBINWIS |[& J0} Sepnjubew pue suoioaiip 1iodsuel) JUsWIpas JO MBIAISAQ :2'9 ainbi-

o ° o S
S 5] 3 S
<] 5] S S
g " ] El

[iA/w/gw] podsuen Juawipas

o
3
2
a

0009

o o o S
S 8 3 S
<} 5] 3 8
g " & =

[LiA/wW/gw] piodsuen uswipas

o
S
8
A

0009

[69p] apn6uoT
VLY TLY  OLY  89Y 991

o
96'25
g
g ooz
\pY 18625 w
5 2
2 = oor
g3
g 3
00€s & 2
T 8
& = 009
23
es &
; 3
< oog
$0'€S
000T
Inou eBa 15 ‘MS ‘0T Hodsuel) Juswpas
[63p] spnyibuot
VLY TV 0Ly 897 99'% o
96'25
2
8 ooz
X 418628 m
5~
2 o oov
g3
g 3
00€s & 3
= s
& 2 oo9
i e 3
% coes ¥
4 2
R < oos
DO $0'€S
AN RN e./
£ AN 0001

U38Q TZ0Z 35 ‘MS "9 Modsuen Juswipas

ms

[60p] apnyibuocy
vLY 2Ly oLy 89 99%

unou eBal “AY 'MS ‘6 Modsuel) JuaWiipas

[63p] apnyibuoT
YLy Ty OLY  89%  99%

1 MW(W&VM&%‘. ; .JAL.
w» n? @.ﬂm\Y s,

R T Al %ﬁ *
AN Y

“U3eq TZ0Z "AY 'MS 'S Hodsue.3 JUSWIpaS

9625

8625

o
g
o
by

[63p] apmne

9625

8675

00°€S

[6ap] apnyize

z0°€s

YO'ES

S o o ]
s 8 51 S
<} S 3 3
g A R =

[LA/w/gw] 1odsuen Juswipas

o
3
3
A

0009

o
8
E

=)
8
S
R

[1A/w/gw] podsue Juawipas
] 3
g 2
I A

o
I}
3
A

YLy

e

YLy

<
o

TR
S FO
awmwﬁﬂw?wuﬂ%

00°€S

[6ap] apnyibuo
(254 oLy 89t 99y

o

9625

8625

fiplntd CO°ES

“Inou B3 35 ‘MN '8 10dsue. JUBLIPaS

[6ap] apnyibuoy
Wy oL 89V 99

Y0'ES

9675

8675

00°€S

o
0
g ooz
3
2
;2
% o ooy
O
o °
= s
& 2 oo9
2 3
@
2
< o0
000T
o
g
g ooz
3
2
5 A
% g oor
g
E
v 8
z ©
B
& 2 o009
= 3
¥
2
< o008
0001

MN

[62p] apnibuol

[63p] spnBuoT

YLY Ty oLy 89 99% o
e S
i b «%ﬁ a2 L3 uﬂmm.Nm
Shead D £
2 % BN 2 o0z
.\%wmw) : B 5
& ‘M oA ﬁr k..fm 867G ]
g L ALY 52 5
© L .wumﬂr % X3St = g ooy 5
fwwq\ - r«,m\.; .5 % g juawysunou
47&% /x..x.\..v.wﬂd,w“ a4 o0Es o | 8 ) eSan
S, - i 2
eSS g c oo = 2
3 =3 33 =3
,wwwx 3 Mﬂ» z0'€s M Xmﬂl z0'€s
< o008 m.wﬂ %
$O'ES i \\\ \“‘\«‘\\ $0'€S
15548 i
Y % X
ooot INON MOT4 ¢ aodsue. Juswipas
[63p] apnyibuol
N YLY ey 0Ly 8% 99%
o VAT
o 5
9625 /%\vﬁ ..n.?&/ 9625
M 00z % N 3
8675 m
52 I
2 = oor S
gl s s
ooes & & & TeoT
- 3 =
& 2 009! = AnswAyreg
& 3 &
20°€s ¥
3
< o008
vo'es
000t

“Uleq TZ0Z "AV ‘MN "€ Modsuen) JuswIpas

1202 MOT4 ‘T Hodsuen Juswipas

57



6.2 Storm-calm-ratios

This section focuses on what processes cause the largest sediment transport. The simulations are com-
pared in pairs: #4-3, #6-5, #8-7 and #10-9, as all other variables are identical. The necessity of knowing
which conditions are dominant is important, because then it is known whether the most erosion hap-
pens gradually or in short energetic episodes. This could help future research in behaviour of the mega
nourishment, or help design potential future interventions in unwanted erosion patterns alongshore to
maintain the BKL. To fairly compare the effect of storm wave conditions and calm wave conditions the
mean total transport values are time-weighted at each location. In Section 2.3.3 a storm was defined

by occurrence of 5% of the time, so the storm results are multiplied by 0.05, and calm values by 0.95.
Subsequently, the sediment transport values of the storm simulations are divided over the calm simu-

lations, creating a ££2°™ — ratio and the result is shown in Figure 6.3.
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Figure 6.3: Storm-calm ratios where the time-weighted sediment transport values of storms are divided over its
calm conditions counterpart. In all comparisons it shows a storm dominant effect on the NUN, and a calm domi-
nant effect in the Molengat channel.

If the time-weighted %t;)# — ratio is larger than 1, storm conditions cause more mean total sediment

transport at that location. This area is red. When this value is smaller than 1, the calm conditions pre-
vail and the value is blue. Since all 4 panels show a large red plain in the NUN-area and on the sea-
ward side of the NUN, it can be concluded that on annual time scale this area is prone to the effects
of storms. Next, the mega nourishment is located at the interface of both dominant storm conditions
on the north and dominant calm conditions in the south. Therefore, the mega nourishment will likely

have mixed response to sediment transport by storms and calm conditions. The Molengat channel is
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dominated by calm conditions in all simulations. Furthermore, in NW-conditions the storm dominance
on the NUN is higher than during SW conditions.

