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Summary

Dunes are the primary sea defence along the Dutch coast. This research investigated the devel-
opment between 1965 and 2021 of the beaches and dunes of the Hoogheemraadschap Hollands
Noorderkwartier (HHNK) area that stretches from IJmuiden to northern Texel. This research used
an advanced data analysis on the annual coastal elevation data. The coastline of the HHNK area
is maintained by several measures including nourishments, planting and removal of grass, placing
reed fences and building regulations. The aim of this research was to relate the investigated devel-
opments of the beaches and dunes to these measures and natural processes.

A literature study was performed first, to get acquainted with the research area and the pro-
cesses that drive the beach and dune development in the area. In four phases, the developments
and their relationships with the drivers were investigated for several subsections of the research
area that showed similar behaviour. In phase 1, the coastal profile data was collected for multi-
ple transects spanning the research area. Characteristic parameters describing features of the dune
and beach were derived from the coastal profile data. In phase 2, the collected profile data was de-
composed into spatial and temporal patterns by a principal component analysis. In phase 3, the
transects of the research area were categorised on the temporal development of their coastal profile
using the spatial and temporal decomposition results. This created subsections of the coast that
showed a similar morphological behaviour. In phase 4, the morphological behaviour of several sub-
sections was investigated and related to the natural and human drivers. The relationships between
the drivers and the developments were investigated for several subsections, varying in morpholog-
ical behaviour and drivers, to gain insight into these relationships for the entire research area.

The coastal categorisation resulted in 36 subsections that were mainly continuous in space with
the exception of four clusters. Seven subsections were studied in more detail, by investigating the
development of several characteristic parameters derived from the coastal profiles, like dune vol-
ume, beach slope and shoreline location among others. The shoreline location and beach width
showed a strong correlation with the nourishments. The beach slope and width were expected to
influence the dune volume changes, which was not supported by the results. The beach width is
assumed to be larger than the critical fetch length and the variations in beach slope had a marginal
effect on the transport capacity. The presence of beach pavilions limited the dune growth in both
height and volume, but regularly moving the pavilions did allow for a seaward migration of the dune
front. The effect of small beach houses on the dune volume change was found negligible. Main-
tenance works of HHNK influenced the dune development locally. The placement of reed fences
caused seaward migration of the dune front and the creation of blow-outs increased the dune vol-
ume behind the most seaward dune. The strongest dune volume increase was found at coastal areas
behind shoals that reduced the incoming wave energy.

The coastal categorisation succeeded in grouping transects with a similar development of their
modified coastal profiles. Several modifications were proposed to improve the categorisation of the
original profiles and to take into account smaller scale processes. Nourishment was distinguished
as most important driver for the development of the coastal area, which has maintained the shore-
line location and caused a trend break in several other characteristic parameters. Human influences
like buildings, coastal structures and reed fences have a strong local effect on the development of
the beaches and dunes. Further research could take into account wave and wind climate, water
level variations and grain size quantitatively to get a more comprehensive study of the relationships
between the development and the drivers.
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in the different modes across the research area. The elevation variance within the
mode of every location is directly proportional to the corresponding temporal index
with a proportionality coefficient equal to the values indicated by the colours. Tempo-
ral indices 10, 11 and 12 (b) show the temporal development of the elevation of each
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Introduction

The coastline of The Netherlands stretches for more than 400 kilometres along the southeastern
part of the North Sea. A large part of the country lies below sea level and is protected by the pri-
mary sea defences along this coastline, which are shown in Figure 1.1. Consequently, the safety
of many people depends on these sea defences and the Dutch government continuously works to
maintain them. In 1990, the Dutch government implemented a new management policy 'dynamic
preservation’ which changed the maintenance strategy. In this current policy, sand nourishments
are supplied to combat coastal erosion and on average the Dutch government supplies 12 million
cubic metres of sand each year (Rijkswaterstaat, 2020).

This research focuses on the North Sea coastline of the management area of the Hoogheem-
raadschap Hollands Noorderkwartier (HHNK). The management area of HHNK covers a large part
of the province of Noord-Holland and is shown in Figure 1.2. The North Sea coastline in the HHNK
area stretches for 84 kilometres and is divided into two coastal sections, divided by the Texel inlet
that connects the North Sea with the Wadden Sea. Coastal section 6 covers the island of Texel which
is part of the Wadden coast and coastal section 7 stretches from Den Helder to Jmuiden and is part
of the Holland coast. Maintenance work of HHNK guaranteed the flood safety of the low-lying hin-
terland. More insight into the effect of their maintenance work on the development of the coastline
could improve their future strategy.
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HHNK is a regional water authority that is responsible for water safety, water quality, the prevention
of water scarcity and safe waterways in their management area (HHNK, 2018). The work of HHNK
includes the monitoring, assessment and maintenance of primary and regional water defences to
prevent flooding of the land. During dry periods HHNK distributes the water supply with weirs,
locks and pumping stations to control the water levels in the management area. During high rainfall,
flooding is prevented by improving the discharge rate and providing storage capacity. In addition,
HHNK is responsible for 15 sewage treatment plants and the infrastructure that are used to clean
the wastewater in the area. Furthermore, the water quality and waterways are maintained by HHNK
and the water authority has a crisis management procedure to reduce the impact of calamities.
The dunes of the North Sea coastline are part of the primary flood defences that provide flood
safety in the HHNK management area and HHNK is responsible for the monitoring, assessment and
management of these dunes. HHNK uses a dynamic coastal management strategy to let the dunes
grow with the rising sea level (HHNK, 2021). There are different management strategies for touristic
or natural locations and for wide or narrow dunes. At locations where flood safety is not threat-
ened, the transport of sand from the beach and most seaward dune into the dune area is stimulated
to increase the ecological value and variation in habitats (Deltares, 2013). This is done by creat-
ing blow-outs and the removal of plants that trap the sediment. At locations where flood safety
should be increased, HHNK plants grass or places reed fences to trap the sediment which is shown
in Figure 1.3. At seaside resorts, there are buildings on the beach that limit the natural growth of
the dunes. HHNK determines the location of the buildings and gives regulations for the buildings
concerning the period of the year that they are allowed on the beach and the height of the poles
supporting the buildings among others. Relocation of the buildings allows for a seaward migration
of the dunes and raising the buildings on top of poles allows for the transport of sand below the
buildings into the dunes. The large nourishment volumes supplied by Rijkswaterstaat increase the
available sediment volume so that sand can be transported into the dunes (STOWA, 2010).

Figure 1.3: Maintenance works by HHNK to trap sediment in front of the dunes by planting grass (panel a, source:
HHNK) and by placing reed fences (panel b, source: Staatsbosbeheer).

Several organisations like HHNK, Rijkswaterstaat and Delft University of Technology have researched
processes that affect the beach and dune development in the research area. Elias and Van Der Spek
(2006) investigated the long-term development of the Texel inlet and its ebb-tidal delta, which have
a large influence on the coastline of the research area. The effect of aeolian transport on the dune
development was researched by Wittebrood et al. (2018). De Winter and Ruessink (2017) investi-
gated the effect of sea-level rise on the dune erosion near Egmond and the effect of storms on the
dune erosion at Egmond was researched by De Winter et al. (2015).

Since 1965, the Dutch government has done yearly measurements of the Dutch coast as part
of the JarKus programme, creating a large dataset with surface elevation data of the Dutch coast.
Coastal profiles were derived from the dataset for transects with a spacing of about 250 metres in



the alongshore direction spanning the entire Dutch coast, which was the main input data for this
research. The coastal profiles consist of elevation measurements along the transects with a cross-
shore interval distance of 5 metres. The large amount of data could lead to new insights into the
developments of the Dutch coast. The dataset is used for monitoring the flood safety of the coast
and for the determination of the nourishment strategy. Additionally, the dataset has been used for
research on the dune volume change due to aeolian transport (de Vries et al., 2012) and the effect of
nourishments on dune development (Hallin et al., 2019) among others.

Van Ijzendoorn (2021) developed a toolbox to derive characteristic variables from the JarKus
dataset, that were used to describe the development of the beaches and dunes. These characteristic
variables include the dune height, beach width and shoreline location among others. The develop-
ment of the beaches and dunes is described by the temporal changes in these characteristic vari-
ables. Research has been done on the dune toe location using the characteristic variables obtained
with the toolbox (van [Jzendoorn et al., 2021). Figure 1.4 gives an example of the variables that are
derived from the coastal profiles.

— 1970
Dune crest lovs

1980
1985
1990
1995
2000

15.0

7.51=

n
=]

Elevation [m to datum]
&

0.0

a4

-25 Beach width

=100 -50 0 50 100 150 200 250 300
Cross shore distance [m]

Figure 1.4: Example of the characteristic variables that were derived from the coastal profiles using the JarKus Analysis
Toolkit (Van Ijzendoorn, 2021).

The development of the beaches and dunes is driven by several physical processes and human ac-
tivities (Giardino et al., 2011). Drivers like waves, wind and human interventions act on different
spatial and temporal scales and show different behaviour causing linear or cyclic variability of the
coast (Stive et al., 2002). Understanding both the coastal behaviour and the processes that drive it
is important to determine an efficient management strategy. The drivers are divided into two cate-
gories, natural drivers and human drivers. The natural drivers include climate variations, sea-level
changes and tidal inlet cycles among others. Nourishments, coastal structures and coastal manage-
ment are categorised as human drivers.

Since 1965, both computational power and the amount of data increased significantly, which
allowed for more advanced data analyses of coastal areas. Research by Plant et al. (2016) coupled
the shoreline change to sea-level rise and coastal morphology using a Bayesian network. The model
was used to predict the impact of future sea levels based on forecast scenarios. Athanasiou et al.
(2021) used a machine-learning algorithm to predict the effect of storms on the morphodynamics
of dunes along the Dutch coast. The data was used to create several typological coastal profiles, that
represent the Dutch coast. These profiles were used in a probabilistic model to predict dune erosion
based on the most important drivers and achieved a good prediction skill.
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Zwarenstein Tutunji (2021) used a clustering algorithm to group areas of the Hoogheemraadschap
Hollands Noorderkwartier area that showed a similar coastal development. A clustering algorithm is
a machine learning algorithm that groups similar samples in a dataset into different subsets (Mad-
hulatha, 2012). The research of Zwarenstein Tutunji (2021) used a set of 29 characteristic variables
obtained from the JarKus dataset to cluster different locations. Linear regression was used to analyse
the trends of the characteristic variables and reduce the amount of input data. Eventually, five clus-
ters were obtained with three subclusters. It was found that the clustering was mainly influenced by
some dominant variables. All the dominant variables of the clustering were found in the foreshore
part of the profile, while the management of HHNK focuses on the dry part of the profile. Due to the
reduction of input data by linear regression, a lot of information on the development of the coastal
profile was lost. In most cases, the coast did not show linear behaviour and human interventions
like coastal structures changed the trend before and after the construction. More insight into the
development could be found by looking at correlations between physical processes, human inter-
ventions and characteristic variables over the entire time series. Zwarenstein Tutunji (2021) did not
succeed in coupling the outcomes of the machine learning algorithm with the physical processes
that drive the coastal development.

Advanced data analyses of the JarKus dataset have not yet led to useful insights to improve the
management strategy of the beach and dune development of the Hoogheemraadschap Hollands
Noorderkwartier area. The possibilities of advanced data analysis on large data sets of coastal pro-
files have not been extensively studied yet. Applying advanced techniques like machine learning to
the data set could lead to new insights into the relationships between the drivers and characteristic
variables of coastal development.

1.1. Research objective

This research aims to gain more insight into the beach and dune development on the Dutch coast
from IJmuiden to the Eierlandsegat, by analysing the JarKus data set with a machine learning algo-
rithm and relating the outcomes to physical processes. The eventual goal is to improve the coastal
management strategy with a better understanding of the coastal developments and the effects of
human interventions. To achieve this the following main question will be answered:

What is the expected development of the beaches and dunes of the HHNK area, based on
relationships between physical processes and historical developments found with advanced
data analysis of the JarKus data set?

The main research question is answered by first answering the following subquestions:

1. Which natural and artificial processes are drivers for the beach and dune development of the
research area?

2. Which parts of the research area can be clustered together based on similarities in beach and
dune development?

3. To what extent can the relationships between the drivers and the characteristic variables de-
scribe the observed beach and dune developments of the different clusters?

4. To what extent can the future development of the beaches and dunes of the research area be
predicted based on relationships between physical processes and characteristic variables?

5. How can the insights into predicted future developments improve the coastal management
strategy of the Hoogheemraadschap Hollands Noorderkwartier?
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1.2. Thesis outline

This report starts with a detailed description of the research area in Chapter 2. A literature study
was performed to get acquainted with the research area and its development over time. The chap-
ter presents both the observed morphological developments of the area and some of the physical
processes and human activities that affected the development.

Chapter 3 describes the method that was used to answer determine the relationships between
the drivers and the beach and dune development. First, the collection of the required data and
modifications of the data are described in Section 3.1. A principal component analysis, described
in Section 3.2, was performed on the dataset to investigate the spatial and temporal variability in
elevation in the research area. The coastal categorisation model and its input are reported in Sec-
tion 3.3. The method to derive the relationships is described in Section 3.4.

Chapter 4 presents the results of the different phases. The first section gives an explanation and a
graphical representation of the different modes derived by the spatial and temporal decomposition.
Secondly, Section 4.2 gives an overview and evaluation of the identified clusters and their spatial dis-
tribution. The results of a more detailed analysis of several clusters are presented in Section 4.3. In
addition, this section presents the relationships between the drivers and the development that were
found in the clusters.

Chapter 5 presents a discussion of the results. The results of the spatial and temporal decom-
position are discussed first in Section 5.1. The discussion of the obtained clusters and their spatial
distribution is presented in Section 5.2 followed by the discussion of found relationships between
the drivers and the beach and dune development in Section 5.3. A short discussion of the future
development is presented in Section 5.4.

Finally, Chapter 6 gives the conclusions and recommendations for this research. This chapter
reflects on the research questions and the answers that were found. Additionally, Section 6.2 gives
recommendations for improvements on this research and further research on this topic



Research area

This chapter describes the research area and the drivers that influence the development of its beaches
and dunes. The research area comprises the coastline of the Hoogheemraadschap Hollands No-
orderkwartier (HHNK) area which covers coastal sections 6 and 7 of the Dutch coast (Rijkswater-
staat, 2021). The topography of the research area is shown in Figure 2.1. Section 2.1 presents infor-
mation on the North Sea and the Wadden Sea that affect the coast of the research area. Section 2.2
gives an overview of coastal section 6, that covers the coastline of the barrier island Texel. Section 2.3
gives an overview of coastal section 7 that covers the coastline from Den Helder to IJmuiden. The

different processes that drive the development of the beaches and dunes in the research area are
presented in Section 2.4.

2.1. The North Sea and the Wadden Sea

The North Sea is a shallow sea with a mean depth of 80
metres and the northern part has a broad connection to
the North Atlantic. In the South, it is connected to the
Atlantic through the narrow Straight of Dover. Due to the
shallow topography of the North Sea and the narrow strait
at the southern end, storm surge levels can get very high
in the Southern North Sea during a constant northerly
wind (Stindermann and Pohlmann, 2011). The geometry
of the North Sea resonates with a semi-diurnal tidal cycle
and has tidal ranges over 4 metres. The bathymetry and
tidal ranges are shown in Figure 2.2.

Latitude [']
Depth [m]

Longitude [*] Helght inm+NAP

Figure 2.2: Bathymetry of the North Sea and the tidal ranges

Figure 2.1: Altitude map of the research area,
(Janicke et al., 2021).

obtained from the coastviewer (Deltares, 2018).
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The Wadden Sea lies behind several barrier islands and has a very shallow topography. During low
tide, large mudflats in the Wadden Sea fall dry. Sea level rise and human interventions have caused
a sediment demand in the Wadden Sea, which causes sediment import from the North Sea (Wang
etal., 2012). The closure of the former Zuiderzee, through the construction of the Afsluitdijk in 1932,
had a significant effect on the morphodynamics of the Wadden Sea (Oost and Kleine Punte, 2003).
The tidal amplitude increased due to the decrease in basin length, which also caused an increase in
the tidal prisms through the tidal inlets. Figure 2.3 shows the bathymetry in the Wadden sea.

1926-1934 1997-2000

Figure 2.3: Historical development of the bathymetry of the Wadden Sea after the closure of the Zuiderzee (Oost and
Kleine Punte, 2003).

The largest tidal inlet of the Dutch Wadden Sea is the Texel inlet (Elias and Van Der Spek, 2006). The
Texel inlet separates the island of Texel from the mainland and is shown in more detail in Figure 2.4.
The Helderse Zeewering, constructed around 1750, stabilises the southern embankment of the tidal
inlet and increased flow velocities around the sea defence increasing the depth of the channel (Elias
et al.,, 2014). The ebb-tidal delta of the Texel inlet stretches 10 km seaward and 25 km alongshore
(Elias and Cleveringa, 2003). The ebb-tidal delta consists of northern and southern tidal channels
separated by a large flat, the Noorderhaaks. The northern channel of the ebb-tidal delta is migrating
landward causing erosion at the southern coast of Texel (Elias et al., 2014). The southern channels
of the ebb-tidal delta stretch along the coast of Noord-Holland. In 1956 the main southern channel,
Schulpengat, split into two channels, the western, flood-dominated channel Schulpengat and the
eastern, ebb-dominated channel Nieuwe Schulpengat (van Santen, 1999). Landward migration of
the Nieuwe Schulpengat caused coastal erosion on the coast of Noord-Holland. The flood-tidal
delta of the Texel inlet is connected to another large inlet of the Wadden Sea, Zeegat van het Vlie,
and the higher tidal amplitude of Zeegat van het Vlie causes a residual seaward flow through the
Texel inlet (Ridderinkhof, 1988).

A smaller tidal inlet, Eierlandse Gat separates Texel from its neighbouring barrier island Vlieland.
The tidal basin of the Eierlandse Gat has a much smaller tidal prism and surface area than the Texel
inlet and Zeegat van het Vlie (Louters and Gerritsen, 1994), which can also be seen in Figure 2.3. The
northern part of Texel, Eierland, experienced structural erosion of about 600 000 m3/ year around
1990 which led to the construction of the Eierlandse dam (Van Heuvel, 1999). The 800 metres long
Eierlandse dam was constructed in 1995 and caused large sediment depositions on both sides of the
dam, ending the structural erosion of the northern coast of Texel.
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Figure 2.4: Development of the Texel inlet between 1971 and 2012 (Elias and Van Der Spek, 2006).

