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Preface

This thesis is the final conclusion of my master in Hydraulic engineering at the Delft University of Technology.
Although | tried long enough to maintain being a civil engineering student in Delft, it is finally time for me
to make the next step.

At the start of this academic year, the thesis was the only part of my Master that | still had to fulfil. However,
| had no idea what | wanted to research and what methods | wanted to use. After a quick search on
Brightspace | found a subject about the Marker Wadden and drones that immediately caught my eye. After
a quick chat with Anne, we decided that this would be the focus for my thesis the coming year. So, | went
from no clue to a thesis subject in about a week, which must be some kind of record.

| always like ‘carte blanche’ projects like this and | very much enjoyed the experimenting and figuring out
| had to do with the Marker Wadden data. However without my thesis committee | never would have been
able to make chocolate from all the data and possibilities surrounding this research (not being able to
make chocolate from something is a Dutch saying meaning you can’t wrap your head around something).
Therefore, | would like to thank my chair, Stefan Aarninkhof for pushing this research to higher levels than
| thought possible at the start and his constructive feedback along the way. Also | would like to thank Ad
Reniers for encouraging me to try and make this thesis as much of an addition to literature as possible.
| would like to thank Thomas Vijverberg for his time and refreshing insights, including his views on what
would be interesting for the Marker Wadden project and Sander Vos for his help on all the ins and outs
that are important when working with this kind of data. | especially would like to thank Anne Ton for all the
time and energy she invested into this thesis. Our weekly brainstorming sessions were extremely fruitful and
helped me find my way in the labyrinth of strange ideas | often had. Most of all | had a blast working with
you and for me our discussions were the highlight of my week (weekends not included).

Personally, this thesis had everything. There was a certain framework surrounding this subject | could work in
but there was certainly enough room for me to come up with my own ideas. | could experiment with drones,
go into the field, learn all the possibilities of python and still got a good look behind the scenes in the whole
organisation behind the Marker Wadden. | had loved the variety and this thesis was therefore the perfect
conclusion of my time as a student, here in Delft.

Finally | would like to thank all my friends and family. Especially Britt, Jasper, Laura and Suus who volunteered
to be my study partner when everyone else decided to go on holiday. | was afraid that graduating would
mean a nine months long labour of a brainchild, but actually | will look back on my last year as time in
which | got to do a fun and interesting research, where friends were there for me every time | needed to
blow of some steam.

Niels van Kouwen
Delft, August 2022






Thesis build-up

For this thesis it was decided by the author and thesis committee to write the main findings in the form of
a paper. The paper presents (almost) all results that were found during this thesis. However, because this
is a Master Thesis, it may be desirable to obtain more in-depth knowledge behind certain results. That is
why this paper is accompanied by a list of appendices. Each appendix elaborates a chapter in the results
or methods. It is not necessary to read all appendices in order to understand the thesis findings, but they
provide additional information to support the paper. Some appendices also present extra research that has
been done during the thesis but has not been presented in the paper.

Because the structure of this thesis is not in the traditional format, the presentation and answering of research
(sub)questions that have been stated at the start of this thesis are dispersed over both the paper and
appendices. That is why they are also presented here, together with a short version of their goal/research
aim and a brief summary of their final answers. Also the locations in the paper and appendices where these
research questions are elaborated are indicated here. A morphodynamic conceptual model has been made
for both spits based on literature and case studies, that can be considered as a form of a hypothesis for
the morphological development of both spits and their drivers. These models are mentioned in the paper
(Chapter: case studies) and shown in figure 1 and 2.

Many observations and forms of analysis were done for the southern spit to develop an efficient method of
spit quantification. After that the northern spit was quantified with the same method to test the practicality
of the quantification method. The northern spit (which has other properties than the southern spit) was
quantified with the same method and scripts, and only afterwards it was investigated if these results made
sense. This gave an idea of how efficient and effective the quantification method actually is. It is because of
this that the results presented for the southern spit are more detailed than the results for the northern spit (in
the appendices at least).

Summary, based on research questions

During this thesis the scope of research has been widened, which results in two main research questions.
One focussing more on spits in low-energy lake environments and the other more directed towards the
method for spit analysis.

What main processes drive and influence a spit in a low-energy, lake environment and
what is the effect of morphological spit development on the surroundings? Using the Marker Wadden as a
case study.

To give a nuanced picture that explains the development of both spits, using quantified results.