Sediment transport can be initiated by multiple causes:

¢ Bottom friction
* Depth-induced breaking
¢ Currents

Figure 6.4 shows the values of the orbital velocities near the bottom, which are a measure for the bot-
tom friction. According to Bosboom and Stive the orbital motion under waves gives a time-varying
shear stress at the bed, which can set sediment grains into motion (2021). In the left graph (#3 - calm
conditions) the orbital velocities are 1.5-3x smaller than in the right graph (#4 - storm conditions). This
means the orbital velocities contribute to sediment transport in this area. The graphs for the other sim-
ulation comparisons are not significantly different from these 2, and therefore are not shown.
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Figure 6.4: Orbital velocity for runs #3 and #4. During storm conditions the orbital velocity is 1.5-3x higher than
during calm conditions, which indicates that bottom friction is a contributor to the sediment transport values in this
area. These differences are the same for runs #5-6-7-8-9-10 and thus not shown.

Figure 6.5 shows for the same simulations the maps for depth-induced breaking. It is shown what frac-
tion of the waves break at each location. When the patterns of both figures are compared, it can be con-
cluded that depth-induced breaking does not contribute to sediment transport on the NUN, as the
fraction of breaking waves is approximately 0. This pattern is the same for other simulations. Depth-

induced breaking only plays a role at the beach in these simulations.

The third factor is sediment transport by currents. In Figure 6.6 the ratio between the simulations #3-1
and #4-1 and are shown. These 2 comparisons are representative for all simulations. This figure does
not compare storm and calm conditions, but both storm conditions with just tide and average con-
ditions with just tide. In the NUN area the ratios are higher than 1, which means the sediment trans-
port is more heavily affected by waves. Therefore, the sediment transport on the NUN is not primarily
caused by currents. In Figure 6.2 it was already shown that the current transport on the NUN is low,

which supports this observation.
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Figure 6.5: Fraction of depth-induced breaking waves for runs #3 and #4. The fraction of depth-induced breaking
waves is almost 0 at the NUN.

Figure 6.6 shows ratio-values of < 1 in the Molengat channel. This means that the tidal current causes
as much sediment transport as the simulation including tidal current + waves. Consequently, sediment
transport in the Molengat is mainly caused by the tidal current. In simulation #1 the flow velocity is
significantly higher than outside the channel, which supports the statement that sediment transport is
caused by the tidal current.
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Figure 6.6: Sediment transport ratios of both 2423 and 7“2 |n photh comparisons the sediment transport in the

runl runl’

Molengat is equal or less than 1, meaning that the current causes most transport in this area. On the NUN this
ratio is large, meaning the current does not contribute to transport here.

6.3 NW and SW waves

This section compares simulations with wave conditions from the NW (#3-4-7-8) and wave conditions
from the SW (#5-6-9-10). The similarities are summarised in Figure 6.7. The sediment transport direc-
tion is the same for NW waves alongshore: in all simulations this is directed southward. Furthermore,
in all NW simulations the sediment transport north of the Noorderhaaks is alongshore and pointed
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towards the Texel basin.
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Figure 6.7: The black arrows in both figures indicate a sediment transport direction that is shared among all simu-
lations with NW or SW wave conditions. NW waves all have alongshore sediment transport in southward direction,
while this is mostly northward during SW wave conditions and landward during SW conditions.

Simulations with SW wave conditions show northward directed alongshore sediment transport. On
the sea-facing side of the Noorderhaaks the sediment transport is directed northward. On the NUN
the transport is always northward directed. At the location of the black dot the sediment is pointed on-
shore. It is also pointed landward at the south-western tip of Texel. Sediment transport directions in
the middle of the Molengat seem to be directed out of the tidal delta, at the Molengat banks the trans-

port direction is pointed towards the Marsdiep.

6.4 2021 bathymetry and mega nourishment

Simulations #3-4-5-6 and #7-8-9-10 are used to compare the current bathymetry with the mega nourish-
ment bathymetry, while all other variables are identical. Figure 6.8 shows the ratio of sediment trans-
port when the nourishment is applied divided over the original bathymetry. Except the upper right
panel the graphs show increased sediment transport at the tip of the mega nourishment. From Figure
6.2 it can be seen that the sediment transports at the tip of the nourishment for those simulations are
pointed northwards, and for simulation #8-4 this is southward. Additionally, the mean sediment trans-
port values are much lower on the sides of the nourishment, indicated by the blue plains in Figure 6.8.
Also, the sediment transport directions have changed after the nourishment application: the transport
in most runs was northward directed at the northern side of the nourishment. After nourishment ap-
plication this changed to southward onto the nourishment, or west-/ eastward along the nourishment.
The same holds for the southern side of the nourishment.

Higher sediment transport at the tip can be caused by higher flow velocities. Figure 6.9 shows the ra-
tio of orbital velocity during the maximum outflow of the tidal cycle of simulation #6 and #10. Both
depth-averaged flow velocities are taken at the same time and the values of simulation #10 are divided
over #6. The other simulations are not significantly different and are therefore not shown. The flow ve-
locities are higher at the nourishment tip in the simulation with the nourishment applied, and lower at
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Figure 6.8: Sediment transport ratios of mega nourishment divided over initial bathymetry. At the tip of the nourish-
ment the sediment transport has increased and at the sides it has reduced. This change is caused by higher flow
velocities which are likely caused by the convergence of the flow.

both sides of the nourishment, just like the sediment transport in Figure 6.8. It could be hypothesized
that since the tidal prism remained constant, and due to the cross-sectional reduction of the Molengat

passage, the flow velocity has increased at the tip due to flow convergence, thus resulting in higher

sediment transport rates at the tip of the nourishment. Simultaneously, the lee sides of the nourish-

ment experience lower flow velocity and therefore lower sediment transport.