2.2. Texel

The barrier island Texel is the most northern part of the research area and is separated by the Eier-
landse Gat and the Texel inlet as described above. The 'Beheerbibliotheek Texel’ by Elias et al. (2014)
was used to describe the observed coastal developments of Texel in this section. Elias et al. (2014)
divided the island into three subsystems: Noorderlijke Uitlopers van de Noorderhaaks (NUN) and
Hors (section A), the island coast and De Slufter (section B) and the region between De Slufter and
Eierlandse gat (section C). The island of Texel and the locations of its subsystems are shown in Fig-
ure 2.5.

Figure 2.5: The island of Texel divided into three subsystems (Elias et al., 2014) A) Hors and Noorderlijke Uitlopers van de
Noorderhaaks (NUN), B) Island coast and De Slufter, C) between De Slufter and Eierlandse gat.
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A - Hors and Noordelijke Uitlopers van de Noorderhaaks

The southern part of Texel is mainly influenced by the Texel inlet and its ebb-tidal delta. An overview
of subsystem A is shown in Figure 2.6. The figure shows three lines representing the mean high wa-
ter line (dark blue), the dune foot position (brown) and the border of the sea defence (red). The Hors
is the southern part of Texel and borders the Texel inlet. It has relatively broad beaches and is very
dynamic. The dunes on the Hors have many blow-outs and sand can be easily transported through
the most seaward dunes by aeolian transport. Rijkswaterstaat no longer has a base coastline for this
part of the coast and no maintenance works are performed on this part of the coastline.

Between 1965 and 1990, a landward migration of the Marsdiep, the main tidal channel of the
Texel inlet, was observed while the low water line of the southern part of the Hors migrated sea-
ward. After 1990, the migration of the Marsdiep and the Hors changed in the opposite direction.
The western part of the Hors is mainly influenced by the northern channel of the Texel inlet, the
Molengat, which showed movements similar to the Marsdiep. Between 1965 and 1990 the Molen-
gat increased in depth from -15m NAP to -24m NAP while migrating 500 metres landward. After
1990, it migrated in opposite direction with large sedimentation volumes in the deepest part of the
channel causing a decrease in the depth of the channel and erosion at the Hors and the adjacent
coastline. The landward movement of the Molengat created very steep slopes near the coast and is
seen as the main reason for the recent structural erosion of the southern coast of Texel. The NUN is
expected to meet the coast in the future increasing the sand volume near the coast. To counter the
erosion of the coast north of the Hors, 22 groynes were constructed between 1957 and 1987 and the
groynes have reduced but did not stop the coastal erosion in this area (Elias and van der Spek, 2017).

Figure 2.6: Overview of subsystem A, the Hors and the NUN, showing the mean high water line (dark blue), dune toe
location (brown) and the border of the sea defence (red) (Deltares, 2018).
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B - Island coast and De Slufter :
- Brandingstransport

The southwest coast of Texel is influenced by the ebb- g E'.iif;;i"f.f;“n.
tidal delta of the Texel inlet. Steijn and Jeuken (2000) —* Transport over

—*  Noordelijke uitiopers

modelled the sediment transport of southwest Texel
by using numerical software which was investigated
by Cleveringa (2001). A conceptualised visualisation
of the sediment transport along the southwest coast
of Texel is shown in Figure 2.7. Waves transport sed-
iment from the Noorderhaaks northward along the
NUN, this causes the NUN to move in the northern di-
rection. Around beach pole 13, a divergence point is
present due to the curved shape of the coastline, the
average wave direction and the refraction caused by
the shallow NUN. The sediment transport away from
this divergence point results in structural erosion. The
northern movement of the NUN changes the refrac-
tion of the waves and causes a northern shift of the di-
vergence point. Some sediment from the NUN is also Figure 2.7: A conceptualised figure of the sediment
transported landwards over the NUN, but this sedi-  transport directions along the coast of southwest
ment does not reach the southwestern coast of Texel Texel under yearly averaged wave conditions

as it is transported through the Molengat. (Cleveringa, 2001).

The transport of sediment due to tidal flow is shown in Figure 2.7. During flood tide, sediment
is transported through the Molengat towards the Wadden Sea, while sediment is transported north-
ward along the Texel coast. The divergence point for the tidal transport lies around beach pole 11
which means that sediment is eroded around beach pole 11 during flood tide and sedimentation
occurs during ebb tide. It is not clear whether the tidal currents cause net sediment transport.

The long rather straight stretch of coast from the NUN to De Slufter shows an erosive trend be-
tween 1965 and 2012. In volume measurements presented by Elias et al. (2014) it can be seen that
both foreshore and beach sediment volumes decrease until 1990. In 1990, Rijkswaterstaat started
with the dynamic preservation strategy and large nourishments were supplied to the coast. The
graphs of the beach volumes of the straight coast (areas 3 and 4, shown in Figure 2.8) have a clear
sawtooth caused by the nourishments, with an increase in volume due to the nourishments and a
gradually decreasing volume until the next nourishment.

Around beach pole 25 the primary dune line is interrupted by a small inlet into De Slufter, a small
dune valley and nature reserve. De Slufter is over a hundred years old and the area is continuously
changing due to the forcing of the North Sea. The largest part of De Slufter is just above sea level
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Figure 2.8: Beach and foreshore volume changes along the coast of Texel. Areas 3 and 4 cover the straight coast of Texel
and nourishment volumes are shown by the blue bars (Elias et al., 2014).
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and floods during storm surges and spring tides. One of its purposes is to reduce the incoming wave
energy to protect the dunes behind it. The mouth of De Slufter is naturally moving northward and
since 1973, the current position is maintained by human interventions. Broadening and movement
of the mouth could increase the wave impact on the dunes and exceed the safety level during design
storm conditions (van Rooijen and van Thiel de Vries, 2014). The foreshore near De Slufter shows
fluctuations of sandbanks similar to the island coast. The dunes near De Slufter show a seaward
trend and new foredunes have formed. The MCL had a landward trend and exceeded the BCL, but
nourishments are not supplied to prevent De Slufter from silting up.

C - De Slufter to Eierlandse Gat

Subsystem C covers the northern coast of Texel and is influenced by the tidal inlet Eierlandse gat
that separates Texel from Vlieland. The northern part of Texel was a separate island until it was
connected with a sand dike in the 17th century. Bolwerk Robbengat and Bolwerk Eierland were
constructed in 1948 and 1956 respectively, to reduce the southern migration of the southern chan-
nel of the Eierlandse Gat. In 1995 the northwestern point of Texel was reinforced by the construction
of the Eierlandse Dam, which stretches 800 metres seaward perpendicular to the coast. The Eier-
landse Dam captured sediment which created a wide beach and reduced the required amount of
nourishments. An overview of the area is shown in Figure 2.9.

The coastline between De Slufter and the wide beach near the
Eierlandse Dam had a landward migration until 1980. Intensive
nourishing of the coastline caused the coastline to migrate sea-
ward. The nourishments caused a sawtooth signal with the coast-
line migrating seawards after nourishment and gradually migrat-
ing landward until the next nourishment was supplied.

The coast on the south side of the Eierlandse Dam showed a
clear trend of landward migration until 1995. Nourishments sup-
plied in this area did not reduce the landward migration signifi-
cantly. After the construction of the Eierlandse Dam, the coastline
migrated seaward and the broad beach remains stable to date.
The dune foot location remained stable around the location of
Bolwerk Eierland. The north side of the Eierlandse Dam showed
similar developments, a landward migration of the coastline be-
fore construction and a seaward migration after. The northeast
side of Texel, around Bolwerk Robbengat, has a steep slope to-
wards the channel of the flood-tidal delta. Before 1997 the chan-
nel increased in width and depth, while the location of the chan-
nel remained stable.

Figure 2.9: Development of the
Eierlandse Gat after construction of
the Eierlandse Dam (Elias et al., 2014).

2.3. Noord-Holland coast

The Noord-Holland coast (coastal section 7) is shown in Figure 2.10 and stretches from Den Helder
to IJmuiden. The information to describe the research area of the Noord-Holland coast was ob-
tained from (Elias and Bruens, 2013). The southern border of the area is the port of IJmuiden, a
breakwater protecting the port from waves blocks the longshore transport creating a physical bor-
der with coastal section 8. The biggest coastal structures along the Noord-Holland coast are de-
scribed first followed by a description of several subsections of the coastal section. Elias and Bruens
(2013) used the subsections defined by Van Rijn (1997) to describe the observed developments of
the Noord-Holland coast. The information in this section made use of the work of Elias and Bruens
(2013) and is therefore described using the same subsections of the Noord-Holland coast.
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Coastal structures

The coastline was reinforced by the construction of multiple groynes between the Hondsbossche
en Pettemer Zeewering (HPZW) and Den Helder, the construction of these groynes finished in 1935.
The effectiveness of the groynes was studied by Verhagen and van Rossum (1990) and they stated
that the groynes did not reduce the erosion of the coast. Since 1990 the coastline is maintained by
supplying sediment to the coast.

The most northern part of the Noord-Holland coast is protected by the Helderse Zeewering. In
the 17th century, wooden poles and fascine mattresses were used to reduce the coastal erosion near
the sea dike. In the 18th century, the coast was reinforced by a stone sea defence, which stopped the
southward migration of the Texel inlet. After construction the depth of the tidal channel increased
as the sediment at the toe of the structure was eroded. Erosion of the channel decreases the stability
of the Helderse Zeewering and therefore it was periodically reinforced by dumping stones at the
toe. In 2007 a large nourishment was placed on the landward side of the channel to guarantee the
stability of the sea defence.

Part of the Noord-Holland coast, near Petten, was protected by a sea dike, Hondsbossche en
Pettemer Zeewering (HPZW) instead of dunes. The HPZW was constructed to fill the gap in the
dune system that was created by storms in the past. Groynes were constructed to reduce erosion
at both ends of the dike. The HPZW was reinforced in 2015 when the Hondsbossche Duinen were
created using a total of 35 million cubic metres of sand to create new dunes that serve as primary
sea defence (Bodde et al., 2019).

7. Noord-Holland
8. Rijnland
9. Delftiand

£

Figure 2.10: Overview of the Dutch coast with the three different coastal regions and the three coastal sections of the
Holland coast (a). A more detailed overview of coastal section 7 in (b) (Elias and Bruens, 2013).

Subsection 1 (km O - 8.1)

Subsection 1 stretches from the Texel inlet to Julianadorp and is mainly influenced by the Nieuwe
Schulpengat (Figure 2.11, left). The northern part of this subsection has a very steep slope because
the tidal channel Breewijd lies directly against the coast. Nourishments supplied since 1990 cause
the MCL to migrate seaward, but erosion rates are increased after the nourishment. The high ero-
sion rate requires frequent nourishment to maintain the coastline. Further to the south, the coast is
eroding due to the landward migration of the Nieuwe Schulpengat. A platform at -12m NAP sepa-
rated the Nieuwe Schulpengat from the coast, but this platform is no longer present due to erosion.
The platform can still be seen further south around km 6. The southern part, from km 6, shows a
seaward migration while the nourishment volumes in this area were limited.
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Subsection 2 (km 8.1 - 16.3)

Subsection 2 stretches from Julianadorp to Zwanenwater and is outside the ebb-tidal delta of the
Texel inlet (Figure 2.11, centre). Morphological changes in this area are smaller than in subsection
1 which is influenced by the inlet. This subsection of the coast shows only slight alongshore dif-
ferences. It has a relatively shallow nearshore and it is protected by groynes stretching 200 metres
seaward. The coast is characterised by a single sandbank which shows alternating seaward and
landward trends. Intensive nourishment in the area caused seaward migration of the MCL in most
parts of the subsection. The most southern part shows a negative trend and the supplied nourish-
ments have not effectively moved the MCL seaward of the BCL.

Subsection 3 (km 16.3 - 28)

Subsection 3 covers the coastline that is protected by the Hondsbossche en Pettemer Zeewering
(HPZW) and the developments in this area are influenced by the interaction with the HPZW (Fig-
ure 2.11, right). This subsection is characterised by a single sandbank with a relatively stable loca-
tion of around 200m-250m RSP (RSP is a local reference line along the Dutch coast). Many nourish-
ments were supplied in this subsection which also affected the sandbank cycles. The nourishments
effectively maintained the coastline and the MCL did not exceed the BCL. The sandbanks south of
the HPZW showed a different behaviour, sandbanks in this area migrated seaward and damped out,
and new sandbanks were formed near the coastline creating a cycle.

In 2015, new dunes were created to reinforce the HPZW by supplying a total of 35 million cubic
metres of sand to the coast in this subsection, see Figure 2.12. By creating new dunes, the gov-
ernment and other involved parties hope that the dunes would grow along with the sea level rise to
guarantee flood safety. According to Leenders et al. (2018) the dunes were expected to grow by about
35 m®/m/year in the first three years due to aeolian sand transport. Observations in the three years
after the construction of the dunes show an average dune growth of 33 m3/m/ year, close to the ex-

pected value. The secondary goals of the project were to create favourable conditions for nature and
increase the amenity value (Bodde et al., 2019).
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Figure 2.11: Overview of subsections 1 (a), 2 (b) and 3 (c) of coastal section 7, Noord-Holland coast. The figure shows the
topography observed in 2012 (Elias and Bruens, 2013).
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Figure 2.12: Image of the newly constructed Hondsbosche Duinen next to the HPZW (Picture by: Rini van der Pol).

Subsection 4 (km 28 - 39)

Subsection 4 stretches from Bergen to Egmond and is shown in Figure 2.13. Bergen and Egmond
are tourist locations and the beaches of these villages were frequently nourished hindering beach
recreation (Boers, 1999). Both villages also have buildings close to the beach that limit the width
of the dune area and produce additional safety requirements. The additional safety requirements
cause a seaward shift of the BCL around the villages compared to the rest of this coastal section.
According to Boers (1999) erosion rates around these villages are higher due to the further seaward-
extending coastline and the rip currents. Because the shoreline extends further seaward a lot of
sediment is transported to the adjacent coast restoring the natural position of the shoreline.

The entire coastline of subsection 4 shows multiple sandbanks during the entire measurement
period between 1965 and 2012. Before nourishing the coastline the sandbanks mainly showed a
seaward migration while the shoreline showed an erosive trend with an erosion rate of about 0.2
million m3/year. Since 1990, the sandbanks show cyclic behaviour and the sedimentation rate of
the coastline increased to about 0.5 million m3/ year.

Subsection 5 (km 39 - 47)

Subsection 5 stretches from Egmond to Castricum (Figure 2.13, centre). The subsection is very sta-
ble and its developments are dominantly influenced by the movement of the sandbanks. The coast-
line shows a cyclic fluctuation caused by the seaward migration of the sandbanks. The subsection
shows a positive trend in sand volume over the entire measurement period between 1965 and 2012.
Sedimentation volumes are the largest in the northern part of the subsection, which is probably
caused by the large nourishment volumes at the coast of Egmond.

Subsection 6 and 7 (km 47 - 55)

Subsections 6 (Figure 2.13, right) and 7 stretch from Wijk aan Zee to IJmuiden and the developments
in these subsections are mainly influenced by the breakwater of the port of IJmuiden. The coast of
subsection 6 and the port of IJmuiden are shown in Figure 2.14. The breakwater was constructed
between 1867 and 1876 and the coastline is still migrating towards the new equilibrium. The break-
water interrupts the longshore sediment transport which led to the deposition of large volumes of
sediment close to the breakwater which can be seen in Figure 2.14. The MCL had a maximum sea-
ward migration of 285 metres at the breakwater between 1965 and 2012. The accretion area stretches
up to 3 kilometres north of the breakwater. The coastline showed an erosive trend further north of
the accretion area, but the erosion volumes were significantly smaller than the sedimentation vol-
umes in the accretion area.


http://www.rinivanderpol.com/2019/08/6vwo-h7-p2-hondsbossche-zeewering-2019.html
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Figure 2.13: Overview of subsections 4 (a), 5 (b) and 6 (c) of coastal section 7, Noord-Holland coast. The figure shows the
topography observed in 2012 (Elias and Bruens, 2013).

Figure 2.14: Picture taken in 1993 showing the coastline north of the port of IJmuiden, which clearly shows the large
sedimentation area next to the breakwater. (source https://beeldbank.rws.nl/)

2.4. Drivers

The first step in answering the research questions was identifying the processes that drive the beach
and dune development in the research area. This section presents the relevant drivers for this re-
search that were identified by a literature study. This research used the JarKus dataset that contained
annual measurements of the coastal profiles for 57 years. Therefore, the relevant drivers, that are
observable in the dataset, act on a time scale in the range of several years to several decades. The
drivers were divided into two categories, the natural drivers described in Subsection 2.4.1 and the
human drivers described in Subsection 2.4.2.


https://beeldbank.rws.nl/

2.4. Drivers

2.4.1. Natural drivers

The most important natural drivers of shoreline change were described by Stive et al. (2002) and
are shown in Table 2.1. The investigated drivers act on a timescale ranging from several years to
several decades which corresponds to the long-term and middle-term timescales in Table 2.1. This
subsection gives a short description of aeolian transport that affects dune growth (Durdn et al., 2011)
and several drivers in the long-term and middle-term timescales. The tidal inlet cycles of the Texel

inlet and the Eierlandse Gat were described in Section 2.1.

Table 2.1: Most important natural drivers and typical evolutions for shore and shoreline variability and their timescales.
Obtained from Stive et al. (2002).