Both spits do not grow towards a curve, but propagate (in length) towards a clear
direction. For both spits the submerged spit-platform part grows during high energy periods and the emerged
part only grows during lower energy periods.

The northern spit indeed develops as a simple spit, because of the lake circulation that approaches from
both ends. However most of the sediment comes from the Noordstrand and scarp at the northern side of
the spit. This material is delivered by currents from SW and W winds and is reorganised by currents from S
winds. The growth rate of this spit is double of what is projected because the sediment supply to the spit is
more than three times of what is expected by van Santen (2016).
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In the hypothesis the contribution of waves is overestimated for the southern spit. The waves do have a
significant effect on the emerged part of the spit but because the spit-platform has such an important role to
play in the development of the emerged part and the general spit development, the propagation direction
of the southern spit is at the location where currents pass over the platform boundary. The growth rate of
the southern spit is around 40 m/year in its propagation direction as the sediment supply towards the spit is
almost seven times as high as expected (van Santen, 2016).

Spits in low-energy lake environments are affected by lake circulation currents in addition to wave-driven
longshore currents, propagate in a distinct direction and need an alternation between high energy periods
and lower energy periods in order to grow both above and below the waterline.

Research question: How can morphodynamic spit developments and its hydrodynamic drivers be efficiently
linked and quantified? Using the Marker Wadden as a case study.

Goal: The morphodynamic developments of spits are hard to link to hydrodynamic drivers due to the
complexity of both the spit morphodynamics and hydrodynamics. This method uses polar coordinates and
simplified elevation levels to make it easier to simplify and analyse morphodynamic trends and hydrodynamic
processes. This enables us to link the two.

Summary of findings: The method described in this paper, allows for the quantification of morphodynamic
and hydrodynamic relations around spits and is an efficient way of data analysis of these complex three-
dimensional landforms. This simplification in polar coordinates makes it possible to efficiently describe and
quantify processes around the spit in a detailed fashion. Thus, making it possible to objectively pinpoint the
case-specific drivers behind different forms of spit growth.

Subquestion 1

Research question: What is the best method to capture (spit) morphodynamics using drone imaging and
Structure-from-motion?

Goal: Many different parameters in the drone set-up are of influence on the accuracy and the efficiency of
the DEM (Digital Elevation Model) construction. The contribution of each parameter to the accuracy needs
to be known in order to reason what parameters should be set on a less accurate setting in order to keep
the drone measurement process efficient.

Summary of findings: Because of time and material issues the experiment for finding the ultimate settings
and set-up is not executed during this thesis, in accordance with the thesis committee. However, a method
to obtain these settings has been developed in this thesis. The parameters that can be varied for drone
imaging on coastal environments are reduced to four: height of flight, frontal overlap, lateral overlap and

amount of ground control points (GCPs). The contribution of each of these parameters to the accuracy can
be calculated in nine test flights with the Taguchi method.

Subquestion 2

Research question: What morphodynamic changes can be observed in the spits over time and (wind)conditions?
Goal: Find trends in the morphology that eventually could be linked to hydrodynamic processes.

Summary of findings: A distribution of sediment around both spits was found. Both spits have a clear propagation
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direction. It was found that the submerged spit-platform and the emerged spit part do not grow simultaneously
but thrive under different conditions.

Subquestion 3

Research question: Which hydrodynamic processes in the Markermeer could affect spit development of the
Marker Wadden spits?

Goal: Analyse the magnitude and change of flow directions and velocities around the spit.

Summary of findings: For both the waves and the lake circulations, combined current directions and flow
velocities for all wind conditions can be approximated. Current directions do not change significantly when
wind velocity increases. Flow velocities also follow the same pattern of increase and decline around the spit
for different wind velocities. It was found that lake circulation currents do change direction around the spit
because of small scale circulation cells around the beaches and sediment extraction pits.

Subquestion 4

Research question: Can the main trends and developments of spits be attributed to certain hydrodynamic
processes and sediment supply?

Goal: Use the findings of subquestion 3 to explain the trends found in subquestion 2.

Summary of findings: Based on the effect of the different current patterns (current directions around the spit)
on sedimentation around the spit, several current patterns can be discarded as they are not important for
spit growth. The other currents can be averaged as a single sedimentation current pattern that is responsible
for all spit growth. The location of most sedimentation is the location where the sedimentation current passes
over the platform boundary, where there is suddenly abundant room for the flow to dissipate. This results in
the growth of the submerged spit-platform which is found to be very important for the propagation direction
of the spit.