Figure 6.9: Flow velocity ratio of simulation #10 and #6 at the same time in the tidal cycle. The velocity map is sim-
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ilar to Figure 6.8. The scale of the map has been determined by taking the third root of the scale values of Figure
6.8, because flow velocity u oc H and S oc H®.

62



6.5 Gradients in sediment transport/ Erosion-accretion patterns AS

To answer research question 5B - how sediment transport gradients change after the application of the
mega nourishment - the alongshore sediment transport gradients must be determined. Alongshore
sediment transport is indicated by S, and the gradient determines an accretion or erosion pattern. To
obtain sediment transport gradients, the following method is used:

1. Take the grid cells at the SW Texel coast and retrieve the sediment transport values in each cell.
2. Take %—Syy of all alongshore cells at the same cross-shore location.
3. Erosion and accretion patterns are defined by:

BSZ’/ . 1
* o> 0: erosion

5 .
. 6—; < 0: accretion

Figure 6.10 shows 3 things: on the left the grid orientation is shown at SW Texel and the numbers 1-

15 show the grid cells that experience significant sediment transport. These cells are highlighted in

the middle, where a darker red color indicates more sediment transport (O(1000m?/m/yr) and blue
(O(10m3/m/yr). The right shows the direction of the sediment transport in each cell, which is negative
as the positive direction is upward as indicated.

1000

600
400

200

Sediment transport [m3/m/yr]

Figure 6.10: Overview of approach to determine sediment transport gradients alongshore. Left: Vertical line indi-
cates the direction of the sediment transport S,. Middle and right show the magnitude and direction of Sy.

85y
9y
the same run on the right. Erosion is indicated in red, while accretion is green. The figure shows alter-

Figure 6.11 shows the sediment transport volume S, on the left, and the alongshore gradient of

nating erosion and accretion alongshore. This is unexpected, because there are no distinct alongshore
characteristics that could cause the behaviour shift. This model can therefore not answer the last part
of the research question 5B - where the sediment transport gradients change the most after the appli-
cation of a mega nourishment. How this issue can be fixed is described in Section 7.1.
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7 Discussion

7.1 Transition from current nourishment scheme to mega nourishment

Section 4.5 and 4.6 investigated the behaviour of the transects and thus an expectation of future be-
haviour can be described if the nourishment scheme is continued. It was shown that the Molengat was
being filled before the nourishment program started, and this rate did not change after the initiation of
the program (see Appendix A and E). Therefore, it is likely the filling will continue in the unfilled tran-
sect sub areas T1 and T2. Furthermore, based on Figure 4.17 the dunes are likely to continue to grow,
until they reach a maximum steepness, which reduces the landward aeolian sediment transport capac-
ity (De Vries, 2013). This maximum steepness seems to be reached for the transects in T2, because the
dune volume has remained constant since 2000. In T1, T3 and T4 the dune volume continues to lin-
early increase, and are therefore expected to grow till they reach their maximum steepness. The maxi-

mum steepness and dune volume change have not been researched further.

Another key finding is that the dune volume started increasing when the nourishment program started.
Figure 4.16 and the figures in C.2 show the pre-1990 landward retreat and lowering of the first dune.
Table 4.2 shows that the first nourishment was applied in 1994 in all transect ranges T1-T4, and Fig-

ure 4.17 shows that the start of dune volume increase happened in the same year in the same tran-

sect ranges. The total dune volume increase since the start of the nourishments is 1.936 M m?, which is
29.9% of the total nourished volume in the area. Beach nourishments are closer to the dune, and could
therefore be contributing more to dune volume change than shoreface nourishments, but this hypothe-

sis would require its own study:.

If the nourishment program is aborted, it affects the 4 parts of each transect.It is expected that the Molen-
gat will continue to fill. Furthermore, the dune and beach volume is likely to resume diminishing in

the transects where nourishments are discontinued. One major difference compared to pre-1990 data

is that in T3 and T4 the Molengat has been filled. In the shallow part (Vspqii0w) Of the transect the land-
ward bank erosion of the Molengat stopped after it was filled. This phenomenon occurred where nour-
ishments were still applied, and it has not been investigated how this area would develop without
nourishments. It could be hypothesized that the nourishments compensate the erosive process, which
means that landward erosion could resume if the nourishment program is discontinued - albeit slower

than pre-Molengat filling.

The mega nourishment has the goal to supply the adjacent coast with sediment such that erosive flows
are compensated. Figure 4.19 showed that the unfilled Molengat transect areas T1 and T2 experience
most nearshore erosion. T2 experiences most erosion so the mega nourishment is applied there to in-
crease the buffer zone to satisfy the BKL the most. The purpose of the mega nourishment is to diffuse
sediment alongshore such that it compensates the erosion in T1, T3 and T4, see Figure 7.1. The left
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graph shows in orange the modeled nourishment and the goal sediment flows in purple. The right
shows the erosion of the shallow area in green. Figure 6.3 showed that sediment transport is mainly di-
rected southward, meaning the alongshore diffusion to the north is limited. In a further research a new
shape could be investigated, where the nourishment is skewed more northward along the coast. De
Vries et al. (2018) showed that in a reference project of the Sand Engine the nourishment shape could
be made more asymmetrical by putting more volume in the part where waves are coming from. This
could be applied at SW Texel too, and is indicated by the shape in black in Figure 7.1. One advantage
of this new design is that the alongshore diffusion could end up in a larger shoreline that needs to sat-
isfy the BKL, as a more northward nourishment means lower transport to transects south of transect
880. On the contrary, one risk is that the volume is placed in an area that already satisfies the BKL, and
the alongshore diffusion needs to keep T2 in place.

Initial bed level mega nourishment 20 ['Total volume change at Transect *, 900.0, '=', 5004.0, 'm3/m']
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Figure 7.1: Left: applied mega nourishment and goal of sediment transport. The black shape indicates an option
for future research to model. Right: transect 900 shows erosion on land, and this process needs to be compen-
sated by the alongshore diffusion of the mega nourishment.