Scale

Natural causes/factors

Typical evolutions

Very long term (time scale:
centuries to millenia; space
scale: — 100 km and more)

Long term (time scale:

decades to centuries; space

scale:

~ 10100 km

Middle term (time scale:

years to decades; space

scale:

= ‘sediment availability”

= relative sea-level changes
= differential bottom changes
= geological setting

= long-term climate changes
= paleomorphology (inherited

morphology)

= relative sea-level changes
=regional climate variations
= coastal inlet cycles

= ‘sand waves’

= extreme events

=wave climate variations
= surf zone bar cycles
= extreme events

= (quasi-)linear trends

= trend changes (reversal,
asymptotic, damping)

= fluctuations (from (quasi-)
cyclic to noncyclic

= (quasi-)linear trends

= fluctuations (from (quasi-)
cyclic to noncyclic)

= trend changes (reversal,
asymptotic, damping)

= fluctuations (from (quasi-)
cyclic to noncyclic)

~1-5km)

Short term (time scale:
hours to years; space
scale: ~ 10 m—1 km)

conditions

= wave, tide and surge

= seasonal climate variations

= (quasi-)linear trends

= trend changes (reversal,
asymptotic, damping)

= fluctuations (from (quasi-)
cyclic to noncyeclic)

= (quasi-)lincar trends

= trend changes (reversal,
asymptotic, damping)

Aeolian transport

Aeolian transport is the transport of sediment
by wind action and is the main driver for dune
growth (Durén et al,, 2011). Sand particles are
set in motion by the wind when a certain ve-
locity threshold is exceeded. The sediment is
deposited in the dunes, due to an increase in
surface roughness caused by the vegetation and
an increase in slope. Wind speed and direc-
tion mainly influence the transport fluxes and
the average wind speed and direction of the re-
search area are shown in Figure 2.15. Besides
wind speed and direction several other factors
affect the transport rates, like the beach slope,
grain size, moisture content and shell layers
among others.
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Figure 2.15: Wind rose of De Kooy, near Den Helder,
showing the average wind speed and direction between
1991 and 2020. (KNMI, 2022b)
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Aeolian transport occurs when the shear stresses caused by the wind speed exceed the critical shear
stress of the sediment. The critical velocity depends on the grain diameter (d), the density of the
grains and the air (p; and p), the gravitational acceleration (g) and an empirical coefficient (A) and
is given by Equation 2.1 (de Vries et al., 2012). This equation is only valid if the conditions of the
beach are constant in time, while most conditions of the beach vary in time.

e = AyJdg(ps—p)/p @1

One of the time-varying conditions is the beach slope, which affects the critical velocity (Iversen and
Rasmussen, 1999). The weight force of grains on an inclined surface can be broken into two compo-
nents, one perpendicular to the surface and one parallel to the surface in the downward direction.
The parallel component can increase or decrease the critical velocity depending on the wind direc-
tion. When sand particles are transported from the beach to the dunes, they have to move upward
on the slope and therefore the critical velocity increases. Hardisty and Whitehouse (1988) provided
a slope correction factor (B) that should be applied to the critical velocity which can be calculated
by Equation 2.3, where i is the internal friction angle and b the bed slope. A similar reduction factor
(A) was provided for the transport rate, which can be calculated using Equation 2.2.

A_( tan i )7 -
"~ \tani-tanb '
tani —tanb
B=1/——cosb 2.3)
tani

The transport flux could be limited by the beach width when the fetch length is lower than the crit-
ical fetch length. Wind coming from the sea does not contain any sediment yet and some distance
is required to reach a fully saturated transport flux. The fetch length required to reach transport
saturation is called the critical fetch length. Erosion occurs when the transport flux is lower than
the saturated flux and sedimentation occurs when the transport flux is higher than the saturated
flux (Durdn et al., 2011). When the critical fetch length is larger than the beach width, the trans-
port flux can not reach its maximum saturation level which could limit the transport to the dunes.

Transport fluxes that deposit sand in the dunes might be blocked by structures on the beach.
Commercial structures like beach pavilions and small beach houses are present along the Dutch
coast. The number and size of the structures have increased over time and might influence the
growth of the dunes at multiple locations. Poppema et al. (2022) studied the deposition patterns of
sediment by aeolian transport around structures. Their research showed that the transported sedi-
ment is deposited on two tails behind the sides of the structures and some erosion occurs between
the two tails directly behind the structure. The effect of buildings is explained in more depth in
Subsection 2.4.2.

Sea level rise

The sea level is rising globally which can cause a retreat of the coastline. The rate of sea level rise
(SLR) increased from 1.8 mm/year before 1993 to a rate of 2.4 mm/year after 1993 (Baart et al.,
2019). The effect of SLR on the coast was most commonly assessed using the Bruun Rule (Bruun,
1962). The Bruun Rule predicts a coastline retreat based on the conservation of mass and is given
by Equation 2.4 where R is the coastal recession, L the horizontal distance to the depth of closure, S
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the SLR, B the berm or dune elevation and # the depth of closure. The depth of closure represents
the boundary between the landward morphologically active region and the seaward inactive region
and lies around —5 to —8 m N AP for the Dutch coast (Hinton and Nicholls, 1998). The Bruun Rule
is described in more detail by the schematic shown in Figure 2.16.
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Figure 2.16: A schematic of the Bruun Rule, which is used to calculate the effect of sea level rise on coastal recession.
(Cooper and Pilkey, 2004)

The Bruun Rule has been and is being used to determine coastal recession, but recent studies show
that the Bruun Rule does not accurately predict the coastal recession due to SLR (Cooper and Pilkey,
2004; Ranasinghe et al., 2012). The Bruun Rule does not include any accretionary component, while
coastlines have accreted under SLR. Van IJzendoorn et al. (2021) showed that the vertical dune toe
translation outpaced the SLR along the Dutch coast, caused by the nourishments along the coast.

Although the dunes along the Dutch coast have grown in spite of the increased sea level, it does
have an effect on coastal erosion. The shoreline migrates landward and more waves can reach the
dunes when the water level is increased. Furthermore, sediment is imported by the Wadden Sea
from the North Sea to compensate for the SLR which decreases the available sediment for the North
Sea coast (Wang et al., 2018).

Wave climate and water level variations

Waves play an important role in the development of beaches and dunes. Most waves along the
Dutch coast come from the West-southwest direction while the largest waves come from the north-
west due to a longer fetch (Hoekstra and Stolk, 1990). Waves are generally largest around January
with a mean wave height of 1.8 metres. Winter et al. (2012) studied the effect of climate change
on the wave climate near the Dutch coast and predicted that the wave height will not increase due
to climate change. According to Winter et al. (2012), the mean wave height and direction will be
similar, only the direction of extreme events is expected to come from the West-southwest more fre-
quently.

Extreme events with return periods larger than once a year can cause significantly more dune
erosion than waves during mild storms. Waves under normal conditions do not reach the dune toe,
while waves can attack the dune toe during storms due to storm surge and a larger incoming wave
energy. The surge level increases inversely with the water depth and therefore increases in water
level can be very large in a shallow sea like the North Sea (Gornitz, 2005). Due to the increase in
water level, waves can reach the dune front and the collision of waves on the dune front causes the
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dune slope to steepen. When the dune slope reaches a critical steepness it collapses and large lumps
of sediment slide down the slope. The lump of sand deposited at the dune foot temporarily shields
the dune front from direct wave impact. Offshore-directed return flows transport the sediment at
the dune foot further seaward extending the foreshore (Roelvink et al., 2009).

The erosion volume of a storm depends on multiple factors. Hydrodynamic conditions like the
storm surge level, wave height and wave period determine the forcing conditions on the dune. As
the sediment is transported gradually, the duration of the storm influences the erosion volume. Ac-
cording to Kriebel and Dean (1993), the new storm profile mainly depends on the storm surge level.
The increased water level gives a new equilibrium profile and the wave forcing determines the rate
at which the profile moves towards this new equilibrium.

2.4.2. Human drivers

This subsection describes the effect of human interventions in the research area. Stive et al. (2002)
provided an overview of the most important human drivers of shoreline change which are shown
in Table 2.2. First, a more detailed description of the effect of nourishments is given, followed by
a description of buildings on the beach and their impact on beach and dune development. The
effect of the closure of the Zuiderzee by the Afsluitdijk was described in Section 2.1 and the effect
of other coastal structures on Texel and the Noord-Holland coast were described in Section 2.2 and
Section 2.3 respectively.

Table 2.2: Most important human drivers and typical evolutions for shore and shoreline variability and their timescales.
Obtained from Stive et al. (2002).

Scale Human causes/factors Typical evolutions

Very long term (time scale: = human-induced = (quasi-)lincar trends

centuries to millenia; space
scale: ~ 100 km and more)

Long term (time scale: decades
to centurics; space scale:
~ 10100 km

Middle term (time scale: years
to decades; space scale:
~ 1-5 km)

Short term (time scale: hours
to years; space scale:
~10m-1 km)

climate change

= major river
regulation

= major coastal
structures

= major reclamations
and closures

= structural coastal
(non)management

= river regulation

= coastal structures

= reclamations and
closures

= coastal (non)management

= natural resource
extraction (subsidence)

= surf zone structures
= shore nourishments

= surf zone structures
=>shore nourishments

= trend changes (reversal,
asymptotic, damping)

= fluctuations (from
(quasi-)cyclic to noncyclic)

= trend changes (reversal,
asymptotic, damping)

= (quasi-)linear trends

= fluctuations (from
(quasi-)cyclic to noncyclic)

=trend changes (reversal,
asymptotic, damping)

= fluctuations (from (quasi-)
cyclic to noncyclic)

= trend changes (reversal,
asymptotic, damping)

= fluctuations (from
(quasi-)cyclic to noncyclic)
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Nourishments

Since 1990, the Dutch government has been supplying large volumes of sand to oppose coastal
erosion. The nourishment volumes have increased over time and currently, on average 12 mil-
lion cubic metres of sand are supplied annually. Figure 2.17a shows three different types of nour-
ishments, beach, shoreface and channel wall, that are being used to maintain the Dutch coast.
Channel wall nourishments are mainly supplied near the tidal inlets near the Wadden Sea. Beach
nourishments were most common when the dynamic preservation policy was implemented, while
shoreface nourishments have become more common over the years due to lower costs per volume
and more available research on their effectiveness (Laustrup et al., 1996).

Brand et al. (2022) studied the effects of the different types of nourishments on the sand volumes
in the coastal profiles. Their research investigated the percentage of volume from the nourishments
that was present in the momentary coastline (MCL) for each year after the nourishment. Beach
nourishments are immediately visible in the MCL, as they are placed directly in front of the dune
toe in the beach zone. Shoreface nourishments can not immediately be seen in the MCL as they
are supplied underwater and it takes some time to be transported to the beach zone. Figure 2.17
shows a diagram of these nourishment volumes in the MCL over time. It can be seen that the effect
of shoreface nourishments on the MCL lasts longer than beach nourishments. Beach nourishments
are therefore currently mainly used when additional flood safety is directly required.

A larger sediment budget in the active profile might also increase the dune volume by aeolian
transport and by reducing the erosion due to waves. Bakker et al. (2012) investigated where the sed-
iment that was supplied to a part of the Dutch coast ended up in the new coastal profile. Most of
the sand was found in the profile derived from nourishments between 2000 and 2005 when there
were no significant storm surges causing erosion. Aeolian transport of the sand to the dunes was
almost always significant because enough sediment was available on the dry beach. Furthermore,
the grain size of the nourished sand affects the aeolian transport rate as larger grains need higher
wind speeds to be transported.
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Figure 2.17: Panel a shows the three different types of used nourishments and Panel b shows the effect of the shoreface
and beach nourishments on the beach volumes over time. Figures obtained from Brand et al. (2022).

Buildings on the beach

Buildings on the beach can influence beach and dune development by obstructing wind flow and
sand transport. Local differences in aeolian transport, created by structures, can cause significant
variability in landforms on a small spatial scale (Jackson and Nordstrom, 2011). Many commercial
buildings are present along the Dutch coast, which are mainly concentrated around several isolated



2.4. Drivers 21

coastal resorts (Nordstrom and Arens, 1998). Figure 2.18 shows one of the coastal resorts at Wijk
aan Zee. The buildings on the beach include large beach pavilions and smaller beach houses. Other
large coastal resorts in the research area are located at Castricum, Egmond aan Zee, Bergen aan Zee,
Callantsoog, Julianadorp and De Koog. The water authority HHNK determines the locations of the
buildings in the research area, which are moved when this is required for the growth of the dunes.
Additionally, the water authority makes demands for the buildings regarding their presence during
the winter season and the obstruction of sand transport during the winter season.

Figure 2.18: Aerial picture of the coast of Wijk aan Zee. This coastal area includes many buildings on the beach like
beach pavilions and beach houses. Picture obtained from Deltares (2018).

Obstruction of the aeolian transport by the buildings on the beach limits the dune growth (Smith
et al., 2017). Several factors influence the consequences of the buildings on the dune growth, like
building size and orientation, the distance between the buildings and the time and duration of
the building placement (Poppema and Mulder, 2020). Flow patterns around a building depend on
the width, length and height of the building, which therefore influence the sediment depositions
around the building. When multiple buildings are located close to each other it increases the nega-
tive effect on the dune growth, this effect is only significant when the distance between the buildings
is very small which is the case for many of the small beach houses in the research area (Hoonhout
and Van Thiel de Vries, 2013).

In addition to the influence on the aeolian transport, human activities around the buildings af-
fect the beach and dune development. Bulldozers create flat artificial berms around the pavilions
to provide more dry beach area near the pavilion (Nordstrom and Arens, 1998). Furthermore, most
commercial buildings are supplied on the landward side of the building and sand is removed from
the dune toe to create access routes.



Methodology

This chapter describes the method that was used to answer the research questions. The method of
this research was divided into four phases shown in Figure 3.1, which are described in more detail
in Sections 3.1 through 3.4.

In phase 1, all available coastal data of the research area was retrieved from the JarKus dataset.
Gaps in the dataset were filled by several operations which resulted in the modified dataset that was
used in further analyses. The JarKus Analysis Toolkit developed by Van Ijzendoorn (2021) derived
characteristic variables from the dataset that described the coastal profiles and gave a better under-
standing of the morphological changes.

In phase 2, the modified dataset was decomposed into spatial and temporal modes by means of
a principal component analysis. The spatial and temporal modes give insight into the spatial and
temporal behaviour of the surface elevation in the research area. The temporal modes display the
trends and cycles in the dataset and the spatial mode displayed the alongshore and cross-shore dif-
ferences in elevation variability.

In phase 3, the transects in the research area were categorised based on the development of their
coastal profile. Morphological changes of transects that showed similar behaviour were expected to
be driven by the same processes. Transect categorisation made it possible to study the relationships
between drivers and the observed morphological behaviour for several subsections of the research
area. The categorisation used features extracted from the spatial modes to describe the changes in
elevation over time. The transects were clustered by an unsupervised clustering algorithm after the
assignment of weights to the different features.

Finally, the relationships between the drivers and the observed morphological behaviour were
investigated. Several clusters were selected with differences in morphological behaviour, nourish-
ment volumes, beach slope and dune slope. For each cluster, the observed changes in dune volume
and height and the cross-shore migration of the shoreline and dune toe were linked with the drivers.
In addition to the drivers described in Section 2.4, variables like foreshore slope, beach slope and
width were also considered as drivers. Understanding of these relationships for different subsec-
tions of the research area gave insight into these relationships for the entire research area.

Phase 1 Phase 2 Phase 3

Data collection Spatial / temporal Coastal categorisation
decomposition

JarKus data Principal component analysis Transect features Selection of clusters
Data modifications Spatial modes Feature weighting Different drivers and behaviour
Characteristic variables Temporal indices K-means algorithm Determine relationships

Figure 3.1: Flowchart of the four phases of this research.
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3.1. Phase 1: Data collection

This research used the JarKus dataset containing the pro-
files of 2344 transects measured between 1965 and 2021.
This research used the transects in the HHNK area which
is shown in Figure 3.2. The research area comprises Texel,
coastal section 6 counting 207 transects (blue) and Noord-
Holland, coastal section 7 counting 294 transects (red). The
retrieved data is not completely continuous in time and
space as the measurements did not cover the entire re-
search area for some years. Furthermore, multiple mea-
sured profiles do not include the entire profile from the
dunes to the foreshore, while some of the performed anal-
yses required full coverage of the beaches and dunes. Be-
cause this research mainly focused on the beaches and
dunes, only a part of the cross-shore range was used. The
extracted profiles of Noord-Holland stretched from RSP -
1000m to RSP +800m and the profiles of Texel stretched
from RSP -1500m to RSP +1100m. These ranges were cho-
sen to include both the primary dune and the shoreline of
all the profiles. Altitude samples were collected with cross-
shore intervals of 5 metres above sea level and 10 metres

Figure 3.2: Overview of the transects in the
JarKus dataset. Coastal section 6 (Texel) is

below sea level. Figure 3.3 presents an overview of missing shown in blue and coastal section 7
altitude samples within the above-mentioned cross-shore (Noord-Holland) is shown in red.
range.

The elevation samples were measured separately for the dry part and the wet part and at vary-
ing times of the year. Planes using photogrammetry or laser altimetry measured the topography of
the dry parts of the coast and the bathymetry of the wet parts was measured using ships (Vermaas,
2012). The dry and wet parts of the profile are not measured simultaneously, but they are still com-
bined into one coastal profile. The month in which the profiles are measured is varying each year.
Figure 3.4 shows the percentage of measured profiles per month. Because the measurement month
is varying each year, seasonal fluctuations could influence the differences between the coastal pro-
files of the different years.
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Figure 3.3: Overview of the missing altitude samples per transect (x-axis) and year (y-axis) for Texel (a) and
Noord-Holland (b). The blue-yellow colour map shows the number of missing elevation samples in the cross-shore
range.
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Figure 3.4: Distribution of the measurement dates of the coastal profiles in the JarKus dataset for coastal sections 6
(Texel) and 7 (Noord-Holland). The dry part (a) and wet part (b) are measured separately and are therefore shown in
separate figures.

Several modifications were performed to make the the dataset homogenous and uniform several,
which was required for the principal component analysis applied in phase 2. Gaps in the profile
data caused by the difference in cross-shore intervals for the wet and dry part of the profiles were
filled during the first step of the data modification process. The transect data has an across-shore
interval of 5 metres for the dry part and 10 metres for the wet part. Linear interpolation between
samples in the wet part reduced the interval to 5 metres.

The next step of the data smoothing dealt with temporal gaps in the data of up to 5 years. Linear
interpolation of the profile data of adjacent years gave an approximation of the missing elevation
data. Linear interpolation of large gaps in the data increases the linearity of the dataset which also
affects the outcomes of the PCA. Therefore missing data in temporal gaps larger than 5 years were
not filled during this step.

A centred moving average in space smoothed the data over a short distance and created new
equidistant transects, with an interval of 500 metres, spanning the entire research area. The profiles
of the new transect were calculated using all valid profiles of the same year within a distance of
one kilometre. The profiles were weighted based on their distance to the new transect, decreasing
linearly from one to zero for distances between zero and one kilometre. The new profile was found
by averaging the weighted profiles.

The last transformation shifted the profiles in the cross-shore direction to align the temporal
mean dune toe locations of the transects. The dune toe location was chosen as reference point as it
is the transition between the beach and the dune, which this research focused on. The location of
the dune toe was determined using the NAP +3m method described in Subsection 3.1.1. Figure 3.5
shows an example of an elevation map that resulted from the above-mentioned modifications.
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Figure 3.5: Elevation data for the research area in 1986 after all transformations. The southern part is shown on the left,
the white gap represents the Texel inlet and the northern part is shown on the right. The colormap shows the elevation
of the locations, with a different colour for areas above mean sea level (positive values) and areas below mean sea level
(negative values). The y-axis shows the cross-shore distance from the temporal mean dune toe location.
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3.1.1. Characteristic variables

Information about the profiles can also be described by a few characteristic parameters of the pro-
files, like dune height, dune toe location and shoreline location among others. The derivations
of these parameters were based on the JarKus Analysis Toolkit (Van Ijzendoorn, 2021) and are de-
scribed below. Figure 3.7 gives an overview of a coastal profile with all the derived characteristic
variables.