It was also found that the growth of the emerged spit part is dependent on the incoming flow velocity and
the size of the platform. This means that the growth of the emerged spit part is affected by the growth of the
submerged spit-platform and vice versa. Also the emerged spit and submerged spit-platform thrive under
different conditions.

Subquestion 5

Research question: How can the found morphodynamic and hydrodynamic relations help evaluate and
predict spit developments and what are the possibilities and constraints of the used analysis method for spit
quantification?

Goal: With this method of data analysis it becomes possible to show and quantify the link between spit
morphology and its hydrodynamic drivers in a detailed manner.

Summary of findings: The used method makes it possible to discard certain spit parameters when looking for
important relations for spit development. The empirical relations that are found are accurate enough to use
them for the prediction of spit developments. The method can most likely be applied on other spit types in
other environments. However, a lot of data and prior knowledge is necessary to analyse a spit in a detailed
fashion.
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Research question
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Paper Appendix  Other
Overall Overall
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Results, Flow around the D
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Results, Predictive G The success of the analysis of the northern
potential of found spit indicates that this method can be
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H This has been done to bolster the findings

Table 1. Location of research topics in the paper and appendices

of sediment supply around the spit.
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Only waves Only waves Only waves

INVNIWOQ

Waves approach the beach almost perpendicular resulting in little to no longshore currents. Except on the head where the curves of the
coastline can cause fast currents, reshaping the head to be more aligned with the beach and to grow in a curve on the distal end side. This
results in a very curved spit.

Only lake circulation V Only lake circulation V’ Only lake circulation V

In the scenario where lake circulation currents approach the head from the north the currents are converged near the protrusion of the head
creating local erosion. The more the erosion has taken place, the less this convergence occurs. The material from the head and beach is
transported beyond the head and the platform resulting in a relatively straight spit.

Legend Prediction from all process ...
Land above set-up level | | combined @ = .-

Land below set-up level
|:| Submerged platform

previous contour lines
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Magnitude of longshore
current

Incoming wave crests

Important area of erosion
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The contribution of lake circulation is hard to tell in this case but the effect of incoming waves around the head, and the accompanying
erosion is easier to tell. Therefore is it likely that some form of a curved spit will grow.

Figure 1. Southern spit: morphodynamic and hydrodynamic hypothesis
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Only high angle waves

Only high angle waves

High angle waves, erode upstream of the protrution and deposit on it making the protrusion grow to a flying spit that shelters the area behind from the waves.
The wave energy at the bottom at the coastline is smaller than at set-up level during storms. That is when the most morphological changes happen.
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Only lake circulation Only lake circulation / Only lake circulation

The lake current towards the shore is uniform, but smaller on the bottom at the coastline than at the set-up level, during storms. Refracting waves
tend to curve the spit but the lake current from the south makes the spit relatively straight.

WindJpp>
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Only wind current Only wind current Only wind current

The wind driven current is uniform on the platform, but again smaller on the bottom at the coastline than at the set-up level during storms. Here
refracting waves are free to deposit material behind the tip of the spit, allowing the spit to curve.
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Lake currents here are the dominant process and therefore the spit is relatively straight, altough refracting waves
have slightly curved the tip. A protrution has developped as result of the high angle waves but the waves are
not strong enough relative o the other currents to develop a flying spit that shelters from waves.

Figure 2. Northern spit: morphodynamic and hydrodynamic hypothesis
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Quantifying complex relations between spit growth and its
hydrodynamic drivers, in non-tidal, wind-dominated lake
environments. Application to the Marker Wadden (Lake Markermeer,
The Netherlands).

Abstract

Many sand spits are morphodynamically complex cases that are hard to quantify. Therefore, most case
studies on sand spits in a specific type of environment, are descriptive or even non-existent. As is the
case for spits in low-energy lake environments, like the two spits at the Marker Wadden islands. Because
quantification is necessary for spits in such complex environments, sedimentation was quantified around
both spits using polar coordinates and morphologically simplified elevation levels around the spit-platform.
It was found that, sediment rich currents that pass over the spit-platform boundary at a certain direction drive
spit-platform growth in that direction. The spit-platform growth in turn dictates the growth of the emerged
spit. Spit growth quantification enables a detailed understanding of the Marker Wadden spits, which gives
insights in spit behaviour in low-energy lake environments. The quantification of spits in other environments
could be a powerful tool for the understanding of spit behaviour.

the spit and its platform grow is always the same,
although Meistrell’s experiments showed that spit
and platform growth are inversely related.