The model did not show sediment transport gradients accurately enough (see Section 6.5). First it is ex-
plained how this issue could be solved, and subsequently another method is described to qualitatively
assess the effect, based on more uncertain results.

Potential improvement in next models

9S8y
12}

To compute -

more accurately, the model could be improved in multiple ways.

1. The current grid of 200 * 200m-cells is rotated and rectangular (see Figure 6.10, meaning the
cross-shore location of the calculated sediment transport is different for each alongshore cell. The
transport gradient must be taken at a constant distance cross-shore. A curvi-linear grid could be
used instead of a rectangular grid to orthogonalize on the coast, which makes it possible to take
Sy and %—Sy’y at a constant cross-shore distance in the alongshore cells. The curvi-linear grid can
have smaller cells onshore and larger cells in the deeper sea.

2. Apply time varying wave conditions in 1 run, so that the wave rose in the model corresponds
to the wave rose from the RWS data. In the current model case only the effects of waves from 1
direction are applied to investigate the effects of specific wave directions, but the time-variation

in 1 model run can improve the results.

Applying bottom updates to look at accretion and erosion patterns
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Figure 7.2: Overview of accretion (red) and erosion (blue) areas when bottom updates are included. Including
bottom updates enhances uncertainty, as the area is morphologically complex.

Another method to look at sediment transport changes is to include the effect of bottom updates in the
model, and subsequently investigate where the bottom erosion and accretion patterns are. In Section
5.2 it was mentioned that the inclusion of bottom updates has large uncertainty due to the ebb-tidal
delta, the Texel basin, and the tidal channel. However, these simulations run for 1 tidal cycle, which is
a much smaller time scale than large morphodynamic changes. Therefore, it could be argued that the
initial response of the bottom during this cycle could still be indicative of sediment transport gradients
alongshore. The effect of a mega nourishment compared to the current bathymetry can be assessed by

applying the following method:

1. Run simulation #3-6 without nourishment and include bottom updates.

2. Run simulation #7-10 including the mega nourishment and bottom updates.

3. EffeCt mega nourishment = Znourishment — Zcurrent bathymetry

e FEffect mega nourishment > 0: accretion

o Ef fect mega nourishment < 0: erosion

The results are shown in Figure 7.2. NW conditions cause accretion south of the nourishment and in
the Molengat channel. Erosion occurs north of the nourishment. For SW conditions erosion occurs in

the north as well. The total combined bottom change of all simulations can be calculated using the fol-

lowing equation:
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n

Zeombined = Z(Azl * probability;) (7.1

i=1
Where:

¢ Az; = the bottom difference between simulation 7 and 3 [m]
* probability; = probability of this simulation. The probabilities were defined in Section 2.3.3 and
can be calculated using occurrence direction * occurrence conditions:
— Run 7-3, NW calm waves: 0.45 x 0.95
— Run 8-4, NW storm waves: 0.45 % 0.05
— Run 9-5, NW calm waves: 0.35 x 0.95
— Run 10-6, NW storm waves: 0.35 % 0.05

The total expected accretion and erosion pattern then is shown in Figure 7.3. In this combined result
erosion occurs north of the nourishment, and accretion in the alongshore area south of the nourish-
ment. Since the resolution of the grid cells was too low to compute transport gradients, the accuracy of
these values can also be questionable. However, this could still be used as a first qualitative estimate of
changes and this approach can also be used for future models.
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Figure 7.3: When the results of Figure 7.2 are weighted by occurrence in wave direction and conditions and then
summed, the total result is slight erosion in the north of the nourishment. Northward alongshore there is slight
accretion, and south of the nourishment there is accretion too.

7.2 Research compared to literature

Figure 7.4 shows representations of the tidal flow from Elias (2021) and Cleveringa (2001). The simula-
tion of FLOW only is shown on the right. The model result is similar to the result of Elias: the 4 dashed
lines are pointed in the same direction in both graphs. Sediment is transported alongside the NUN,
there are 2 flows directed into the Marsdiep at both edges of the Molengat along the coast and the No-
orderhaaks, while there is a seaward directed sediment flow in the middle of the Molengat in a new

ebb tidal channel. This sediment transport is larger outward directed than to the Marsdiep. The effect
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of the nourishment on the FLOW result in simulation 2 (see Figure 6.3) does not seem to significantly
change the behaviour of the sediment transport by FLOW, as the directions largely remain the same.
Though, the sediment transport magnitude slightly reduces in the middle of the channel. At the tip

of the nourishment the transport increases. Elias does not mention anything about the magnitudes of
the sediment transport. This FLOW results shows that the order of NUN-transport by just the tide is

O(10 m3/m/yr), land bank Molengat = O(150 m?/m/yr), middle Molengat = O(400 m?/m/yr) and

Noorderhaaks bank Molengat = O(10 m3/m/yr).
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Figure 7.4: Left: Tidal sediment transport is indicated by dashed lines. Figure taken from Elias (2021). Middle:
dashed lines indicate tidal sediment transport too. Figure taken from Cleveringa (2001). Right: model result FLOW
only. The sediment transport directions are similar to those from literature.

Cleveringa (2001) depicted this location with a divergence point at transect 1300. This model and Vak-
lodingen data (see Figure 4.4) show that the divergence point seems to be more south: between tran-
sect 1100-1200. The model results of the FLOW simulation are similar to the flow over the NUN and
pointing southward when it arrives south of the divergence point. The tidal flow results of Cleveringa
and Elias can therefore be confirmed in a qualitative sense.