Dune toe

The dune toe is located at the transition between the beach and the dune. Vegetation usually starts
from the dune toe and there is a clear change in the slope of the profile. This research used two
different methods to determine the dune toe location, the NAP +3m method and the second deriva-
tive method. The NAP +3m has been used since the start of the JarKus programme and defines the
location of the dune foot as the most seaward intersection of the profile with the NAP +3m line. This
method does not take the shape of the profile into account and assumes that the height of the dune
foot remains constant over time. The NAP +3m method was used to align the temporal mean dune
toe locations of the profiles in the modified dataset.

Diamantidou et al. (2020) proposed a different method taking into account the shape of the
profile and with a variable height. The method makes use of the first and second derivatives of the
profile and is referred to as the second derivative method. The method searches for the dune toe
location within the seaward and landward constraints, where the most seaward intersection with
the high water level defines the seaward constraint and the first dune top defines the landward con-
straint. For dune tops higher than NAP +6m, the landward constraint is shifted towards the most
seaward intersection with the NAP +6m line. The first and second derivatives of the profile describe
the slope and change in slope of the profile. By applying a threshold on both the first and second
derivatives, long, flat stretches are removed from the profile section. The threshold removes cross-
shore locations with a first derivative larger than -0.001 or a second derivative smaller than 0.01. The
most seaward location of the remaining profile section gives the dune toe location. Figure 3.6 shows
an example of the second derivative method. Analyses on the development of the dune toe in this
research made use of the second derivative method.
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Figure 3.6: Overview of the second derivative method used to find the dune toe location. The top panel shows the coastal
profile with the highlighted profile section between the seaward and landward constraints. The centre and bottom
panels show the application of the threshold on the first and second derivatives respectively. (Diamantidou et al., 2020)
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Dune top

The dune top locations and changes in dune top locations give useful insights into the flood safety
of the hinterland. The primary dune top is the most seaward local maximum in the profile and was
found using the python function scipy.signal.find_peaks. The function finds the local maxima
above a user-defined threshold height and prominence. This research used a minimum peak height
of 5m + NAP and a minimum prominence of 2. When multiple peaks exceeded these threshold
values, the most seaward peak was selected.

Shoreline

The shoreline location is defined as the intersection of the profile with the mean sea level. In some
cases, there were multiple intersections with the mean sea level and this required some additional
steps. For the location of the shoreline, only intersections seaward of the primary dune were consid-
ered. The shoreline location was selected from the filtered intersections at the most seaward inter-
section within 100 metres from the most landward intersection. This filtering prevented the selec-
tion of landward intersections behind the dunes and seaward intersections with shoals as shoreline
locations.

Other variables

Additional variables were derived from the profiles using the above-mentioned variables. The dune
volume was calculated using a landward boundary and the location of the dune toe (NAP +3m
method) as shown in Figure 3.7. The landward boundary was defined as the first point landward
of the dune top with a temporal variance lower than the threshold of 0.1 metres. The beach is re-
garded as the area between the shoreline location and the dune toe location and the beach width
and beach slope were determined from these locations. The slope of the dunes was calculated in a
similar manner using the dune toe and dune top location.
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Figure 3.7: Overview of a coastal profile with all the extracted characteristic parameters. The red dot shows the dune top,
the green dot shows the dune toe, the blue dot shows the shoreline and the black line shows the landward boundary.
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3.2. Phase 2: Spatial and temporal decomposition

This section describes the application of a principal component analysis (PCA) on the modified
dataset. PCA is a statistical method used to investigate the variability in a dataset. This research
used a PCA to describe different spatial and temporal patterns of elevation variability through em-
pirical orthogonal functions (EOFs) and temporal indices. The resulting spatial modes and temporal
indices were used to describe the development over time of the different alongshore locations and
were used as features for the coastal categorisation described in Section 3.3. Larson et al. (2003)
used a similar approach to study the variability in surface elevation at the coast of Terschelling. Sev-
eral other applications of PCA have been used to investigate the variability in cross-shore coastal
profiles (Houser et al., 2008) and the variability of the coastline (Fairley et al., 2009; Hapke et al.,
2016; Miller and Dean, 2007). The statistical method that decomposed the modified dataset into
the EOFs and temporal indices is described below.

The modified dataset X;,,,, contained elevation data for 57 years spanning the entire research
area. The PCA only investigated the variability in elevation and therefore the temporal mean eleva-
tion at every location was removed from the dataset. A (m x n) elevation matrix X was computed
for the research area, where m is the number of years in the dataset and n is the number of eleva-
tion sample locations. This step is also shown for one example transect in Figure 3.8. The upper
graph shows the elevation data from one transect obtained from the modified dataset. The bottom
figure shows the elevation anomaly of the transect, which was computed by subtracting the mean
elevation from each cross-shore location.

X=Xjqw—meanX;qy) (3.1)
T
X= [x1 X2 ... xn], xlz[xl,l X21 ... xm,l] (3.2)

The first step in the PCA is to compute the covariance matrix. The covariance matrix is a n x n
matrix, containing the covariances between all n dimensions in the matrices. The covariance matrix
explains for every location how the elevation varies with respect to the other locations and if there
is any relationship between the locations.

Cov(xy,x1) -+ Cov(xi,x,)
C= : (3.3)
Cov(xy,x1) Cov(xy, xp)

An eigenanalysis was performed on the covariance matrix and as the covariance matrix is a real
square symmetric matrix, all eigenvectors are real and orthogonal. The eigenvectors (v;) of the co-
variance matrix provide the spatial modes of the elevation variance and their eigenvalues (1;) de-
scribe the importance of the spatial modes. The eigenvectors are then sorted on their eigenvalues
in descending order so that each eigenvector describes more variance than the succeeding eigen-
vectors.

V= [Vl Vo ... V57]
eigenanalysis(C) — AM>A>...> A5 (3.4)
A= [Al /12 /157]

The relative importance of each eigenvector (r;) was calculated by dividing its eigenvalue by the
sum of all eigenvalues. Because the dataset contains only 57 samples, one for each year, the first 57
eigenvectors can be used to describe the variance in the dataset. As every eigenvector maximized
the explained variance and the eigenvectors were sorted in decreasing order of explained variance,
it was expected that a significant amount of the remaining 57 eigenvectors could be neglected in
further analyses.



3.2. Phase 2: Spatial and temporal decomposition 28

ri =Ai Z/lj (3.5)

A transformation of the data by the matrix operation in Equation 3.6 gave insight into the tempo-
ral variability of the different spatial modes. The data for each year was projected onto the spatial
modes to obtain the temporal indices (T). The temporal indices contained trends and cyclic be-
haviour of the dataset that gave useful insights into the development of the area. The spatial modes
and temporal indices were derived mathematically and do not necessarily contain any physical
meaning. The first five modal shapes of the example transect are shown in the left graph of Fig-
ure 3.9 and their corresponding temporal indices are shown in the right graph. Higher values in the
modal shape mean that the elevation at that cross-shore location changes stronger with the tempo-
ral indices of that mode. The left figure shows for example that the -60m to Om area of this transect
strongly responds to the first mode. The rather linear increasing trend of mode 1 would mean a lin-
ear increase in elevation in the -60m to Om area, which can also be seen from Figure 3.8. The results
of the spatial and temporal decomposition are further explained in Section 4.1.

T=X-V=[t; t - tg] (3.6)
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Figure 3.8: Elevation data of a transect from the modified dataset after the smoothing operations, where the profiles of
different years are shown with different colours. Panel A shows the profile data and Panel B shows the relative elevation
to the mean elevation of the transect.
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Figure 3.9: Modal shapes and temporal indices of the first 5 modes for an example transect of the modified dataset.
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3.3. Phase 3: Coastal categorisation

This section describes the clustering approach that was used to categorise the transects in the re-
search area into different clusters. The transects are categorised into clusters to create subsections
of the research area that show similar morphological behaviour. The drivers that cause the observed
morphological behaviour can then be investigated for each subsection of the research area. Similar
clustering techniques have been applied to coastal profiles. Zwarenstein Tutunji (2021) used a set of
characteristic variables to cluster transects of the Noord-Holland coast and the dominant variables
mainly described the wet part of the coastal profiles. This research did not succeed in linking the
outcomes of the clustering algorithm with morphological processes. Another research by Athana-
siou et al. (2021) created topological profiles using a clustering algorithm to predict the response of
the Dutch coast to storms.

The selection of the clustering features, that are used to describe the morphological behaviour,
is explained in Subsection 3.3.1. Subsection 3.3.2 describes the weighting of the different clustering
features. The clustering algorithm that categorised the transects into different clusters is explained
in Subsection 3.3.3. Subsection 3.3.4 describes the used evaluation methods that evaluated the clus-
tering results.

3.3.1. Feature selection

The coastal categorisation was used to cluster transects that showed similar behaviour over time.
The clustering was done by comparing several features of the transects and finding representative
cluster centres that best describe the complete dataset. These features describing the morpholog-
ical behaviour could be entire profiles, characteristic variables or features based on the modal de-
composition. Several approaches with different features were examined to find a suitable method.

The first approach used all elevation samples, every year and all cross-shore locations, of the
transects as features to describe the development of the transects. Application of this approach on
the modified dataset did categorise transects with a similar profile but did not properly take into ac-
count the development over time. The second approach used the characteristic variables described
in Subsection 3.1.1 as features. The profiles of the modified dataset did not always represent the
original profile shapes which resulted in large deviations in the characteristic parameters. The orig-
inal dataset contained multiple missing profiles and therefore the transects could not be compared
using the full set of variables. The development of the variables could be compared by fitting poly-
nomials on the data similar to the approach of Zwarenstein Tutunji (2021), but the development
of the variables showed different types of non-linear behaviour which could not be described with
low-order polynomials.

A third approach was used, which used clustering features based on the modal shapes of the
transects to include the temporal behaviour of the transects. The temporal indices of the EOFs de-
scribed different trends in the dataset. The modal shape of a transect described how each part of
the profile corresponded with the trend and therefore described a part of the morphological be-
haviour over time. The development over time of the transects could then be compared by compar-
ing several modal shapes. The mean profile of the transect was not described by the modes and was
therefore added as an additional feature.

The amount of input data was reduced by selecting only the first twelve modes, which together
explained 95% of the variance. Using all the modes required more computation time while the first
12 modes already describe the development of the profiles accurately. Furthermore, the discarded
modes mainly described noise in the dataset and were therefore not relevant for long-term develop-
ment. The mean profiles and the 12 modal shapes derived from the empirical orthogonal functions
made up the features for each transect. The final feature matrix had 164 samples (rows) equal to
the number of transects in the modified dataset. The first 115 features (columns) consisted of the
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heights of the mean profile at the 115 cross-shore locations. The next 115 features were taken from
the first EOE by selecting the 115 cross-shore samples in the spatial mode at the location of the tran-
sect which gives the modal shape of the transect. This process was repeated for the remaining 11
EOFs which resulted in the final input matrix K with 164 samples and 1495 features. The steps to
compose the input matrix are described visually in Figure 3.10.
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Figure 3.10: Schematic of the composition of the feature matrix for the clustering algorithm. The process starts with the
modified profile data of every transect (A), which is divided in the mean profile (B) and the elevation anomaly (C). The
115 elevation samples of the mean profile are inserted in the first 115 columns of input matrix K. The elevation
anomalies of the profiles are decomposed into spatial modes (D). For each transect, the modal shapes (E) of the first 12
modes are derived which consist of 115 values each. The 115 values of mode 1 are inserted in the second 115 columns of
the input matrix K and this is repeated for the remaining 11 modes.

3.3.2. Feature weighting

The importance of the different features is not equal as each EOF is more important than its sub-
sequent EOE Therefore weights were given to the different modes and cross-shore locations to take
this into account. Before weights are applied, data should be normalised or standardised so that
the weights of the features are not determined by their magnitude. Standardisation is preferred on
data that has a normal distribution and therefore a Shapiro-Wilk test was performed on the features
to check whether they could be normally distributed. The results showed that 88% of the features
had a p-value lower than 0.05 for a normal distribution which meant that it was not normally dis-
tributed and therefore normalisation was preferred. The normalisation was done with a min-max
feature scaling for each column of the feature matrix K, which is described by Equation 3.7. First,
the minimum value of a column was subtracted from all the column values. The values were then
divided by the difference between the maximum value and the minimum value so that all column
values were in the range of 0 to 1.

ki,j — min(kj)

(3.7)

ki —
hJ,norme max(k;) —min(k;)

After normalisation, two different weights were applied. The first weight increased the importance
of the cross-shore locations that described the dune front and the beach because this research fo-
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cused on the dry part of the coastal profile. Thus, the weights for the cross-shore locations between
-150m and +100m from the dune toe, see Figure 3.11, were increased by a factor of 3. This weight
was applied on columns 20 through 70 for the mean profile and columns 20+1157 through 70+115n
for the 12 EOFs with n = (1,2, ...,12). The second weight was applied to the different modes and the
mean profile, based on the variance ratios of the modes. Because the variance ratio of the first few
modes is much higher and some useful information could be stored in the lower modes, the weights
were scaled by taking the cubic root of the variance ratio and dividing it by the sum of the roots, Ta-
ble 3.1 shows the resulting weights. The weight of the mean profile was equal to the average weight
of the EOFs and therefore made up one-thirteenth of the total weight. The weight of the mean pro-
file was applied on the first 115 columns of K, the weight of EOF 1 on columns 116 through 230 and
this is repeated for the remaining EOFs on the remaining columns. The configuration of the weights
was determined by comparing the outcomes of several configurations. The final configuration re-
sulted in small intra-cluster variance around the dune toe and the smallest differences between the
profiles in a cluster and their development over time, which was observed by manually inspecting
animations of the profiles over time.

EOF Weight [%] EOF  Weight [%]
- 1 18.53 7 5.63
: 2 14.56 8 5.12
g 3 10.29 9 4.86
g 4 8.18 10 438
5 6.89 11 4.11
6 5.74 12 3.99
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Figure 3.11: Weights of the cross-shore locations in the Table 3.1: Weights of the different EOFs, based on the
shaded area, between —150m to 100m, were multiplied bya  explained variance ratio. The remaining 7.7% was
factor of three for the clustering algorithm. assigned to the mean profiles.

3.3.3. K-Means clustering algorithm

The transects of the research area were categorised into different clusters using the K-Means al-
gorithm. The algorithm does not require much computation time or memory (Yedla et al., 2010).
K-Means clustering is an unsupervised data analysis method that partitions data samples into a
predefined number of clusters. The algorithm creates initial cluster centres which iteratively move
through the data set to optimise the outcome. The learning process of the algorithm is controlled
by several hyper-parameters that are defined by the user. The number of cluster centres that are
initially created is one of these hyper-parameters. The optimum number of clusters depends on the
purpose of the clustering and in this case, the number of clusters should be as low as possible for
easier interpretation while keeping the intra-cluster differences at a reasonable level.

When the K-Means algorithm is initialised, it places the imposed number of cluster centres ran-
domly in the data set. Using a distance function, all the samples are assigned to the closest cluster
centre. The distance function used here is the Euclidean distance (Equation 3.8), where k is a sam-
ple and c is the cluster centre. When all the samples are assigned to a cluster, the new cluster centre
is computed by the mean values of all the samples in the cluster. The samples are then assigned to
the new cluster centres and these steps are repeated until the cluster centres no longer move.
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ki —cil = 3.8)

The K-Means algorithm greatly depends on the initial locations of the cluster centres as they can
move to a local minimum. Therefore, the algorithm was initialised multiple times to find the out-
come with the smallest sum of squared errors. The number of initialisations is another hyperpa-
rameter that is imposed on the algorithm by the user. The higher the number of initialisations the
larger the chance that the global minimum is found. However, using more initialisations requires
more computational time and therefore a different amount of initialisations was used in the differ-
ent stages of the research. The number of initialisations used, varied in the different between 200
for quick estimates and 30.000 for the final results.

3.3.4. Evaluation methods

The K-Means clustering algorithm is unsupervised and there was no supervised data available to
validate the results. However, several internal evaluation methods exist, where the clustering is only
evaluated using the results themselves. The K-Means clustering algorithm was used for classifica-
tion an therefore the intra-cluster variance was optimised. Most of these evaluation methods make
use of properties like the compactness of a cluster and the separation between clusters.

This research used the silhouette index that computes a score for each sample which describes
the distance to its cluster compared to its neighbouring cluster. The silhouette score (S;) takes two
variables, the mean intra-cluster distance (a;) and the mean nearest-cluster distance (b;) and is
given in Equation 3.9. The mean intra-cluster distance was calculated by taking the average Eu-
clidean distance to all the samples in the same cluster. The mean nearest-cluster distance was cal-
culated similarly, using the distances to the samples in the nearest cluster. The difference between
the distances was divided by the largest of the two distances so that the scores lie in the range of -1
to +1. A negative score means that the sample is poorly matched and a high score means that it is
well matched.

bi—ai

'~ ‘max(a;, by) il

Besides a mathematical method, the results were also evaluated visually. Static plots were made de-
scribing the intra-cluster variance and the number of clusters was increased when the intra-cluster
variance was too high. Additionally, animations were used to evaluate the clustering of the develop-
ment over time. The animations showed a time-lapse of all the profiles of transects that belonged to
a cluster. The number of clusters was reduced until the intra-cluster differences in these animations
became too large.

3.4. Phase 4: Relationships characteristic variables and drivers

This section describes the last phase of the research, which investigated the relationships between
the drivers and the observed morphological behaviour, described by the characteristic variables.
The coastal categorisation resulted in several subsections of the research area that showed similar
morphological behaviour. Several clusters were selected, aiming at a set of clusters varying in the
mostimportant drivers and morphological behaviour, so that the relationships could be determined
from this set of clusters. The set of clusters included differences in the location and orientation, the
development of the dune volume and height, the cross-shore migration of the shoreline and the
dune toe, the nourishment volumes and frequency, the beach width and slope and the presence of
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blow-outs in the dunes.