Introduction

Along our coasts, different types of coastal systems
and landforms can be defined. One of these coastal
systems are sand spits, which often have complex

morphodynamics (Allard et al., 2008). Spits can be ~ h\ab h N
defined as a partly subaerial ridge or embankment ﬁ @\’@»;O \ Loss of transport
of sediment attached to the land at one end and o, potential
terminating in open water at the other, which needs - « N —— Spit-platform
to be fed by longshore processes (Allen, 1982; N \
Evans, 1942). N\ \ -

AN I"

sFulerum 0 oo

Spits often occur at places where the coastline
changes its longshore uniform direction, as
this gives the longshore current more room to
disperse and lose its transport capacity, resulting
in sedimentation (Uda, 2018). Meistrell (1966)
showed that the growth of the subaerial ridge of
the spit is preceded by a submerged spit-platform.
The interaction between the emerged part and the
platform is often important for the spit shape and
its growth.

Kraus & Asce (1999) continued the research of
Meistrell by stating that with unrestricted spit growth
all the material that is transported towards the
distal end accretes partially in the subaerial spit
and partially on the spit-platform (for definitions,
see Figure 1). They assume that the ratio with which

oint
PR

Conceptual Erosi
+ rosion
ﬁ wave climate
Beach ridge .
—--- . « Accretion
or spit crest

Figure 1. A schematic representation of a recurved spit.
lllustration based on Rossel & Westh (2020)



The growth of a spit in a certain environment can be
beneficial for the environment. Besides the societal
functions spits may have, like recreation and flood
protection, they are also valuable and unique coastal
habitats for a wide range of flora and fauna (Allard
et al., 2008; Rossel & Westh, 2020). Spits are highly
dynamic, and their shape and size can change in
very short imespans depending on various complex
drivers (Randazzo et al., 2015). Therefore research
of a spit also means research of its environment.
Different drivers on different locations results in an
abundance of spits with different types and shapes
all around the world, of which several different
categories can be distinguished (Robin et al., 2020;
Uda, 2018). Several categories of spits are:

. Recurved spit:

These are the most common kind of spits. Recurved
spits occur mostly on places where wave-driven
longshore transport occurs on one side of the spit.
This creates a hook, or possibly multiple hooks (Allen,
1982). The most important driver in the formation
of this shape is the changing angle of incidence
of the waves that passes the optimum angle of 45
degrees at the fulcrum point (Figure 1) (Ashton et
al., 2016). Typical recurved spits, with hooks formed
by originally low angle or even perpendicular waves
are the Argay spit (Allard et al., 2008), the Buctouche
spit (R. Davidson-Arnott et al., 1995) and the spit on
Hagemeister Island (Ashton et al., 2016) (Figure 2a).

. Simple spit:

Simple spits have a relatively linear shape, caused
by two longshore currents coming from both sides
of the spit. Each current effectively erases the hook
caused by the current on the other side (Rossel &
Westh, 2020). Examples of simple spits are Skagens
Odde in Denmark (Bruun, 1993; Rossel & Westh,
2020) and the spit in Cape Helopen in the USA (Kraft
et al., 1978) (Figure 2b).

. Flying spit:

According to Ashton & Murray (2006), spits in
regions with predominantly high angle waves tend to
protrude from the beach. These, so called, flying spits
originate from the principle that high angle waves
result in higher wave-driven transport at the sides of
a protrusion than at the top. Examples of flying spits
can be found in lake Mega-Chad in Central Africa,
the Azov Sea in Ukraine (Bouchette et al., 2010) and
Lake Erie in Canada (R. G. D. Davidson-Arnott & van
Heyningen, 2003) (Figure 2c).

. Non-wave dominated spit:

Not only wave induced transport can influence spit
growth (Evans, 1942) as tides and lake circulations
can also create significant longshore currents (Nutz
etal., 2018). These spits tend to be more linear as the
waves that are essential in shaping the hook (Ashton
et al., 2016) are not present. Examples where tides
play an important role in spit morphodynamics are
the Lubec spit in the USA (Randazzo et al., 2015)
and the ‘El Punital’ spit in Spain (Losada et al.,
1991)(Figure 2d).