Observations around the application can also be confirmed by literature. Figure 6.8 increased signif-
icant erosion at the tip of the nourishment, and less at the sides. Figure 6.9 confirmed the cause to be
higher and lower flow velocities. Radermacher et al. (2017) described the effect of protruding nour-
ishments on the surrounding flow velocity: the flow at the tip increases, while the lee side of the nour-
ishment experiences lower flow velocities in a returning pattern. This is shown in Figure 7.5. The K-
value represents the alongshore width of the nourishment, the a-value the protrusion into sea. The lee
side is only on the north part of the nourishment in this figure, because there the outflow is sheltered.
The right graph is a moment in time during outflow, while during inflow this pattern switches direc-
tion. Radermacher et al. show that the return current is behind the entire protrusion, which is not the
case at Texel. This could be explained by the different hydrodynamic conditions at SW Texel. Rader-
macher et al. assumed alongshore uniform conditions, while at Texel the basin, the Noorderhaaks and
the ebb-tidal channel could affect the size of the return current.
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Figure 7.5: Left: Protrusion of mega nourishment at an alongshore uniform shoreline causes higher flow velocities
at the tip, and a return current behind it. Figure from Radermacher et al. (2017). This can be observed on the right
figure, north of the nourishment.

7.3 Limitations morphological analysis

The data analysis in Chapter 4 already explained multiple limitations of the used approaches. Below a

list of the main limitations is given:

* In Chapter 4 it is assumed that all transects are parallel to each other to calculate volume changes,
which is true for most transects. However, the transect orientation changes between transects
1000-1001, 1093-1108 and 1168-1190, see Figure 4.6. This rotation means that the volume changes
are less accurate further from shore. Further from shore the area becomes larger so volume changes
in reality are larger. It is assumed that these differences do not have such impact on the results of
the data analysis that the described behaviour of the bottom lacks important information.

¢ The Molengat has not been filled linearly in sub area T2, as mentioned in Section 4.5.1. The back-
and-forth movement of the Molengat seaward bank can be observed when the transects are com-
pared in the plan view of the area, see Appendix A. It is hypothesized the closure of the a small
previous ebb-tidal channel could have caused higher flow velocities in the seaward bend of the
Molengat, causing more erosion. Since the reopening of the ebb-tidal channel around 2000 (see
Figure 4.12), the Molengat resumed linear landward migration.

¢ There seems to be a correlation between dune growth and beach nourishments: the dune volume
increase is approximately 29.9% of the total nourished volume, where the dune profile has not
yet reached an equilibrium profile in ranges T1, T3, and T4. The wind could have enabled this
process, as the wind rose from Figure 2.11 shows a dominant landward direction from the SW,
which is roughly orthogonal to the coast.

Interchangeability of JARKUS and Vaklodingen data

In Section 4.1 it was explained that Vaklodingen and JARKUS data are used interchangeably if JARKUS
data did not extend far enough offshore, for example to define V41100 Figure 7.6 shows both the tran-
sect from Vaklodingen and JARKUS data at the same location in the year 1997, and the differences are
mainly in the dune and at 2000m from the RSP. The cross-section difference is 24 m? over a length of

3400 m, meaning the average difference is 3%1406’1; = 0.0071 m between the 2 lines. The largest dif-
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ferences occur behind the first dune, which is not used in morphological analysis, meaning this value
could be lower in the positions of interest. If this process is repeated for all transects, the order of dif-
ferences is small, and therefore it is justified to use Vaklodingen and JARKUS interchangeably.
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Figure 7.6: Comparison of Vaklodingen and JARKUS data for the same transect. JARKUS data does not always
reach far enough offshore, meaning the the Vaklodingen data are required.

7.4 Limitations model setup and results

The model has multiple limitations. The main limitation was explained in Section 7.1: the grid cells did
not have a satisfying resolution to determine the sediment transport gradients alongshore. By reducing
the modeled area to SW Texel and refining the resolution, grid cells could likely be reduced to 50 * 50m
without increasing the computation time. Additionally, a curvi-linear grid could be applied to improve
the accuracy of smaller scale processes.

Furthermore, the following things could add better accuracy to the model:

e Perform a sensitivity analysis to investigate what parameters have relatively large impact on
model results.

* The input of the waves was 1 tested wave class per simulation. A more realistic approach would
be to distinguish more wave classes and their frequency of occurrence in the same simulation.
Therefore, time varying wave characteristics could be applied. As a result, it is also required to
increase the simulation time to 1 year, so the simulation time is long enough to have the wave
characteristics resemble the wave rose of Figure 2.11. The different simulations of the current
model would then be replaced by 1 large simulation, yielding a more accurate initial response
of the mega nourishment.

* Wind was assumed to have a constant wind speed and direction. This input could be improved
by making it time and spatially varying.

¢ Currently, the initial response of bottom changes is shown in Figure 7.2. Right after the start of a
nourishment the bathymetry is furthest from morphological equilibrium, leading to an overesti-
mation of the bottom changes (Arriaga et al., 2017). The focus should therefore not be on the bot-
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tom change values, rather the locations experiencing erosion and accretion should be considered.
Figure 7.7 from their research illustrates that the effect of bottom updates is larger during the first
6 months of a mega nourishment. This is illustrated by diffusivity ¢, that decreases to a constant
value. On the right part this diffusivity is shown in the bottom. This image illustrates why sed-
iment transport at the tip of the nourishment increases as shown in Figure 6.8. After multiple
days the bottom has updated and is diffused more than the initial conditions, which explains a
smaller diffusivity.

* Create depth dependent Chézy-values for each grid cell instead of uniform values. The sensitiv-
ity analysis could indicate whether it is beneficial to the model results to create a spatially vary-
ing C-value-file. It could be hypothesized that in shallow areas the C-value will be lower, causing
more dissipation of energy. As explained in Figure 6.4 bottom roughness plays a major role in the
sediment transport calculation, meaning that lower C-values would likely result in higher trans-
port rates and therefore this model could underestimate the actual sediment transport.

* The model only takes into account 1 type of sediment: grains with a D5y = 200pm, whereas this
varies over the area, as described by Elias and Van der Spek (2017). A sensitivity analysis would
give more understanding of the impact of this factor on the results.