For each cluster, several characteristic variables like dune volume, dune height, shoreline loca-
tion and dune toe location were plotted in the alongshore direction for different years to observe
the changes over time. Spatial differences in the cluster were examined and compared to the lo-
cations of the nourishments and the structures, which gave insight into the relationship between
these drivers and the observed development.

The natural drivers, aeolian transport, sea-level rise and wave-climate variations, were assumed
to be spatially constant within the clusters. Therefore, the effect of these drivers was only investi-
gated on the mean temporal changes in the clusters. The measurement period of the coastal pro-
files varied per year which affected the characteristic variables by including the seasonal differences.
Therefore, a moving average of the characteristic variables was used to determine the temporal de-
velopment, filtering out the short-term developments that were beyond the scope of this research.



Results

This chapter describes the results of the principal component analysis and the clustering algorithm.
The results of the PCA are presented in Section 4.1. Section 4.2 shows the spatial distribution of the
clusters and the results of the evaluation methods. Section 4.3 gives a more detailed description of
several clusters and their development over time. Similar clusters are compared in this section and
some correlations between the characteristic variables and the drivers are displayed.

4.1. Spatial and temporal decomposition

The principal component analysis described in Section 3.2 decomposed the modified dataset into
57 spatial modes and their associated temporal indices. The spatial modes were sorted based on the
amount of variance that they explained. Table 4.1 gives an overview of the importance of the first 12
spatial modes.

Table 4.1: Explained variance of the first 12 spatial modes (EOFs) of the research area that were derived using a principal
component analysis.

EOF Explained variance [%] Cumulative EOF Explained variance [%] Cumulative
1 49.57 49.57 7 1.39 91.76
2 24.03 73.59 8 1.04 92.81
3 8.48 82.08 9 0.90 93.70
4 4.27 86.35 10 0.66 94.36
5 2.55 88.90 11 0.54 94.90
6 1.48 90.37 12 0.50 95.40

The first 12 spatial modes already explain more than 95% of the variance in the dataset. The remain-
ing EOFs each have an explained variance ratio lower than 0.5% and therefore do not contain any
helpful information. The explained variance drops rapidly from the first EOF and therefore only the
first three EOFs are presented in this section, the other EOFs can be found in Appendix A. Figure 4.1a
shows the first three spatial modes and their temporal indices are shown in Figure 4.1b. The colours
on the map show the spatial variability of elevation within the EOF and the graph shows the tem-
poral variability of the spatial mode. A positive trend in the temporal indices indicates an increase
in elevation in the red areas and a decrease in the blue areas. The spatial modes are all scaled to a
range of -1 to 1 so that the magnitude of the variance is mainly described by the temporal indices.
The large jump in the temporal indices in 2015 was caused by the creation of the Hondsbossche
Duinen.

The temporal indices for the first spatial mode show a clear increasing trend which means that
the elevation was rising in most parts of the research area except just north of IJmuiden and on the
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4.1. Spatial and temporal decomposition
western coast of Texel. The second mode shows a decreasing trend in the temporal indices before

1990 and an increasing trend after 1990. Most of the elevation variance in this mode is located
around the HPZW, the dune crests and near the Texel inlet. The third mode shows a somewhat cyclic
temporal behaviour and a cyclic spatial pattern in the wet part of the area. Most of the variance is

located around the HPZW and the dune front.
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Figure 4.1: The first three spatial modes (a) showing the spatial distribution of elevation variance in the different modes
across the research area. The elevation variance within the mode of every location is directly proportional to the
corresponding temporal index with a proportionality coefficient equal to the values indicated by the colours. The first
three temporal indices (b) show the temporal development of the elevation of each mode.
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4.2, Coastal categorisation

This section describes the overall results of the clustering algorithm and the evaluation methods.
The spatial distribution of the clusters is shown along with the intra-cluster variances. A lattice of
the cluster centres, created by a self-organising map, illustrates the similarities between the clusters.

The results of the clustering algorithm mainly depended on the specified number of clusters.
The elbow method provided an initial guess for the preferred number of clusters and Figure 4.2
shows the results of the elbow method and the silhouette scores. The sum of squared errors of the
samples to their cluster centre was plotted against the number of clusters to find the elbow point,
which was found at 41 clusters. The optimal number of clusters found with the elbow method lies
close to the number of clusters with the best silhouette score. All different amount of clusters that
were investigated resulted in overall silhouette scores lower than 0.3.
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Figure 4.2: The inertias (black) and silhouette scores (blue) for simulations with different numbers of clusters. The
vertical line shows the elbow point that was used as an initial guess for the preferred number of clusters.

Due to the low silhouette scores for all simulations, an additional model was created to check whether
anew model with fewer features would yield better silhouette scores and more distinct clusters. The
model used only 6 EOFs as input and used averaged values of 5 cross-shore locations to reduce the
number of cross-shore locations. The results of the elbow method and silhouette scores are shown
in Figure 4.3. The graph shows that the reduction of features increased the silhouette score around
the optimal number of clusters by approximately 0.05. The optimal number of clusters according to
the elbow method and silhouette score was found at 39 clusters, which is slightly lower than the 41
clusters found with the original model.
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Figure 4.3: Comparison of the inertias (SSE, shown in black) and the silhouette scores (shown in blue) of the original
model indicated by the crosses and the model with a reduced number of features indicated by the circles. The figure
only shows the data up to 80 clusters to display the area of interest more clearly.
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The results of the clustering algorithm with 41 clusters were inspected visually to check whether
the transects in a cluster behaved similarly over time. The number of clusters was reduced until
the intra-cluster differences in profile shape and development became too large. When the number
of clusters was decreased to 35, too large differences occurred and therefore the final results were
obtained with 36 clusters. Figure 4.4 gives an example of how the visual inspection of a cluster
was performed. For clarity reasons, the example figure only shows the profiles for three different
years instead of the 57 profiles used for the animations that were used for the actual inspection.
The dashed lines in the figure show the transect that was added to the cluster when the number of
clusters decreased from 36 to 35. The figure shows an increase in dune height for the transects in
the cluster, which is significantly larger than the increase in dune height of the highlighted transect.
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Figure 4.4: Profile data for the transects in a cluster for 3 different years. The dashed line shows the profiles for a transect
that was added to the cluster when the number of clusters decreased from 36 to 35. Animations of the same figure
showing the profiles of 57 years subsequently were used for inspection of the intra-cluster variance.

A simulation with 36 clusters and 30,000 random initialisations of the cluster centres gave the final
results for the clustering of this research. Figure 4.5 gives an overview of the spatial distribution
of the clusters. Most of the clusters consist of a set of bordering transects which are alternately
shown in blue and dark blue and these clusters are numbered 1 to 30. Two clusters contain a single
transect, the first cluster (31) at the border between the Hors and the southwest coast of Texel and
the second cluster (32) at the Eierlandsedam. Four clusters contain transects from separate areas
which are numbered 33 to 36 and are shown in red, orange, pink and green respectively. The height
of the bars indicates the silhouette scores of each sample which describes the distance to its cluster
relative to the distance to its nearest cluster. Figure 4.5 shows that the transects in the middle of the
cluster generally have a higher silhouette score than the transects near the cluster borders where all
negative silhouette scores can be found. The low silhouette scores at the cluster borders indicate
that the borders between the clusters are not distinct.

A self-organising map sorted the 36 cluster centres on a six-by-six grid where similar cluster
centres are placed near each other. The algorithm only used the distances between the computed
cluster centres and did not compare the different transects of the clusters. Figure 4.6 shows the re-
sulting lattice where the colours of the clusters match with Figure 4.5. The text below the cluster
numbers describes the stretch of coast that the cluster covers in RSP coordinates. The coordinate
system for Noord-Holland, denoted here as NH, starts at Den Helder and therefore the positive di-
rection is to the South, which is left in Figure 4.5. The positive direction for Texel is to the North,
which is right in Figure 4.5.

There are groups of clusters that are close together both on the lattice and in space. The bottom
left corner of the lattice consists of clusters 5 through 10 which cover the HPZW and the adjacent
coasts that are affected by the mega nourishment in 2015. The clusters in the top left corner (16, 17,
18 and 31) are all located near the Texel inlet and the clusters in the bottom right corner cover the
northern part of Texel except cluster 19 which comprises the Hors.
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Figure 4.5: Spatial distribution of the clusters with the silhouette scores of the samples. Each bar represents a transect
and the numbers indicate the cluster number. Clusters that are continuous in space are shown in blue and clusters that
are discontinuous in space have been given a distinct colour. clusters 31 and 32 are made up of one transect and
therefore do not have a silhouette score. The dashed line represents the Texel inlet.
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Figure 4.6: A lattice of the clusters was created by a self-organising map, displaying the similarities between different
clusters. The text in each cell describes the stretch of coast that the cluster contains. The letters indicate the area, NH for
Noord-Holland and TX for Texel, and the numbers give the start and end coordinates in km RSP,
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4.3. Highlighted clusters

This section presents more detailed results of seven

selected clusters and some of the drivers that con- 2 /
tribute to the development of the beaches and dunes )

in these clusters. Some information on the median 21\/

values and distribution of the characteristic param- +T -

eters across the research area is given so that the dif- J /A ...........
ferences between the clusters and the average val- 15 [

ues in the research area become clear. Figure 4.7 fj\/

shows the research area with the locations of the
seven clusters that are described in more detail. The
RSP line, which is used as a reference line in the fig- /
ures below, is shown in green. The alongshore RSP /
coordinates start at the Texel inlet, indicated by the [
dashed line, and the positive direction is directed -
away from the Texel inlet as indicated by the black
arrows. The cross-shore dimension of each transect
is directed perpendicular to the RSP line with the ori-
gin on the RSP line and the positive direction sea-
ward. The selected clusters vary in beach and dune  Figure 4.7: Map of the research area that shows the
developments, nourishment volumes, location and locatifms of the selected Clusu,ers’,The RSP hne, i,s

. . . . shown in green and the arrows indicate the positive
orientation so that the effects of different contribut- direction of the RSP coordinates.
ing factors on the beach and dune developments can
be compared.

The characteristic parameters were determined for every available profile in the JarKus dataset.
The parameters describing the beach and dune development are presented in this section. Fig-
ure 4.48 shows the development of the dune height and volume of the entire research area with
respect to the temporal mean value of each transect. The dune volume of the entire research area
shows a clear increasing trend after 1990, with a slight increase in the rate of change. The dune
height showed an increase over the entire time span, but the rate of change decreased to approxi-
mately zero.
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Figure 4.8: Temporal development of the dune volume (a) and the dune height (b) in the entire research area. The graph
shows the median dune volume and height of all transects relative to their temporal mean value.

The distributions of the values that were found for the characteristic parameters describing the
beach and dune development across the entire research area are shown in Figure 4.9. The distri-
bution of the dune volumes is not shown because the landward boundary used to determine the



4.3. Highlighted clusters 40

dune volumes has no physical meaning. The figures show the median value of the characteristic
parameters and the 10-90™ percentile range. Most beach slope values lie between 0.016 and 0.049,
with several outliers with beach slopes steeper than 0.1, around Den Helder, the HPZW and the
northeastern part of Texel. The beach width is shown in Figure 4.9b and had large outliers that are
not shown in the graph with a maximum of 2015 metres. Most values lie in the range of 50 to 170
metres with a median value of 85 metres. The large values are not shown to make the distribution of
the values within the 10-90™" percentile range clearly visible. The values for the dune slope are quite
uniformly spread in the 10-90™ percentile range (0.07-0.41). There are a few outliers with slopes
steeper than 0.5 which are spread over the entire research area and timespan. The dune heights in
the research area mainly lie in the range of 8.62 to 20.58 metres, with a median value of 14.21 metres.
The largest dune heights (>22 metres) were all found in coastal section 7.
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Figure 4.9: Distribution of values for the beach slope (a), beach width (b), dune slope (c) and dune height (d) of all
transects and for every year. The lines indicate the median value and the 10-90th percentile range.

4.3.1. Cluster 33: Egmond - Wijk aan Zee (38.25-47.75 & 50.75-51.75km RSP)

This subsection describes cluster 33, which stretches from Egmond to Wijk aan Zee, in more de-
tail. Cluster 33 is one of the four clusters that are not continuous in space as it is interrupted by
cluster 2. Figure 4.10 gives an overview of the areas that cluster 33 comprises. Pavilions and small
beach houses, shown in red, are present in parts of this cluster near Egmond, Castricum and Wijk
aan Zee. The figure only shows the buildings in the current situation. The number of buildings in
the area and the period in which seasonal buildings are present varies for the different years. Fig-
ure 4.11 shows the supplied nourishments in the area. The figure shows that only the most northern
part of the cluster received nourishments frequently while a part of the cluster did not receive any
nourishment. Before 2000 most nourishments were supplied on the beach, while after 2000 the
nourishments were mainly supplied to the foreshore.

Figure 4.12 shows the locations of the shoreline in cluster 33 for four years relative to the shore-
line location in 1976. Between 2005 and 2019, the shoreline shows a seaward migration which is
strongest between 39 km RSP and 42.5 km RSP and around 45 km RSP. These locations both
received nourishments after 2005.
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Figure 4.10: Overview of cluster 33 located in the southern part of Noord-Holland. The cluster boundaries are indicated
by the black lines and the cluster numbers are shown at the top of the figure. The numbered circles show the beach poles
along the Dutch coast and the buildings on the beach are shown in red.
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Figure 4.11: Overview of the nourishments in and around cluster 33. The colours indicate the nourishment volumes and
the type of nourishment is indicated by the hatch of the boxes.
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Figure 4.12: Spatial plot of the shoreline locations of cluster 33 for three different years, relative to the shoreline location
in 1976. The shaded area does not belong to this cluster but to cluster 2.

Figure 4.13 shows that the dune volume has increased from 1976 to 2020 in every part of the cluster.
Between 2005 and 2019 most locations show an increase in dune volume or dune height (shown in
Figures 4.13 and 4.14). The highlighted transects at 44.75 km RSP and 51.5 km RSP cross beach
pavilions that have both been present since 2007 and were opened year-round. Both transects show
a slight decrease in dune height and a constant dune volume since 2005. The remaining transects
of the cluster mainly show an increase in dune height from 1979 to 2020. The temporal changes in
median dune volume and height are shown in Figures 4.15a and 4.15b. Both the dune volume and
the dune height show an increase since 1970, where the rate of the dune volume increased over time
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and the rate of the dune height decreased. The temporal behaviour of the shoreline is described in
Figure 4.15c and shows a slight seaward migration from 2005.
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Figure 4.13: Spatial plot of dune volumes of cluster 33 for three different years, relative to the dune volumes in 1976. The
shaded area does not belong to this cluster but to cluster 2.
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Figure 4.14: Spatial plot of dune heights of cluster 33 for three different years, relative to the dune heights in 1976. The
shaded area does not belong to this cluster but to cluster 2.
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Figure 4.15: Temporal development of the dune volume (a), dune height (b) and shoreline location (c) of all transects in
cluster 33.
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4.3.2. Cluster 2: Heemskerk (47.75-50.75km RSP)

This subsection describes cluster 2, which is highlighted in Figure 4.16, in more detail. Cluster 2 is
located in the southern part of the research area and stretches from 47.75 km RSP to 50.75 km RSP.
The cluster lies close to the breakwater of IJmuiden and the dunes in this cluster contain several
blow-outs, which can be seen in Figure 4.18. The cluster received five nourishments with volumes
ranging between 150 and 450 m®/m and they are shown in Figure 4.17. There was one beach pavil-
ion in this cluster and several small beach houses, which are indicated by the red circle and red line
in Figure 4.16 respectively.
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Figure 4.16: Overview of cluster 2 located in the southern part of Noord-Holland. The cluster boundaries are indicated
by the black lines and the cluster numbers are shown at the top of the figure. The numbered circles show the beach poles
along the Dutch coast and the buildings on the beach are shown in red.
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Figure 4.17: Overview of the nourishments in and around cluster 2. The colours indicate the nourishment volumes and
the type of nourishment is indicated by the hatch of the boxes.

Figure 4.18: Aerial picture of the dunes of cluster 2. Transects directly crossing a blow-out are highlighted and the
number shows the alongshore RSP coordinate in metres. Picture obtained from Coastviewer (Deltares, 2018).
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Figure 4.21a shows the development of the dune toe location over time for the transects in the clus-
ter. The dune toes in the cluster had a strong landward migration until 2007. The landward migra-
tion of the dune toe is strongest in the northern part of the cluster and the dune toes in the most
southern part had a slight seaward migration, which can be seen in Figure 4.19. The figure shows a
clear difference in dune toe migration between cluster 2 and the bordering cluster 33.

The median dune volume in the cluster remained constant over the entire time span, while
Figure 4.20 shows a large alongshore difference. Two transects, 49000 and 50250 showed a large
increase in dune volume between 2005 and 2019. Most of the volume increase of these transects
was found behind the most seaward dune. These transects directly crossed the blow-outs shown in
Figure 4.18.

The beach width of the cluster varied between 60 and 120 metres, which lies around the aver-
age of the research area. Between 1990 and 2010, the beach width remained rather constant, while
it shows a strong increase around 2012 from 80 to 100 metres. Furthermore, this cluster had an
average beach slope of 0.03 and a very steep dune slope which varied between 0.35 and 0.55.
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Figure 4.19: Spatial plot of the dune toe locations of cluster 2 for three different years, relative to the dune toe location in
1976. The shaded grey area is not part of cluster 2.
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Figure 4.20: Spatial plot of the dune volumes of cluster 2 for three different years, relative to the dune volumes in 1976.
The shaded grey area is not part of cluster 2.
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Figure 4.21: Temporal development of the dune toe location (a), beach width (b) and dune slope (c) of all transects in
cluster 2.
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4.3.3. Clusters 12 and 13: Callantsoog (12.75-14.25 & 11.25-12.75 km RSP)

This subsection describes clusters 12 and 13 in more detail and Figure 4.22 gives an overview of the
area. These clusters are located in the northern part of the Noord-Holland coast, approximately 12
kilometres south of the Texel inlet. These clusters are described together to assess the quality of the
coastal categorisation. The SOM placed these clusters far from each other on the grid, while the
cluster centres were very similar.

Figure 4.23 shows the supplied nourishments in the area of these two clusters. Both clusters
received frequent nourishments with a total volume of 3586 and 3391 m?/m for clusters 12 and 13
respectively. The first two nourishments in 1977 and 1979 were supplied in the dune, which was
no longer done after 1990. Nourishments after 1990 were supplied on the beach and the shoreface,
where the shoreface nourishments had significantly higher volumes than the beach nourishments.