However, in practice it is not always clear in which
class a spit belongs. There can often be multiple
hydrodynamic drivers attributed to a spit. For each
of these drivers the effect on the morphodynamics
can be completely different. Therefore, in practice
it becomes necessary to find the role of each of
these relations between spit morphology and
hydrodynamics to be able to describe and predict
the eventual spit development. Quantification of
observed processes is therefore an important step
in the research of spit cases.

There is much that is already known about spits,
especially from a schematic perspective. In principle
the relation between morphological developments
of spits, and its hydrodynamic drivers have been
shown by authors like Ashton et al. (2016). However,
few have managed to quantify, or even link, spit
morphology and its drivers in case studies of a spit
(Allard et al., 2008; Héquette & Ruz, 1991). As a
result, most research on spits is descriptive. For
example, spits can be classified as a recurved spit
because of its hook but explaining why the curve
of the hook is sharp or gentle seems troublesome.
Linking the sensitive morphological behaviour
of spits to hydrodynamic processes can become
even more difficult in environments that have
multiple hydrodynamic components, and typical
morphodynamic behaviour themselves. Low-energy
lake environments are environments that possess
these properties.

Since low-energy lake environments have multiple
hydrodynamic components, little is known about
spits in these systems. These environments
have limited wave energy. They are therefore
dependent on high-energy events for large scale
morphodynamic developments, without receiving
sediment replenishments during low-energy periods.
Additionally, lakes are subjected to lake circulation
currents due to set-up differences across the lake at
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high winds (Ton et al., 2021; Wellen, 2021). Both
hydrodynamic processes can have a pronounced
effect on spit development. Also, beach profiles in
low-energy lake environments typically have a long
platform in front of the coast, at a depth around the
depth-of-closure (Brideau et al., 2022; Ton et al.,
2021; Vila-Concejo et al., 2020). This can be of
large influence on spits as platforms have proven to
be of essence for spit development.

All'in all, spits in low-energy lake environments are
too complex to research descriptively and therefore
its morphodynamics are relatively unknown. To
objectively understand spits in complex environments
like this, the link between spit morphology and
hydrodynamics needs to be quantified, despite the
problematic sensitivity of the spit morphodynamics.
Thus, to fill this knowledge gap a novel method for
spit analysis and quantification is developed and
applied in this paper.

L5

Cape Henlopen

',.'S];ugens Odde

a) Recurved spit

b) Simple spit

Azov sea

\

c) Flying spit

&

d) non-wave dominated spit

Figure 2. The different classes of spits, recurved spits, simple spits, flying spits and non-wave dominated spits re-
spectively. For every spit the main figure is a schematic representation of the spit type, with on the right the examples
referred to in the introduction. The wave rose on the upper left indicates the schematic wave climate, the dashed lines
indicate the incoming wave crests, and the black arrows the sediment transport along the spit.
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Study sites

To research spit behaviour in a typical low-energy
lake environment, the Marker Wadden islands in
the Netherlands are used as a case. This artificial
archipelago is constructed in 2016 to improve the
ecological value of lake Markermeer as a whole (Jin
et al., 2022). Lake Markermeer is a closed-off lake
that can be classified as a low-energy, non-tidal
environment. Moreover, this shallow lake (~4m)
can be subject to significant lake circulation currents
due to set-up differences in the lake. Al these factors
make this a complex case to link morphological
developments with certain hydrodynamic drivers
and/or wind conditions (Ton et al., 2021; Vila-
Concejo et al., 2020; Wellen, 2021).

The islands, which are mostly build of silt, are
protected by two sandy beaches with dune rows
(Figure 3, Figure 4). Each beach begins at a groyne
and has an open ending or head. It is from these
two heads that new, young spits start to develop.

The most northern beach and spit is subject to high
angle waves and lake circulation currents from both
sides. Considering the different classes from the
introduction it can be expected that this spit would
be a combination of a simple spit and a flying spit.
Meanwhile the southern beach and spit is mainly
subjected to perpendicular and very low angle
waves from one side. Based on the spit classes it can
be expected that this spit would resemble a recurved
spit (Boskalis Nederland, 2015; van Santen, 2016;
Wellen, 2021).

Using similar case studies and the known schematic
relations, a general idea about spit shape and
development can be formed, as has just been done
for the northern and southern spit. However, proving
and nuancing this reasoning presents a challenge.
To get the desired amount of insight into the
developments of both spits and nuance the extent to
which both spits can be attributed to a spit class, a
novel method of quantifying spit morphodynamics
and hydrodynamics has been developed and used.