¢ Adding the submerged cross-shore groynes in the refined grid, starting from transect 880 and
spaced every 400m. Their length must extend approximately 80m into sea.
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Figure 7.7: Left: diffusion coefficient development over time, taken from Arriaga et al., (2017). The graph shows
that the initial phase of the model simulation yields larger sediment transport, because the bottom profile is fur-
thest from equilibrium. As a result, the initial effect cannot be linearly extrapolated for the longer term, but the
model results can still be used qualitatively.
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8 Conclusion and recommendations

8.1 Conclusions about system behavior

The Dynamic Preservation Act dictates that the current position of the coastline at SW Texel must be
the same or seaward of the position in 1990. It is based on the valuation of the coast in economical, eco-
logical, recreational and flood safety sense. The current coastal protection strategy consists of shoreface
and beach nourishments with an interval of approximately 2-3 years, which requires frequent expen-
sive dredging vessel mobilization that causes frequent nuisance in the system. Therefore, there were 4

research questions:

1. What alternatives exist to protect the coastline of SW Texel in the future, while maintaining its current
values?

2. How has the morphology developed since 1990, including the nourishment program?

3. How could the morphology change by a replacement of the nourishment program by a mega nourishment?

4. What is the optimal location of a mega nourishment and what is the effect of the nourishment on shoreline

changes in the system?

The first goal of this study was to formulate and design an alternative coastal protection strategy, where
the application of a mega nourishment was chosen over a cross-shore dam or an outer delta nourish-
ment based on 2 reasons. Firstly, the mega nourishment is a soft solution, which is in line with RWS
policy. Secondly, the mega nourishment satisfies the BKL in the short term. The other alternatives may
still be worth investigating in other studies. It has been investigated what the effect of a mega nour-
ishment is on the erosion and accretion pattern alongshore. A mega nourishment requires roughly

the same amount of C02-emissions by fuel consumption of sand displacement, but only requires a 1
time mobilization of dredging vessels to the project location, whereas the current program requires fre-
quent mobilization. The values in fuel savings could be calculated in a more extensive study focused

on CO2-emissions in each solution.

The second question focused on a morphological analysis of the development of the SW Texel area

in 1991-2021. This was done through a sediment balance of the SW Texel system, that consists of the
nourishment volume, the natural sediment transport and the volume changes of the transect. Volume
changes of each transect were identified for 4 parts of the transect: the dune, the beach, the shallow
part and the Molengat channel.

The dune and the beach reduced in volume before 1990. Since the start of the nourishment program
the volume started increasing in the entire area. Therefore, this strongly suggests that the dune growth
is caused by the application of nourishments. 29.9% of the entire nourishment volume has ended up in
the dunes. When nourishments are aborted, Figure 4.16 showed that it is expected that the shrinking
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of the dunes will resume. This is because volumes started increasing after - and were decreasing be-
fore - the first nourishments. It was also found that transects in T2 reached a maximum dune volume,
which can be explained by a maximum steepness of the dune front. As a result, the landward aeolian
transport capacity reduces and limits further growth. This hypothesis needs further investigation. The
transects in ranges T1, T3 and T4 have not yet reached this stage.

The Molengat in the transects was found to be moving towards shore before the nourishment program
started (as shown in Appendix A), and its landward movement was not influenced by the implemen-
tation of the nourishment program. Therefore, the Molengat filling rate can be extrapolated into the
future, projecting the future closing date of each transect range. The Molengat in T1 is projected to be
filled by 2035, and in T2 by 2055. In T3 and T4 the Molengat has already been filled. Eventually, the
landing of the NUN (the Molengat bank) on the coast could be able to nourish the coast. The data anal-
ysis showed that transect areas T3-T4 - where the Molengat has been filled already - have experienced
limited shallow erosion, suggesting a correlation between Molengat closure and the amount of ero-
sion at the shore. The late projection filling date of T2 is a reason to put the mega nourishment at that
location. An additional short term reason for this location is that the BKL is not satisfied, but this is
subordinate to the long term scale of this project.

The third question showed that the dunes would have reduced further if the nourishment program
was not implemented. Furthermore, a point of attention that should be investigated is whether the
dunes will resume shrinking if the nourishment program is replaced by a non-nourishment solution.
The application of a mega nourishment is done by putting 20 years worth of sediment at transect range
945-1053 in one construction project. Transects in this range can expect a continuation of dune growth
from the start, until their maximum steepness is reached. Simultaneously, the mega nourishment aims
to diffuse sediment alongshore in the shallow part of the transects, providing sediment to adjacent
transects. The sediment supply to other transects could be able to limit the shrinking of the adjacent
dunes, or even let them grow. However, this requires further investigation.

Finally, a model simulation of the mega nourishment alongshore was created in Delft3D. The model
setup was based on an existing model from Rijkswaterstaat: Delft3D-FLOW_Waddenzee-PACE_j09_v06.
It incorporated tidal flow conditions and wave conditions, and multiple simulations that distinguished
current bathymetry /mega nourishment, NW/SW wave directions and calm/storm conditions were
executed. The model was able to show that storm conditions have the most time-averaged impact

on sediment transport on the NUN, but in the Molengat this is dominated by calm conditions. In the
Molengat, sediment transport is dominated by the tidal current. Furthermore, the application of a
mega nourishment will increase sediment transport at the tip and decrease sediment transport on the
sides compared to the situation without nourishment. The model did not have sufficient grid cell res-
olution to accurately show sediment transport gradients alongshore, which means the question about
changes in accretion and erosion alongshore cannot be answered. When the model included a higher
uncertainty bottom-updated calculation scheme, the total occurrence-and-direction-weighted effect in-
dicated qualitatively that the bottom is likely to accrete south of the nourishment, while north of the
nourishment erodes slightly. However, further research is required to support the robustness of this
statement, since the combined simulated effect can be questionable and the grid cell resolution was too
low to accurately incorporate the effect of smaller scale processes.
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8.2 Recommendations for future research