The vegetation of the most seaward dunes of clusters 12 and 13 show a large difference, which
is shown in Figure 4.24. It can be seen that the first row of dunes in cluster 13 has less vegetation
than the dunes in cluster 12. The most seaward dunes with less vegetation in cluster 13 were newly
developed embryo dunes, which were formed around 2005. In addition, Figure 4.24a shows the
buildings on the beach in cluster 12 and the village behind the dunes. The presence of the village
limits the width of the dunes on the landward side.

The dune volumes of these clusters were computed for four different years and Figure 4.25 shows
the alongshore differences in dune volume over time relative to the dune volumes in 1987. It shows
that the dune volumes have increased over the entire stretch of the coast, with the largest increases
in cluster 12. The lowest volume increases were found behind the buildings on the beach, where no
embryo dunes were formed.
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Figure 4.22: Overview of clusters 12 (green) and 13 (blue) and the surrounding area, located in the northern part of the

Noord-Holland coast. The cluster boundaries are indicated by the black lines and the cluster numbers are shown at the

top of the figure. The beach poles are shown by the numbered circles and the red circles indicate the beach pavilions in
the two clusters.
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Figure 4.23: Overview of the nourishments in and around clusters 12 (green) and 13 (blue). The colours indicate the
nourishment volumes and the type of nourishment is indicated by the hatch of the boxes.
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(b) Cluster 13

Figure 4.24: Aerial picture of the dunes of cluster 12 (a) and cluster 13 (b), showing the difference in vegetation density
and the presence of buildings on the beach. Picture taken in June 2017, obtained from Google Earth.
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Figure 4.25: Spatial plot of the development of the dune volumes in clusters 12 (white area) and 13 (grey area) over time,
relative to the dune volumes in 1987.

The increase in dune volume over time is displayed in more detail in Figures 4.26a and 4.27a. The
first jump in the dune volumes was caused by a lack of data for the transects in the clusters and the
second jump in the dune volume of cluster 13 was caused by a change in transect locations for which
the data was stored. After large fluctuations in the dataset, both clusters showed an increasing dune
volume from around 1990. The rate at which the dune volume grew was very constant in cluster 12
while the rate of cluster 13 increased between 1990 and 2000. The development of the dune heights
of clusters 12 and 13 are shown in Figures 4.26b and 4.27b respectively. Both clusters showed an
increase in dune height around the time of the dune nourishments. After 1990, the dune heights re-
mained constant in both clusters. Figures 4.26¢ and 4.27c show the development of the beach width
over time. The beach width does not show any correlation with the development of the dune height
and dune volume. The beach widths of both clusters showed a large increase from 2000 to 2008 and
from 2012 and 2020. The accretion periods were simultaneous with periods of large nourishment

volumes (>1000 m3/m) and preceded by erosion periods with lower nourishment volumes (<100
3
m’/m).
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Figure 4.26: Development over time for three characteristic variables (a) dune volume, (b) dune height and (c) beach
width, of cluster 12.
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Figure 4.27: Development over time for three characteristic variables (a) dune volume, (b) dune height and (c) beach
width, of cluster 13.

4.3.4. Cluster 15: Julianadorp (6.25-9.75km RSP)

This subsection describes cluster 15, shown in Fig-
ure 4.29, in more detail. This cluster covers the coast
near Julianadorp that stretches from 6.25 km RSP
to 9.75 km RSP. Julianadorp lies on the northern
part of the Noord-Holland coast, close to the Texel in-
let. Two tidal channels lie in front of this part of the
coast, Nieuwe Lands Diep and Nieuwe Schulpengat,
which are separated by a shoal called Franse Bankje
that shields the coast from the incoming waves. Fig-
ure 4.28 shows the bathymetry of the area in more de-
tail. There were no buildings present on the beach of
this cluster and the entire stretch of coast has groynes
with a spacing of about 200 metres.

Figure 4.30 shows the nourishments that were
supplied in the area. The nourishments in this clus-
ter were mainly supplied in the northern part and one
nourishment in 2009 covered a large part of the clus-
ter. The nourishment volumes and frequency in clus-
ter 15 were lower than on the adjacent coast south of
this cluster. Nourishments in this cluster before 2000
were beach nourishments and the nourishments af-
ter 2000 were shoreface nourishments with larger vol-
umes than the beach nourishments.

Tl

Figure 4.28: Bathymetry of the area around cluster
15, which is highlighted by the red area. Map
obtained from Coastviewer (Deltares, 2018).
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Figure 4.29: Overview of cluster 15 located in the northern part of Noord-Holland. The cluster boundaries are indicated
by the black lines and the cluster numbers are shown at the top of the figure. The numbered circles show the beach poles
along the Dutch coast.
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Figure 4.30: Overview of the nourishments in and around cluster 15. The colours indicate the nourishment volumes and
the type of nourishment is indicated by the hatch of the boxes.

Figure 4.31 shows the alongshore differences in the development of the dune volumes in the cluster.
The entire stretch of coasts showed a significant increase in dune volume without much alongshore
variability. The development over time is displayed in more detail in Figure 4.32a. The dune volume
increased monotonically with a slight decrease in the rate of change around 2015. The development
of the dune height is shown in Figure 4.32b and shows a similar increasing trend. The rate of change
of the dune top height decreases earlier, around 2005.

The beach width of this cluster shows an erosive trend with a strong decrease in beach width un-
til 1985. Around 2008, the beach width showed a slight increase which coincides with the large fore-
shore nourishment that was supplied at a large part of the cluster. The dune slope ranged between
0.1 and 0.2, which is below the average of the research area and the beach slope varied between
0.0275 and 0.0375 which lies around the average value for the research area.
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Figure 4.31: Development of the dune volumes in cluster 15 over time, relative to the dune volumes in 1976.
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Figure 4.32: Development over time for three characteristic variables (a) dune volume, (b) dune height and (c) beach
width, of cluster 15.

4.3.5. Cluster 21: South West Texel (10.75-13.25km RSP)

This subsection describes cluster 21 in more detail. Figure 4.33 gives an overview of the cluster,
which is located in southwest Texel and stretches from 10.75 km RSP to 13.25 km RSP. The clus-
ter lies close to the Texel inlet and is influenced by the ebb-tidal delta. The entire coastline of this
cluster is protected by groynes with a spacing of approximately 400 metres, which were constructed
between 1957 and 1987. There are several buildings on the beach of this cluster, which are shown
by the red circle (pavilion) and red lines (small beach houses). The pavilion remains on the beach
year-round while the small beach houses are only present during spring and summer.

Figure 4.34 shows the nourishments in the cluster. Most nourishments before 2005 were sup-
plied on the beach and after 2005 a combination of beach and foreshore nourishments was used to
reinforce the coastline. The adjacent coastlines received similar amount of nourishment, but the
nourishment volumes north of the cluster were generally larger than the nourishment supplied in
the cluster.
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Figure 4.33: Overview of cluster 21 located in the southwestern part of Texel. The cluster boundaries are indicated by the
black lines and the cluster numbers are shown at the top of the figure. The numbered circles show the beach poles along
the Dutch coast and the buildings on the beach are shown in red.
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Figure 4.34: Overview of the nourishments in and around cluster 21. The colours indicate the nourishment volumes and
the type of nourishment is indicated by the hatch of the boxes.
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Figure 4.35 shows the bathymetry of the area. The tidal chan-
nel the Molengat and the shoal the Noordelijke Uitlopers No-
orderhaaks (NUN) migrated landward until 1990. The land-
ward migration of the tidal channel caused steepening of
the foreshore and beach slope. After 1990, the location of
the channel and the shoal remained constant. The incom-
ing wave energy in the cluster is reduced by the shallow bed
level of the NUN and the incoming wave direction is affected
by wave refraction on the shoal. The refraction of waves
created a divergence point for sediment transport around
beach pole 13 at the northern part of the cluster.

Figure 4.36 shows the development of the shoreline of
the cluster. The shoreline migrated landward rapidly until
1990. After 1990, the average shoreline location did not show
any significant change. The strongest landward migration Figure 4.35: Map of the bathymetry around
was found in the central and southern parts of the cluster,  cluster 21 (highlighted in red). Obtained
which lies closer to the Texel inlet and the tidal channel. from Coastviewer (Deltares, 2018).

The development of the dune volume in the cluster is shown in Figures 4.38 and 4.37a. It can be
seen from the figures that the dune volume increased significantly since 1976 in the entire research
area. The increase in dune volume was largest in the southern part of the cluster. The smallest dune
volume increase was found at 12.49 km RSP transect, which directly crosses a beach pavilion.

Figure 4.37b shows the development of the dune heights in the cluster over time which increased
significantly. The dune height showed a trend similar to the dune volume, with a larger increasing
rate from around 1995. The dune height increase reduced around 2018 and remained constant since
then. The development of the dune slope is shown in Figure 4.37c. The dunes in the cluster had a
mild slope up to approximately 2000, after which it increased significantly to approximately 0.3.
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Figure 4.36: Development of the shoreline location of cluster 21. Panel A shows a spatial plot of the shoreline location in
four years relative to the shoreline location in 1976. Panel B shows the temporal development of the shoreline location of
all transects in cluster 21.
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Figure 4.37: Temporal development of the dune volume (a), dune height (b) and dune slope (c) of all transects in cluster
21.



4.3. Highlighted clusters 51

m51200 — 1976
E — 1989
5 1000 —— 2005
~

3 800 2019
g

£ 600

g 400

3

S 200

Q

S o0

a

13000 12500 12000 11500 11000

Alongshore coordinate [m RSP]

Figure 4.38: Spatial plot of the development of the dune volumes in cluster 21 over time for four different years relative to
the dune volumes in 1976. The dashed line shows the location of the beach pavilion.

4.3.6. Cluster 24: De Koog (18.25-20.75km RSP)

This subsection describes the development of cluster 24, which is located on the coast of Texel at
De Koog. Figure 4.39 gives an overview of the cluster, which stretches from 18.25 km RSP to 20.75
km RSP. The red circles show the beach pavilions in the cluster and the red lines indicate the small
beach houses. The cluster lies at a rather straight part of the coast with a North-West orientation.

The cluster received frequent nourishments since 1984 and an overview of the nourihsments
is shown in Figure 4.40. Nourishments in this cluster started in 1984 and most early nourihsments
were supplied on the beach. After 2000, most nourishments were supplied on the shoreface, includ-
ing the largest nourishment in this area which was supplied in 2002.
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Figure 4.39: Overview of cluster 24 located in the central part of Texel. The cluster boundaries are indicated by the black
lines and the cluster numbers are shown at the top of the figure. The numbered circles show the beach poles along the
Dutch coast and the buildings on the beach are shown in red.
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Figure 4.40: Overview of the nourishments in and around cluster 24. The colours indicate the nourishment volumes and
the type of nourishment is indicated by the hatch of the boxes.
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Figure 4.41 shows the alongshore differences in dune volume development of the cluster. The dune
volumes increased in the entire cluster, but there are large alongshore differences. Dune volume
increases were largest in the southern part of the cluster and a minimum increase is found at 19.92
km RSP. The transect at this location crosses a beach pavilion, a beach entrance and a restaurant
on top of the dune and could therefore not grow naturally. The development of the dune volume
over time is described by Figure 4.42a. The dune volumes in the cluster were relatively constant un-
til 1990 and increased significantly after 1990. The beach width and slope of this cluster fluctuated
around 80 metres and 0.035 respectively, which lies around the average of the research area. The
dune volume increase did not show any correlation with the beach slope or width.

The development of the dune height is shown in Figure 4.42b. The dune height showed a devel-
opment similar to the dune volume, with a large increase since 1990. The rate of increase in dune
height was largest between 1990 and 2000 and was preceded by a rapid decrease around 1985. In
the last three years, the dune height remained constant.

Figure 4.42c shows the development of the shoreline over time. The shoreline was retreating
until 1982 and then showed a varying behaviour but with a mean increasing trend. The increasing
trend starts around the same time as the nourishments. However, the yearly differences in shoreline
location do not show a strong correlation with the supplied nourishments.
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Figure 4.41: Spatial plot of the development of the dune volumes in cluster 24 over time for four different years relative to
the dune volumes in 1976.
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Figure 4.42: Temporal development of the dune volume (a), dune height (b), shoreline location (c) and dune slope (d) of
all transects in cluster 24.
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4.3.7. Cluster 34: Three locations

This subsection describes cluster 34 which consisted of transects at three different locations in the
research area. The three areas are located South of Callantsoog (coastal section 7: 14.25 - 15.75
km RSP), around Schoorl (coastal section 7: 29.25 - 31.25 km RSP) and North of the Slufter (coastal
section 6: 25.25 - 25.75 km RSP). The three different locations are different in orientation and nour-
ishment volumes, which is illustrated by Figures fig. 4.43 and fig. 4.44. Furthermore, the northern
part of the cluster is influenced by the Slufter and lies close to the Eierlandse Dam while the other
two parts lie in coastal section 7. There are no buildings on the beach in any part of this cluster.

<

Figure 4.43: Overview of cluster 34 that consists of three parts at different locations in the research area.
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Figure 4.44: Overview of the nourishments in and around cluster 24. The colours indicate the nourishment volumes and
the type of nourishment is indicated by the hatch of the boxes. Panel A and B are in coastal section 7 and panel C is in
coastal section 6. The figures show the cluster highlighted in blue and a part of the adjacent coast.

While the three different locations lie in different morphological zones, the clustering algorithm cat-
egorised the transects into the same cluster. The clustering of the transects was done using the mod-
ified transects that were obtained with the smoothing operations. Figure 4.45a shows the smooth
transects of the cluster for three different years and different colours were used for the three different
parts of the cluster. Although the shape of the profiles of parts A and B differ a lot from the profiles of
part C, the changes over time are similar. The profiles show a landward retreat of the most seaward
dune between 1965 and 1995. Between 1995 and 2021, most seaward dunes remained around their
1995 location but increased in height.

After comparison of the modified profiles, the real profiles from the original dataset were com-
pared by plotting the profiles of the same years in Figure 4.45b. The figures show that the shape of
the profiles of part A and part B are quite similar, while the profiles of part C clearly deviate. The
dune tops of the original profiles are higher than the dune tops of the smoothed profiles. The dune
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tops were not aligned in the cross-shore direction and the averaging of the profiles in the along-
shore direction smoothed out the dune tops. The transects of part C from the original dataset clearly
showed a different development than the transects of parts A and B and were therefore left out of
the following figures comparing the beach and dune development of parts A and B.
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Figure 4.45: Overview of the profiles of the three parts of cluster 34 for the years 1965, 1995 and 2021. The profiles from
the modified dataset are shown in panel (a) and the original profiles are shown in panel (b).

The development of the beaches and dunes of parts A and B were compared by plotting the char-
acteristic parameters in time which is displayedin Figure 4.46. Both parts show an increase in dune
volume from 1985. The strongest increase in dune volume is observed in part A around 1987 si-
multaneous with the dune nourishment that was supplied. After 1990, the dune volume of part B
increased at a faster rate than the dune volumes in part B.

The two parts of the cluster show a difference in dune height development, the dune height of
part A remained rather constant while the dune height of part B increased by approximately 6 me-
tres since 1987. The profiles displayed in Figure 4.45a show that the volume increase in part A is
caused by sediment depositions on the dune front, causing a seaward migration and steepening of
the dune front slope. The sediment causing the volume increase in part B was deposited on the top
and at the toe of the dune, causing an increase in dune height and the creation of embryo dunes.

The beach width and slope of both parts were similar around 1965. The beach slope in the
cluster was steeper than the average slope in the research area and showed a clear decreasing trend
from approximately 0.040-0.045 to approximately 0.030-0.035. The development of the beach width
of part A showed a saw tooth signal with an increase around the nourishments in 1987, 2003, 2007
and 2009 and a decrease in the period afterwards. The effect of the nourishments in part B before
2000 is not clear and the volumes were all lower than 150 m3/m. The beach width did show an in-
crease around 2004, just after the larger nourishments that were supplied in 2002 in the northern
half of part B.
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Figure 4.46: Temporal development of the dune volume (a), dune height (b), beach width (c) and the beach slope (d) of
all transects in part A (blue) and part B (red) of cluster 34.

4.3.8. Overall findings

The relationship between different drivers and the beach and dune development was investigated
for different clusters. This subsection presents the similarities and differences in relationships of
the drivers and the development that were found in the investigated clusters.

The effect of the beach slope and width on the development of the dune volume was investigated
in several clusters. The correlation between the beach width or slope and the dune volume changes
was investigated for clusters 2, 12, 13, and 24. For all four clusters, there was no clear correlation
between the beach width and slope and the development of the dune volume. The dune volume
change of every year and transect was calculated and plotted against the beach width and beach
slope of the profile of the same year and transect, which is shown in Figure 4.47. Both figures show
that the range of dune volume change is very large for every value of the beach width and slope. The
mean dune volume change of very large beach widths (>200m) is slightly larger than the total mean
of 10 m?/year and the mean dune volume change for small beach widths (<60m) is slightly lower
than the mean. Extreme values of the beach slope do not show large deviations in dune volume
change from the mean volume change.

The relationship between the change in beach width and shoreline location and the supplied
nourishments was investigated in all clusters. In every cluster, the nourishments either slowed down
an erosion trend or caused an accretion trend of the beach. Parts of the coast that received frequent
nourishments showed a sawtooth signal, where the beach width increased due to (large) nourish-
ments and the beach width decreased when no or small nourishments were supplied. This effect
could be clearly seen in clusters 12, 13 and 24.

The effect of the beach pavilions and the small beach houses was investigated in the highlighted
clusters and using the data of the entire research area. The effect of the large beach pavilions on
the development of the dune height and volume was clearly visible for every transect that directly
crossed a pavilion as was shown for clusters 12, 21, 24 and 33. The effect of the small beach houses
was not visible from the figures. Figure 4.48 shows the development of the dune height and volume
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Figure 4.47: Scatter plot of the dune volume change against the beach width (a) and against the beach slope (b). The
figure shows the occurrences of profiles that experienced a certain dune volume change (vertical axis) while the profile
had a certain beach width or slope (horizontal axis), using all available profiles in the dataset.

of the entire research area with respect to the temporal mean value of each transect. The figure
shows different graphs for transects that cross beach pavilions, transects that cross small beach
houses and transects without buildings. The graph for the transects that cross a beach pavilion
shows a clear difference from the transects without buildings for both the development of the dune
volume and height. The transects that cross small beach houses do not show any significant differ-
ence in development from the transects without buildings.
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Figure 4.48: Temporal development of the dune volume (a) and the dune height (b) of all transects in the research area.
The figure shows different graphs for transects with no buildings on the beach (blue), transects that cross a large
buildling on the beach (red) and transects that cross small beach houses (green). The volumes and heights of the

transects are relative to their mean temporal value.