1. The most important recommendation is to continue research with a more accurate model in the
Texel area, by applying higher grid resolution and more wave characteristics for a longer simu-
lation period to better show the accretion and erosion alongshore. Next, the nourishment shape
can also be included in future research. Now it was taken as an initial design based on the ero-
sion pattern and the BKL, but a more advanced model could test a skewed shape to the north on
a more northward location that could (based on Figure 7.7) diffuse sediment more southward.
That way the wave direction and alongshore sediment transport could be taken into account as
well, which was not done in this research. The model could also be improved by implementing
time-varying wave conditions. Yet, this research is still useful in determining the location of the
nourishment and projecting when the Molengat could be closed, which led to the expectation of
future reduced shallow shore erosion and therefore better manageable BKL. In further optimiza-
tion a question could be how much sediment diffusion to the north and the south is preferred
with respect to the nourishment program on Middle Texel and how adjust the shape of the nour-
ishment accordingly.

2. The correlation between dune volume change and beach nourishment could be investigated by
experiments. In the same research it could also be analysed what factors determine the max-
imum steepness in a dune profile so that it could be calculated how much sediment could be
saved in future nourishments if the current nourishment scheme is continued indefinitely.

3. Create a study that analyses the effect of a cross-shore dam in the area. What would be the effect
of the dam and what is the optimal length and location?

4. On a higher project scale level the current nourishment scheme could be compared with the pro-
posed mega nourishment to calculate what the net savings would be of dredging costs and car-
bon dioxide emissions. This would be relevant in view of the responsibilities of Rijkswaterstaat
regarding climate change.
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Appendices

A Additional photos SW Texel coastline

Figure A.1: Overview Texelhors and transition area between dune and land.

Figure A.2: Dunes at the southern tip of the island. They are in development stage, and not as developed as the
dunes that are within the BKL policy.

80



Figure A.3: Snapshot of waves coming from the NW. The whitecapping areas show the contours of the ebb tidal
channel that is developing on the NUN.

Figure A.4: Cross-shore groyne during low water. It consists mainly of rocks and tar.
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Figure A.5: Snapshot of waves arriving at the shoreline. This snapshot is taken during low water, when the cross-
shore groyne is emerged. These groynes have a spatial distance of 400m.
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B Bathymetry maps from Vaklodingen at SW Texel
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Figure B.1: Vaklodingen data from 1971 at SW Texel. The white area in the north depicts the island of Texel (no
bathymetrical data). The white area in the south depicts the tip of Den Helder. The green area in the middle is the
shape of the Noorderhaaks in 1971. Color bar indicates m with respect to NAP.
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C Transects of depth profiles along coast (JARKUS)

C.1  Post-1990 transects

Entire JARKUS dataset at all transects that contain post-1990 data. The oldest measurement (1990) is
yellow, the most recent (2022) is the dark purple line. The x-values are the distance to the RSP [m], and
the y-values the level relative to NAP [m]. The color change indicates progression through time. Fig-
ure C.21 and onward shows the transect zoomed on the dune. These are used in Figure 4.15.
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Figure C.21: All JARKUS measurements in transect 880, but zoomed to the dune, beach and the edge of the fore-
shore.
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C.2 Pre-1990 transects

Lewvel relative to NAP [m]
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E Molengat filling projections transect 703-1210

['Transect’, 703.0, 'R~ 2=', 0.761]

— 8000
E .*b
= 7000

M

¥ 6000 *
1Y)

§ 5000
=

4000 .
i

2 3000
o

U 2000
1000

Molengat

2000 2020 2040

time [years]

1960 1980

Figure E.1

. 8000 . ['Transect', 704.0, 'R™2="', 0.817]

2060

] . Os’

7000
6000
5000
4000 0
3000
2000
1000

Molengat cross-section area [m2

2000 2020 2040

time [years]

1960 1980

Figure E.2

117

2060




]

30001

["Transect’, 705.0, 'R™2=", 0.974]

2000 2020 2040 2060

time [years]

1960 1980

Figure E.3

['Transect’, 706.0, 'R™2=", 0.935]

2000 2020 2040 2060

time [years]

1960 1980

Figure E.4

118




]

30001

["Transect’, 707.0, 'R™2=", 0.878]

[ ]
s -
‘.
.
[ )
um__
1960 1980 2000 2020 2040 2060
time [years]
Figure E.5
["Transect', 708.0, 'R~2=", 0.356]
[ ]
[ ]
'e""oﬁi‘r“
1960 1980 2000 2020 2040 2060

time [years]

Figure E.6

119




]

30001

["Transect’, 709.0, 'R™2=", 0.441]

1960 1980 2000 2020 2040
time [years]

Figure E.7

[‘Transect’, 800.0, 'R™2=", 0.793]

2060

1960 1980 2000 2020 2040
time [years]

Figure E.8

120

2060




]

30001

["Transect’, 820.0, 'R™2=", 0.829]

1960

1980

['Transect’, 840.0, 'R™2=", 0.983]

2000

time [years]

2020

Figure E.9

2040

2060

(21

Lo
-

.
™.

1960

1980

2000

time [years]

2020

Figure E.10

121

2040

2060




["Transect’, 860.0, 'R™2=", 0.987]

5000

2000 2020 2040 2060

time [years]

1960 1980

Figure E.11

[‘Transect’, 880.0, 'R™2=", 0.986]

40001

30001

2000

1000 1

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.12

122




5000 ['Transect’, 900.0, 'R™2=', 0.978]

40001 .

3000

20001 >

1000 e

Molengat cross-section [m2]
2

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.13

5000 ['Transect’, 915.0, 'R™2=', 0.938]

4000
L

o Va ohy
3000
2000 L\

1000 1

Molengat cross-section [m2]

0 *

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.14

123



5000 ["Transect’, 930.0, 'R™2=', 0.865]

40001

3000

20001

1000 1

Molengat cross-section [m2]
’:

0 *

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.15

5000 ["Transect’, 945.0, 'R™2=', 0.695]

40001

30001

‘0
[ (]

2000 %

1000 1

Molengat cross-section [m2]

0 .