Most beach pavilions in the research area do not have a fixed location and were moved approx-
imately once in every 5 years to allow for seaward migration of the dunes. The beach pavilions
at Castricum do have a fixed location and the difference in dune development of this location was
compared to the other locations with beach pavilions. The transect at 44.75 km RSP directly crossed
alarge beach pavilion at Castricum and the development of the dune front and beach between 1990
and 2020 is shown in Figure 4.49. The graphs show that the profile of the dune at Castricum stays
similar and the dune front does not show a landward or seaward migration. The other transects
showed a seaward migration of the dune toe with an average of 19 metres between 1990 and 2020.
In addition, the dune fronts of most transects showed a similar seaward migration, with the ex-
ception of Castricum and two other transects at 27.16 and 38.75 km RSP. Satellite images of the
transects showed that both pavilions have an access route for supplies at the back of the buildings
where sand is removed by bulldozers to maintain the access route.
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Figure 4.49: Comparison of the development of the dune fronts of the transects crossing a beach pavilion (blue) with the
transect at Castricum (black). The graphs show part of the profiles around the dune toe for 1990 (a), 2005 (b) and 2020
(c).

At several locations in the research area, reed fences have been placed to trap sediment. The dune
development of one of these places was investigated at 12 km RSP near Callantsoog. The aerial
picture of 2013 in Figure 4.50a, showed that several reed fences were placed perpendicular to the
coastline. The reed fences were no longer visible in aerial pictures after 2015. The graphs in Figures
4.50b and 4.50c show the elevation of the two highlighted transects, between 2005 and 2020, rel-
ative to their temporal mean profiles. Both graphs show a strong increase in elevation at the dune
front. The increase in elevation of transect 7001258 between 2008 and 2014 is strongest around -80m
RSP, which is at the same location as the reed fences. The elevation increase of transect 7001243 is
strongest more landward around -110m RSP.
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Figure 4.50: Aerial of the beach near Callantsoog (a), where reed fences were placed to trap sediment. The reed fences
can be seen around the dune toe of transect 7001258. The two graphs show the elevation near the dune toe, relative to
the temporal mean profile of transects 7001243 (b) and 7001258 (c).



Discussion

This section gives a discussion of the results that were presented in Chapter 4. Section 5.1 presents
the discussion of the spatial modes and temporal indices that were found using the principal com-
ponent analysis. The results of the clustering algorithm and the spatial distribution of the clusters
are discussed in Section 5.2. The observed beach and dune developments in the clusters were com-
pared with the natural and human drivers and Section 5.3 gives a discussion of the found relation-
ships. Finally, Section 5.4 gives a discussion on the future developments.

5.1. Spatial and temporal decomposition

The results of the spatial and temporal decomposition are described in Section 4.1. The importance
of the different modes was described in Table 4.1 and it showed that the explained variance ratio
of the different modes decreased rapidly. The first mode described approximately 50% of the vari-
ability in elevation in the research area. By using the first twelve modes, the amount of input data
for the clustering algorithm could be reduced while preserving 95% of the elevation variability. The
reduction of input data decreased the computation time of the clustering algorithm while preserv-
ing most of the information in the dataset. The computation time was not a very large issue for this
research, but this research demonstrated that the method efficiently reduced the amount of data
without losing relevant information and it could be used to reduce the computation time.

Besides the reduction of data, the spatial and temporal decomposition gave insight into the
morphological changes in the research area. The temporal indices showed the dominant trends
in the dataset, where the first mode showed a rather monotone increasing trend and the second
mode had a trend break in 1990. The increasing trend of the first mode showed that in most areas,
the beach and dune front increased in height. The mode also showed several locations that mostly
experienced erosion, like the coast at Heemskerk and the foreshore of the southwestern corner of
Texel, which agrees with the developments described in Chapter 2. The second mode changed in
trend in 1990, which was the year that the dynamic preservation policy was adopted. The change
in trend from 1990 could be explained by the nourishments, which is found to be the main driver
of the shoreline migration. The lower modes showed a cyclic behaviour, which might describe the
migration of sand banks and sand waves.

The derived spatial modes and temporal indices do not necessarily contain any physical mean-
ing. The different modes seem to compensate each other at certain locations, when the first mode
shows an increasing trend but the second mode showed a decreasing trend before 1990 and an in-
creasing trend 1990, the resulting elevation of the two modes is constant before 1990 and increases
rapidly after 1990. As the dataset was decomposed into 57 modes, the combination of the different
modes can be very complex and the first three modes might not describe the actual development of
a location very well. Additionally, the linear trend of the first mode could be enhanced by the linear
interpolation used to fill the missing data of the original dataset.
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5.2. Coastal categorisation

This subsection gives a discussion of the coastal categorisation and its results that are shown in
Section 4.2. The outcomes of the categorisation depended on the number of clusters that were se-
lected, which was determined using two internal evaluation methods and manual inspections of
the profile development. The final number of clusters was based on a subjective judgement of the
results and a significantly different result with a similar score would be obtained when the number
of clusters was slightly changed. Several cluster boundaries shifted when the number of clusters
changed which was illustrated by the low silhouette scores shown in Figure 4.5. Although the op-
timal number of clusters remains debatable the final results that were obtained showed a similar
temporal behaviour of the transects in the clusters, which was the aim of the coastal categorisation.

The number of samples in this research was low compared to the number of features and clus-
ters. Clustering algorithms are usually applied on datasets that have significantly more samples
than clusters and more samples per cluster than features. Due to a large number of features, the
silhouette scores for different numbers of clusters displayed in Figure 4.2 did not exceed 0.26, while
a larger score was desired.

The coastal categorisation worked well on the modified dataset, with small intra-cluster dis-
tances between the coastal profiles. However, due to the smoothing operation in the alongshore
direction, several local deviations were flattened out by taking average values with the neighbouring
transects. Transects that showed large deviations, for example at the locations of beach pavilions,
were not accurately represented by the transect in the modified dataset. In addition, smoothing in
the alongshore direction made the boundaries between different areas less distinct, which could be
one of the reasons for the low silhouette scores at the boundaries of a cluster.

Although local differences were smoothed out, some distinct boundaries between subsections
of the coast were found by the coastal categorisation. Cluster 33, which was described in more detail
in Subsection 4.3.1, enclosed cluster 2 with a large northern part of the cluster and a smaller part
south of cluster 2. The transects in the two parts of cluster 33 showed a similar behaviour that was
different from the observed developments in cluster 2. The coastal categorisation placed the tran-
sects near Callantsoog in clusters 12 and 13, where the differences in dune development were ap-
parent. Clusters 12 and 13 both showed an increase in dune volume, but the dune volume increase
in cluster 13 was found in the embryo dunes which were not formed in cluster 12. Furthermore,
cluster 12 was largely influenced by buildings on the beach, which were not present in cluster 13.

The coastal categorisation grouped several transects in three different sections of the research
area into cluster 34. Subsection 4.3.7 showed the coastal profiles of the three sections for three dif-
ferent years. Parts A and B of the cluster had a similar profile shape while the profile of part C was
clearly different. The changes over time were quite similar with a landward migration before 1995
and a seaward migration after. Most of the weight of the features was put on the EOFs that described
the elevation changes, therefore the profiles in a cluster could have a very different shape. However,
a higher weight on the features that described the profile shape in this research resulted in clusters
with a very similar shape but different temporal development.

Improvements

The number of samples could be increased by using the full surface elevation survey to derive tran-
sects with a smaller spacing. The data has a resolution of a few metres and the spacing could there-
fore be reduced to 20 metres, increasing the sample size by a factor of 25. Using the entire Dutch
coastline for the coastal categorisation, instead of only the research area would increase the length
of the coastline from 84 kilometres to approximately 350 kilometres. Using both options would yield
approximately 17500 samples.

The number of features of the input data could also be reduced using several approaches. When
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the number of samples is increased to 17500 and the number of clusters remains at 36, on average
there would be 486 samples per cluster which are still less than the 1495 features. Figure 4.3 showed
the results of the internal evaluation methods for a model with a reduced number of features. The
number of features was reduced by selecting only the first 6 EOFs and by reducing the cross-shore
resolution to 25 metres. The silhouette scores improved by approximately 0.05 to a maximum of
0.03, which is still lower than desired.

The number of features could be further reduced when development is not described by the de-
rived EOFs. The development of the transects could be described by the characteristic parameters
and optionally some binary features like the presence of a pavilion or blow-out and type of beach
(dynamic or fixed) could be added. The temporal behaviour of the characteristic parameters is com-
plex but could be represented by the best fit of low-order polynomials producing several features for
each characteristic parameter. A principal component analysis could also decompose the temporal
variation of a characteristic parameter of the coastline into several components.

Using a smaller spacing of the transects would solve the problem that several points of interest
with small-scale deviations are not represented in the input data. Decreasing the spacing to 20 me-
tres would be sufficient to have transects at every pavilion or blow-out. When data is missing for
several locations, the smoothing operations should be improved so that the shape of the profile and
properties like dune height and slope are preserved.

5.3. Relationships characteristic variables and drivers

The relationships between the development of the characteristic variables and the drivers were in-
vestigated in several highlighted clusters, as well as in the entire research area which was presented
in Section 4.3. This section discusses the findings of the beach and dune development, its drivers
and their relationships. A discussion of the results of each highlighted cluster can be found in Ap-
pendix B.

Increases in dune volume are caused by the aeolian transport of sediment from the beach into
the dune and therefore the beach width and slope were expected to influence the changes in dune
volume. The effect of the beach width and slope on the dune volume change was investigated for
clusters 12, 13, 15 and 24, as well as the correlation for the entire research area displayed in Fig-
ure 4.47. The expected effect on the dune volume change was not supported by the data analysis
which showed a large spread in volume changes for every beach width and slope. The distribution
of the measured values for the beach slope and width of the entire dataset was shown in Figure 4.9.
The 10th and 90th percentile for the beach slope were found at 0.0156 and 0.0485 respectively, which
results in a factor for the transport rate of 1.0238 and 1.0787. The difference between the upper and
lower value of the 10-90th percentile range is quite small and transport rates were therefore expected
to be dominated by other varying conditions. The 10th and 90th percentile of the beach width were
found at 50 metres and 170 metres respectively. A limited fetch length is required to reach the trans-
port capacity and as the dune volume changes showed no correlation with the beach width it is
expected that the required fetch length is less than 50 metres.

The effect of the nourishment on the shoreline position and beach width was clear in several
clusters. Clusters 12 and 13 both showed a strong response of the beach width to the large nourish-
ments, with large increases between 2002 and 2007 and between 2014 and 2020. During the period
in which the nourishment volumes were low, the beach width rapidly decreased, creating a saw
tooth signal. The decreasing trend of the beach width in cluster 15 was also turned into a short in-
creasing trend after the nourishment in 2009. The nourishments in cluster 33 were only supplied
in parts of the cluster. The parts that received shoreface nourishments did show a strong seaward
migration of the shoreline which demonstrates the effectiveness of the nourishments. The results in
all clusters showed that the nourishments have a strong effect on the beach width and shoreline lo-
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cation. However, parts of the coast that received frequent nourishment showed faster erosion rates
when no nourishments were supplied than the erosion rates of areas that did not receive frequent
nourishment. The nourished coastline is further away from its equilibrium profile, causing faster
erosion rates.

Several highlighted clusters had buildings on the beach that blocked the aeolian transport. The
buildings on the beach were divided into two categories, small beach houses that are placed in rows
with small gaps between the buildings and the remaining larger buildings. The effect of the larger
buildings could be seen in the development of the dune volume in clusters 13, 21 and 33. The dune
volume changes behind the buildings compared to the adjacent coast were significantly smaller.
The effect of the small beach houses was not visible. The smaller buildings allowed for sediment
transport between the beach houses so that the dunes could grow. The graphs in Figure 4.48 illus-
trated the difference between profiles without buildings and profiles with small or larger buildings.
The smaller beach houses do not show any effect on the dune volume or height development.

The larger buildings are regularly moved due to their effect on the dune development. Fig-
ure 4.49 compared the dune front development of transects with buildings that are moved to a
transect at Castricum where the buildings are not moved. The seaward movement of the build-
ings allows for the dune toe to grow in the seaward direction. Although the transport to the dunes
is partially blocked by the buildings, regularly moving them seaward allowed for dune volume in-
crease mainly around the dune toe. At several villages like Egmond aan Zee, Bergen aan Zee and
Callantsoog there is no room at the landward side of the dunes to grow, which requires a seaward
migration of the dune front to grow and guarantee safety in the future.

The effect of blow-outs was visible in cluster 2, which was the only highlighted cluster where the
transects crossed blow-outs. Two transects that crossed a blow-out showed a large increase in dune
volume behind the most seaward dune. The main wind direction comes from the southwest which
is also visible in the orientation of the blow-outs. Because of the wind direction, sediment that is
transported behind the dune through the blow-out comes from the coast just south of the blow-
out. The adjacent coast just south of the blow-out at transect 4900 did show erosion which could
be caused by the blow-out (see Figure 4.20). The blow-outs affect the airflow and could cause slight
erosion of the dunes next to it, the erosion volumes were however much smaller than the accretion
volume in the dunes behind the blow-out. When there is enough room for dunes to grow on the
landward side of the most seaward dune, blow-outs can significantly increase the dune volume and
flood safety.

The effects of the maintenance works of HHNK were investigated separately at several loca-
tions. Reed fences were placed near Callantsoog which trapped sediment from aeolian transport.
Reed fences are used to trap the sediment at the desired location, which in this case was the dune
toe. Development of the coastal profile showed that a lot of sediment was trapped between the reed
fences and therefore the dune migrated seaward. A comparison with the adjacent transect showed
that the fences did not cause any significant effect on the net dune volume change, only a change in
the cross-shore location of the sediment deposition. The reed fences showed to be effective to trap
sediment in the required location, but the effects on the net volume increases could not be accu-
rately assessed from one case.

Several clusters that were not investigated thoroughly showed a very different behaviour than
the adjacent coast due to coastal structures or tidal channels. The transects in these clusters were
grouped in many different weight configurations and were also placed close to each other on the
lattice of Figure 4.6. This was the case for the transects near the Eierlandse dam, which created very
wide beaches at the northern part of Texel, the transects near the Texel inlet and the transects close
to the breakwater of IJmuiden. The two coastal structures and the tidal inlet governed most of the
developments in their proximity.

The largest and most monotone increases in the dune volume of the highlighted clusters were
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found in clusters 15 and 21. Cluster 15 showed a constant increase over the entire time span, while
cluster 21 had a trend break in the rate of change around 1991. Both clusters had a beach width and
slope around the median value of the research area. Figures 4.28 and 4.35 showed the bathymetry
near the clusters. Both clusters have shoals close to the coastline which could affect the incoming
wave energy. The ebb-tidal delta of the Texel inlet has shoals in the north-northwest direction of
cluster 15, which is the main direction of larger storms. The shallow sea bed causes dissipation of
energy from the incoming waves, limiting the wave attack on the dunes behind it. The shoals of
the ebb-tidal delta lie southwest of cluster 21 and do not reduce the incoming wave energy during
large storms from the north-northwest. The cluster does have a shallow foreshore and the shoals
of the ebb-tidal delta reduce the incoming wave energy from the west. Reduction of the incoming
wave energy in these two clusters reduced the erosion volumes and allowed for a rapid dune volume
increase.

5.4. Future developments

Several predictions for the future development of the natural drivers were presented in Section 2.4.
The sea-level rise showed a rather constant rate before 1993 which has increased by 33% after 1993.
The increased rate could cause more shoreline retreat, which has been effectively countered by the
nourishments. The increased rate of the sea-level rise requires larger nourishment volumes. How-
ever, the median dune height increase of the research area between 1993 and 2021 is approximately
one metre, which increased at a much faster rate than the sea-level.

The amount of storms and the corresponding surge levels are not expected to increase in the
future. Large storm surge levels are the major reason of dune erosion as the waves can directly hit
the dune toe when the water level is high. The frequency of storms coming from the west-southwest
is expected to increase, but wind from the west-southwest creates lower storm surge levels due to
the shorter fetch length. Therefore the erosion volumes during storms are not expected to increase
in the future.

The effect of the human drivers on the beach and dune development plays an important role.
The beach and dune development under the current management strategy are mainly governed by
the additional available sand due to nourishment. The human activities disturb the natural devel-
opment of the coastline, which makes it harder to predict the future development of the coast. The
buildings on the beach showed a clear effect on the dune development. The parts of the dunes that
are affected by these buildings showed hardly any volume increase and might become weak spots
with the future sea levels if they are not regularly moved.



Conclusions and Recommendations

The aim of this research was to get more insight into the developments of the beaches and dunes in
the management area of HHNK. This research focused on the relationship between characteristic
parameters that describe the coastal profile and natural and human drivers. Section 6.1 describes
the conclusions of the research and gives answers to the research questions. Section 6.2 gives rec-
ommendations for further research.

6.1. Conclusions

The main goal of the research was to gain insight into the beach and dune development of the Dutch
coast by analysing the JarKus data set and relating the outcomes to physical processes. The first step
of this research identified the main drivers of beach and dune development. A literature study pro-
vided information on the relevant drivers for the research area which were further investigated by
comparing the observed development of several clusters with the drivers. Tidal inlets and coastal
structures showed a strong effect on the surroundings and caused large spatial differences in mor-
phological development. Both drivers mainly showed a local effect and did not influence the more
distant coastlines. After 1990, shoreline migration was found to be mainly governed by noursih-
ment, which is the main driver for the development in the research area. The growth of dunes in the
research area depends on the supply of sand by aeolian transport and the erosion of sand during
storms. Several factors influence the erosion volumes during storms, including the storm condi-
tions and the bathymetry of the foreshore. According to literature, aeolian transport is influenced
by the beach width and slope, but no correlation between these variables was found. Buildings on
the beach and blow-outs had a local effect on the dune volume changes.

After identifying the natural and human drivers, the transects of the research area were cate-
gorised based on their morphological development. An overview of the spatial distribution of the
clusters was given in Section 4.2. The coastal categorisation method was able to identify different
alongshore locations that showed a similar development of the beaches and dunes of the modi-
fied profiles. Modifications of the dataset smoothed out small-scale details in the profiles, which
made it less suitable to investigate the effect of small-scale processes. When the number of clusters
was changed, the boundaries of the clusters shifted and other locations were grouped, but all tran-
sects within a cluster showed a similar development of the beaches and dunes until the number of
clusters became too small (<36). Therefore, several different categorisations could provide a solid
answer to the second research question. Several locations were clustered together regardless of the
number of clusters which were located near a structure or inlet that produced unique morphologi-
cal conditions, like the coast near IJmuiden and De Hors among others.

The third research question focused on the relationship between the observed developments
and the identified drivers. The strongest relationship was found between the nourishments and
the shoreline migration. The increased sand volumes due to nourishments effectively maintained
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the shoreline and the effect of the nourishments over time agreed with the research of Brand et al.
(2022). The beach width and slope were expected to show a relationship with the dune volume in-
creases, but no correlation was found for the investigated clusters. The beach width was assumed
to be predominantly larger than the critical fetch length and therefore large enough to reach the
aeolian transport capacity. The fluctuations of the beach slope in time did not show any effect on
the dune volume changes in contrast with the findings of de Vries et al. (2012), who found a small
correlation between the beach slope and dune volume changes. The fluctuations in the beach slope
of the investigated clusters were assumed to be too small to cause significant changes in dune vol-
ume change compared to the annual variations in wind climate and erosive events. The effect of
the tidal cycles was mainly found on a local scale, where the migration of the tidal channels influ-
enced the shoreline location. The shoals of the ebb-tidal delta reduced the incoming wave energy
at the adjacent coasts which reduced the erosion volumes during storms. Buildings on the beach
and blow-outs showed a relationship with the local dune volume changes, but no effect on the ad-
jacent coastline. Aeolian transport was blocked by the buildings hindering the dune growth, while
blow-outs allowed for more aeolian transport from the beach to the back of the dune increasing the
dune volume locally.

The future coastal development of the research area is hard to predict due to the large number
of drivers that affect the development. The results showed that the developments in the research
area greatly depend on nourishment. The nourishments are designed based on observations and
disturb the natural development of the Dutch coast, which made it impossible to predict future de-
velopments in the research area. However, some predictions for future changes in natural drivers
were available. The rate of sea-level rise is expected to increase which increases the required nour-
ishment volumes to counter the shoreline retreat. Furthermore, the change in wave direction of
the extreme events is expected to change, which could make certain areas that are now shielded by
shoals during extreme events, like cluster 15, more vulnerable. There are no predicted changes in
the occurrences of extreme events that could increase the erosion volumes at the other parts of the
coastline. The large sediment availability caused by frequent nourishment facilitated the large dune
volume changes throughout the research area, which showed an increasing rate after 1990.

The last research question concerned the added value of this research on the management strat-
egy of the Hoogheemraadschap Hollands Noorderkwartier. The coastal categorisation was done to
get insight into which regions showed a similar development of the dunes and beaches. The al-
gorithm eventually produced 36 clusters of transects with a similar development of the modified
profiles. The clusters do give insight into the long-term and large-scale developments like an in-
crease or decrease of dune volume and the migration of the shoreline. However, most maintenance
and management work of HHNK consists of smaller-scale activities that were smoothed out by the
data modifications. Several improvements of the coastal categorisation were proposed to include
smaller-scale developments in the method. Furthermore, some effects on smaller scales were inves-
tigated within the clusters. The results supported the hypothesis that large buildings on the beach
hinder the dune growth. The dunes behind smaller beach houses did not show any significant dif-
ference in development from the undisturbed coastline and the current regulations for the beach
houses would allow for sufficient dune growth. Relocation of the larger buildings on the beach in
the cross-shore direction allows for a seaward migration of the dune front, while relocation in the
alongshore direction could allow for more natural growth of the dune volume. The dunes located
at blow-outs showed a large increase in dune volume behind the most seaward dune, but this is
only possible if enough space is available on the landward side of the dune. Reed fences trapped
sediment at the desired location but did not cause a net dune volume increase.
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6.2. Recommendations

This section gives several recommendations for improvements of the used methods and possibili-
ties for further research on the development of the beaches and dunes along the Dutch coast. The
research used a coastal categorisation to partition transects of the HHNK area, which comprises
only a part of the Dutch coast and the JarKus measurements. The annual surface elevation data is
available for the entire Dutch coast and the categorisation could therefore be extended to cover the
entire coastline.

Besides changing the spatial scale, changes can be made to the temporal scale. The develop-
ments in the research area showed different behaviour before and after 1990. This research inves-
tigated the similarities in both the period before 1990 as well as after 1990, while the development
changed significantly. By using the measurements after 1990, only the development of the transects
under the current management strategy is compared which better resembles the development in
future scenarios.

Analysis of the relationships between characteristic variables and the drivers used both a quanti-
tative analysis and a qualitative analysis. The quantitative analysis was mainly performed between
the different characteristic variables and not with the drivers. Including more data on the drivers
like annual wind and wave climate variations and storm surge levels could give better insight into
the relationships between these drivers and the observed developments. Furthermore, the effect of
more maintenance works could be investigated to study their effect on the beach and dune devel-
opment. To study the effect of the measures, the dates and locations where the maintenance works
are performed should be known.

Finally, several improvements of the model were proposed to get better results in the coastal
categorisation phase. Modification of the data to fill missing values significantly changed the pro-
file shapes and characteristics. Improvements in the data modification method could preserve the
profile shape and small-scale characteristics. Additionally, the coastal categorisation could be im-
proved by increasing the number of samples and reducing the number of features so that the num-
ber of samples is significantly larger than the number of features. The number of samples could be
increased by using the full elevation survey data of the entire Dutch coastline and smaller spacing
between the transects. The number of features could be reduced by using fewer EOFs or by using a
different set of features such as features based on the characteristic variables. However, an analysis
of the relationships between the drivers and the beach and dune development in the HHNK area
does not require the coastal categorisation phase and it is recommended to use the categorisation
only on a larger scale.
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Figure A.1: Spatial modes 4, 5 and 6 (a) showing the spatial distribution of elevation variance in the different modes
across the research area. The elevation variance within the mode of every location is directly proportional to the
corresponding temporal index with a proportionality coefficient equal to the values indicated by the colours. Temporal
indices 4, 5 and 6 (b) show the temporal development of the elevation of each mode.
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Figure A.2: Spatial modes 7, 8 and 9 (a) showing the spatial distribution of elevation variance in the different modes
across the research area. The elevation variance within the mode of every location is directly proportional to the
corresponding temporal index with a proportionality coefficient equal to the values indicated by the colours. Temporal
indices 7, 8 and 9 (b) show the temporal development of the elevation of each mode.
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Highlighted clusters discussion

This appendix gives a discussion of the clusters that were selected to investigate the relationships
between different characteristic parameters that describe the coastal profiles and the drivers. The
clusters were selected to obtain a set of clusters with a difference in morphological behaviour, nour-
ishment volumes, dune types, location and orientation. Section 4.3 gives a detailed description of
the development of these highlighted clusters and some of the relevant drivers in the area. The re-
sults of the clusters are discussed in the following sections, following the same order as the results.

B.1. Cluster 33: Egmond - Wijk aan Zee (38.25-47.75 & 50.75-51.75km RSP)

This cluster covering the southern part of the research area showed both dune growth and seaward
migration of the shoreline and dune toe. The seaward migration of the shoreline was strongest be-
tween 2005 and 2019 at the locations where nourishments were supplied. The supplied volumes of
sand have effectively moved the shoreline seaward since 2005 at the locations where the trend from
1979 to 1999 was erosive, around 44 km RSP.

The dunes have grown in volume and height in most parts of the research area. The dataset does
not show a strong correlation between the dune growth and the beach width and slope, while the
beach width and slope were expected to influence the aeolian transport and therefore on the dune
growth. The beach widths of this cluster mainly lie in the range of 60 to 110 metres, which is around
the average of 85 metres of the entire research area. The beach width is assumed to be sufficiently
wide to reach transport capacity and therefore no effect of the variations in beach width were found.

There are many buildings on the beach in this cluster as was shown in Figure 4.10. Two transects
in this cluster crossed beach pavillions indicated by the dashed lines in Figures 4.13 and 4.14. The
dunes at these two transects were growing between 1979 and 2005, but showed a constant volume
and a decrease in height between 2005 and 2019. The buildings on these transects block the aeolian
transport of sand onto the dunes, which could be the main cause of the decrease in volume and halt
in vertical growth.

B.2. Cluster 2: Heemskerk (47.75-50.75km RSP)

The results of cluster 2 are shown in Subsection 4.3.2 and showed a large landward migration of
the dune toe. The erosive trend of this coastline is probably caused by the breakwater of IJmuiden,
which blocks the alongshore transport south of this cluster. The net transport direction along the
Dutch coast is to the North, but sediment can not pass the port of [Jmuiden. The breakwaters of IJ-
muiden block the incoming wave energy from the West-southwest direction, causing a lower trans-
port flux into the cluster from the southern boundary. Cluster 2 is not shielded by the breakwaters
and therefore transport fluxes caused by the waves increase in this area which causes erosion in the
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cluster. The landward migration of the shoreline and dune toe could be increased by the sea-level
rise, which causes a landward migration to obtain a profile in equilibrium with the new water level.

The erosive trends were countered by nourishments in most subsections of the research area.
Nourishment volume and frequency were below average in cluster 2, which could be one of the rea-
sons that the landward migration did not halt in this cluster. The effect of the largest nourishment,
a foreshore nourishment in 2012 spanning a large part of the cluster, can be seen clearly from the
development of the beach width. The beach width shows a large jump around 2014, two years after
the foreshore nourishment. Figure 2.17b showed that most of the foreshore nourishment volume
is present on the beach 3 to 4 years after the nourishment. The foreshore nourishment is therefore
expected to be the main factor for the increased beach width. The dune toe shows some seaward
migration in 2017, which could be caused by the beach nourishment.

The dune volumes in the cluster showed large alongshore differences. Two transects showed a
large increase in dune volume while the other transects remained rather constant or decreased in
volume. The two transects with a large volume increase directly crossed blow-outs in the dunes.
The blow-outs caused a local increase in dune volume as sediment could be transported through
the blow-outs, on the landward side of the primary dune. Sediment deposition at the landward
side of the dune can hardly erode as there is no wave attack. The adjacent dunes did not show any
changes in behaviour that could be explained by the blow-outs.

The beach slope and width of this cluster were varying around the average values of the research
area and were therefore expected to be of minor importance to the difference in dune development
of this cluster compared to the other clusters. The cluster did have a steep dune slope, which could
be one of the reasons that the dunes did not increase in height. The steep dune slopes presumably
made the dunes more susceptible to dune erosion during storms. The largest dune erosion volumes
are caused by avalanching of the dune front when the slope gets too steep. The steep slope of the
dunes could lower the required incoming wave energy for avalanching to take place.

B.3. Clusters 12 and 13: Callantsoog (12.75-14.25 & 11.25-12.75km RSP)

This section describes the development of the beaches and dunes of clusters 12 and 13. Clusters
12 and 13 cover the coast near Callantsoog in the northern part of the Noord-Holland coast. Both
clusters had a narrow beach until 2000, with a width of approximately 50 to 60 metres. An increase in
beach width was observed from 2000, which is probably caused by the large nourishment volumes
that were supplied in the area. Significant erosion was observed between 2008 and 2012 and no
nourishments were supplied in those years, which indicates that the nourishments are necessary to
maintain the coastline.

The dune volumes increased in both clusters from 1987 and the large decrease in 1985 for cluster
13 was caused by the change in transects for which the data was measured. The rate of increase in
dune volume was constant for cluster 12 but increased in cluster 13. The dune volume increases
were lowest in the areas where buildings on the beach were present. The buildings on the beach
blocked the aeolian tranpsort of sand into the dunes and therefore limited the dune growth. The
area with the embryo dunes showed the largest increase in dune volume between 2007 and 2019.
Growth of embryo dunes can only occur if there are no large erosion events where waves attack
the newly formed dunes van Puijenbroek et al. (2017). The wider beach and milder beach slope
could have reduced the erosion volumes by dissipating more wave energy. Furthermore, there were
no large storms (= 10 Beaufort) between 2007 and 2013 at the Dutch coast (KNMI, 2022a), which
allowed for the embryo dunes to grow.
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B.4. Cluster 15: Julianadorp (6.25-9.75km RSP)

The developments of the beaches and dunes of cluster 15 are described in Subsection 4.3.4. Both
the dune volume and dune height increased significantly throughout the investigated period. The
beach slope and width were expected to influence the dune growth as they influence the aeolian
transport. The beach slope directly affects the transport capacity and the beach width only affects
the transport rate when the fetch length is not sufficient to reach the full transport capacity of the
wind. However, the development of the dunes did not show any correlation with the beach width
or the beach slope. The beach width in this cluster was above the average of the research area and
could be larger than the required fetch length to reach full transport capacity, limiting its effect on
the dune growth. The beach slope varied between 0.0275 and 0.0375, which results in a factor for the
critical velocity varying between 1.023 and 1.032 and for the transport rate varying between 0.722
and 0.644. The difference in aeolian transport caused by the slope and width of the beach will there-
fore be small compared to the differences caused by the annual variations in wind climate.

Changes in dune volume and height are not only governed by the aeolian transport, which
causes dune growth, but also by the erosive events. Dune erosion occurs when waves reach the
dune toe, which typically occurs during storms. The wide beach of this cluster reduces the incom-
ing wave energy on the dune front. The main wave direction during extreme events in the research
area comes from the North-northwest. Waves approaching this cluster from the NNW direction
cross the shoal of the ebb-tidal delta of the Texel inlet, which could significantly reduce the incom-
ing wave energy and therefore reduce the erosion of the dunes. The reduction of the wave energy
by these shoals could be the main contributing factor to the large increase in dune volume of this
cluster. The predicted change in wave direction during extreme events, from the North-northwest
to the West-southwest (Winter et al., 2012), could increase the erosion volumes during storms in the
future.

Landward migration of the tidal channel Nieuwe Lands Diep caused erosion of the beach of
cluster 15. The beach width showed a decrease from 110 to 80 between 1965 and 1990. After 1990
the beach width remained rather constant, which could be caused by the stabilisation of the loca-
tion of the Nieuwe Schulpengat and the Franse Bankje. The beach width showed an increase after
2009 for about 6 years, caused by the foreshore nourishments over the entire cluster. The effect of
the nourishment is visible for about 6 to 7 years, which agrees with the expected development over
time of foreshore nourishment volumes shown in Figure 2.17b.

The dune height is increasing rapidly along with the dune volume in this cluster, which is in
contrast to the other investigated clusters of the Noord-Holland coast. The dune heights in clusters
12 and 13 remained constant while dune volumes increased. The difference in dune height increase
could be caused by the differences in dune slope. Cluster 15 had a mild dune slope compared to
the other investigated clusters along the Noord-Holland coast. When the dune slope increases, sed-
iment particles require a larger force to be transported up the slope and might be deposited on the
dune front, limiting the growth in the dune height. The investigated clusters of the Texel coast, with
milder dune slopes, showed a similar increase in dune height.

B.5. Cluster 21: South West Texel (10.75-13.25km RSP)

The development of cluster 21 was described in Subsection 4.3.5. the shoreline of the cluster showed
alarge retreat until 1990. The retreat of the shoreline can be explained by the movement of the tidal
channel that showed a landward migration. Nourishments in this area started around 1990 and
have effectively maintained the shoreline at a constant location.

The dune volume in the area showed a large increase over the entire period, even when the
shoreline was retreating. The beach width and slope of the cluster fluctuated around values that are
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average for the research area. The amount of sand that could be transported into the dunes is there-
fore expected to not be limited by these factors. The main reason for the dune growth in therefore
expected to be the lack of large erosion events. The shoal in front of the cluster protects the coast
from waves coming from the west and southwest direction. Which is the main wave direction in the
area. The shoal does not extend far enough to shield the coast from the North-northwest direction
where the waves during most extreme events come from, but the offshore area is relatively more
shallow than for other parts of the research area.

The dune volume increased in every part of the cluster, but the increase in dune volume was
significantly smaller at 12 km RSP. The difference in volume change is probably caused by the
presence of the beach pavilion at this location. The beach pavilion blocked the aeolian transport of
sand into the dunes and therefore limited the dune growth of this transect. The small beach houses
around the pavilion do not remain on the beach during the entire year, which could be one of the
reasons that no reduction in dune growth was seen here. Furthermore, the beach houses are smaller
in width and height and there is some space in between the houses which allows for aeolian trans-
port into the dunes.

The dune height of this cluster showed a strong increase similar to the dune volume. The rate
at which the dune height increased, reduced in the last five years, while the dune volume kept in-
creasing at a similar rate. The dune slope increased significantly since 2005 from a very mild to an
average slope. The increase in dune slope could be the reason for the reduction in the rate of change
of the dune height. When the dune slope increases, sediment particles require a larger force to be
transported up the slope and might be deposited on the dune front, limiting the growth in the dune
height.

B.6. Cluster 24: De Koog (18.25-20.75km RSP)

Subsection 4.3.6 described the developments of cluster 24 that covers a part of the Texel coast, at De
Koog. The dune volume increased in the entire cluster between 1976 and 2019. The dune volume
increase was largest in the southern part of the cluster. This part of the cluster has less influence of
human activities and buildings on the beach. The dune volume increase at the highlighted transect
in Figure 4.41 was significantly lower than in the other parts of the cluster. This transect crosses
a beach pavilion, the beach entrance and a restaurant on top of the dune, which made the dune
growth practically impossible. The dune volume increases from 2005 to 2019 are smallest between
19 km RSP and 20 km RSP, which could be caused by the small beach houses that are present in
this part of the cluster.

The median dune volume of the cluster remained constant until 1980. The dune volume slightly
decreased with about 100 73/ m until 1992 and the dune slope during this period was steep with a
median dune slope larger than 0.4. The decrease in volume was accompanied by a relatively larger
decrease in dune height. The steep dune slope might have made the dune more susceptible to wave
attack, as dune erosion mainly occurs in the form of avalanching when the dune becomes to steep.
The median dune volume and height increased after 1990. The increase did not show a relation with
the beach width or slope. The beach width and slope oscillated around values that were average for
the research area. The beach slope varied between 0.03 and 0.04, which resulted in a aeolian trans-
port reduction factor varying between 0.701 and 0.626. The maximum difference in the reduction
factor of 12% was expected to be negligible to the annual variations in wind climate and erosive
events.

The development over time of the shoreline of this cluster was shown in Figure 4.42c. The shore-
line showed a landward migration until 1980. The shoreline migration changed direction around
1982, just before the first nourishment in the area. The change in direction was shown ahead of
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the first nourishment due to the moving average that was applied to remove the seasonal fluctua-
tions from the data. The actual seaward shoreline migration started after the first nourishment and
showed a strong correlation with later nourishments. The supplied sediment effectively restored
the former shoreline location.
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