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.16

124



5000 ["Transect’, 960.0, 'R™2=', 0.602]

40001

30001 . %

20001

1000 1

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.17

[‘Transect’, 976.0, 'R™2=", 0.437]

5000
4000 1
3000 1 ¢
*pe .’
'ty
2000 1 %

1000 1

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.18

125



["Transect’, 1000.0, 'R™2=", 0.632]

5000
4000
3000
[ ]
[ ] .. [ ] ...
20001 e

1000 1

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.19

5000 [‘Transect’, 1001.0, 'R™2=", 0.825]

40001

30001

2000 =

1000 1

Molengat cross-section [m2]
3

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.20

126



5000

[‘Transect’, 1013.0, 'R™2="', 0.783]

40001

3000

20001

1000 1

Molengat cross-section [m2]

5000

L[]
. -
.0. o ‘e
1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]
Figure E.21

[‘Transect’, 1033.0, 'R™2=", 0.949]

40001

30001

2000

1000 1

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.22

127




5000 ['Transect’, 1053.0, 'R™2=", 0.975]

40001

3000

20001 =g

1000 1 *

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.23

5000 [‘Transect’, 1073.0, 'R™2="', 0.955]

40001
30001
2000 -

1000 1 ®
L]

Molengat cross-section [m2]

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.24

128



5000

[‘Transect’, 1093.0, 'R™2=", 0.958]

40001

3000

20001

1000 1

Molengat cross-section [m2]

5000

L]
.&
Son,
o0
Q?“\
U...
*
* v s, oo
1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]
Figure E.25

[‘Transect’, 1108.0, 'R™2=", 0.906]

40001

30001

2000

1000 1

Molengat cross-section [m2]

P

1990 2000 2010 2020 2030 2040 2050 2060 2070
time [years]

Figure E.26

129
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F Total volume change of transects (Vaklodingen)

These graphs show the total volume change in the transects. The 2 blue lines enclose the area of Vspaii0w-
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G Volume tables

Transect 880 | 900 | 915 | 930 |945 |960 | 976 | 1000 | 1001 | 1013
Biransect [m] 100 | 175 | 150 | 150 | 155 | 200 | 125 | 65 160 | 200
AVe transect [M3/m] 3501 | 3167 | 2650 | 2055 | 1554 | 1067 | 763 | 961 | 1227 | 1320
AVent transect * Btransect [F1000m3] 350 | 554 |398 |308 |233 |165 |153 | 120 | 79.8 | 211
AVDune transect [M3/m] 1275 | 832 | 641 | 591 | 85 161 | 420 | 893 | 895 | 600
AVDune transect * Biransect [¥1000m3] 128 | 146 | 962 | 88.7 | 12.8 | 25.0 | 84.0 | 112 | 58.2 | 96
AVBeach, transect [M3/m] 120 | -18.0 | -11.3 | -61.2 | -141 | -130 | -132 | -112 | -109 | -115
AVBeach transect * Btransect *[1000m3] 120 | -32 |-17 |-92 |-21.1|-202|-264|-139 |-71 | -184
AVshaliow, transect [M3/m] 697 | 1023 | 1285 | 925 | 226 | -78 14 -313 | -398 | -173
AVshailow transect * Biranseet F[1000m3] | 69.7 | 179 | 193 | 139 | 34.0 | -12.2 | 2.8 -39.1 | -259 | -27.7
Total AViransect [m3/m] 5593 | 5004 | 4565 | 3510 | 1725 | 1020 | 1065 | 1430 | 1614 | 1632
Total AViransect * Biransect *[1000m3] 559 | 876 | 685 | 527 |259 |158 |213 | 179 | 105 | 261
Table G.1: Overview of sub factor values and total volume differences AV;,qnsect fOr transect range 880-1013 in
the period 1991-2021. These are the values of Figure 4.18.

Transect 880 | 900 |915 |930 | 945 |960 | 976 | 1000 | 1001 | 1013
Biransect [m] 200 | 200 |200 | 175 |175 |200 |200 |210 | 210 | 100
AVer transect [m3/m] 1553 | 1878 | 2080 | 2550 | 2097 | 2035 | 2020 | 1968 | 1524 | 1784
AVen transect * Btransect [F1000m3] 311 | 376 | 416 | 446 | 367 | 407 | 404 | 413 | 320 | 178
AVDune,transect [M3/m] 107 | 333 | 560 | 614 | 532 | 626 | 531 | 693 | 687 | 686
AVDune transect * Biransect [¥1000m3] 214 | 66.6 | 112 | 107 |93.1 | 125 | 106 | 146 | 144 | 68.6
AVBeach, transect [M3/m] -164 | -429 | -37.3 | 389 | 0.6 942 | 33.1 | 89.3 | 535 | 269
AVBeach transect * Btransect ¥[1000m3] | -32.7 | -8.6 | -75 | 6.8 0.1 18.8 | 6.6 188 | 11.2 | 2.7
AVshailow transect [M3/m] -380 | -78.7 | -174 | 416 | 213 | 13.8 | -6.1 | -66.3 | -10.5 | 54.1
AVshaliow transect * Biransect [1000m3] | -76.0 | -15.8 | -34.7 | -72.8 | -37.2 | 2.8 -1.2 | -139 | 22 |54
Total AViransect [m3/m] 1116 | 2089 | 2429 | 2787 | 2417 | 2769 | 2578 | 2684 | 2254 | 2551
Total AViransect * Biransect *[1000m3] 223 | 418 | 486 | 488 | 423 | 554 | 516 | 564 | 473 | 255

Table G.2: Overview of sub factor values and total volume differences AV;,qansect for transect range 1013-1210 in

the period 1991-2021. These are the values of Figure 4.18.
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