Figure 3. Marker Wadden islands, seen from the tip of the southern spit. Picture made by N. van Kouwen and A. Ton
(2022).
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Hydrodynamic legend

incoming
wave crests

wave driven
=% |ongshore current

Lake circulation

—> current

Figure 4. Location and situation of the Marker Wadden islands, in lake Markermeer in the Netherlands. The black and red ar-
row combination indicates the orientation of the beaches relative to the north. Drawing based on Boskalis Nederland (2015).

Method

To quantify the spit morphodynamics, a novel
method is used with a polar coordinate system
instead of X,Y coordinates. Also, elevations are
simplified into three elevation classes.

Because of the dynamic nature and shape of spits,
another orientation system can be more efficient to
track developments over time than the traditional
Cartesian or GPS-based coordinate system. Since
most processes of spit growth take place around the
distal end and the spit grows from a semi-circular
head, a polar coordinate system is more suitable.
It makes it easier to simplify the data analysis, to
calculate only the most important parameters for
spit formation and development. For the analysis
of ebb-tidal deltas, polar coordinates were efficient
as well (Pearson, 2021). Polar coordinates allow for
continuity in the analysis as the length of the spit
changes because besides distances, the orientation
in degrees can be considered as well.

For this polar coordinate system, a centre point is
chosen. All calculations will be done relative to this

point. For the centre point it is important that it is
subaerial during the entire period over which data
is analysed and that between the centre point and a
considered sedimentation location there is only one
transition from land to water (Figure 5b). As long as
the centre point meets these two requirements for
most of the time (especially for the last requirement
slight deviations are inevitable), a location for the
centre point can be manually picked based on the
expected growth patterns beforehand.

Currents and morphological changes will be
quantified at degrees around the centre point. This
way currents and sedimentation can be described
around the spit. Because this paper aims to analyse
spit growth in a practical manner, the boundaries
of the 180 degrees that are analysed (chosen for
convenience), are set around the diWstal end of the
spit. Here almost all sedimentation is expected to
occur as sedimentation occurs on the distal end and
erosion on the proximal end (Ashton et al., 2016)
(Figure 1, Figure 5). Because polar coordinates
are used, the distance from the centre point to the
concerned areas should be as small as possible to
be the most accurate, without neglecting areas that
experience important sedimentation for spit growth.

5
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Southern spit: reality

508800
<0875 Northern spit: Polar coordinates
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Figure 5. The polar coordinate system used for spit quantification. a) Represents how the schematic drawing of c is
situated in reality. b) Here it is indicated how the centre point should be chosen. c) Gives the set-up of the polar co-
ordinate system; here different directions in degrees are indicated around the centre point (red dot). All 180 degrees
are relative to the north and the boundaries of the considered area are indicated by the red dashed lines. d) Gives the

same information as figure c but for the northern spit.

To quantify changes in elevation, morphology will
be simplified to three elevation classes, chosen
based on different morphological properties:

. The subaerial level (above the waterline:
-0.3 m NAP), sedimentation on this level is limited
on the Marker Wadden islands and thus analysed in
less detail in this paper. This level is emerged most
of the time but partly submerged during storms.

. The platform level (below -0.3 m NAP and
above -1.2 m NAP generally -1 m NAP).

. The sub-platform level (below -1.2 m NAP),
this is the level below/in front of the spit-platform.
After a level boundary there is a steep drop towards
the next elevation class (Rijkswaterstaat, 2018; Ton
et al., 2021) (Figure 6).

These two boundaries divide the spit into two
cross-sectional parts, the emerged part, and the
submerged spit-platform part. The emerged part
grows in length when sedimentation on the platform
level takes place, and the submerged part grows
in length when sedimentation on the sub-platform
level takes place (Figure 6c). The location and
magnitude of sedimentation and hydrodynamic
properties (current directions and velocities) will be
quantified based on the orientation (in degrees)
around to the centre point, relative to the north, and
the elevation class on which it occurs, which allows
us to see trends without getting lost in small scale
dynamics.

Flow around the spit

The hydrodynamic data comes from a Delff3D model
of Lake Markermeer made and validated with field
data by Ton et al. (2022). The hydrodynamics are
completely dependent on the local wind conditions
and therefore 32 wind scenarios are modelled based
on 8 varying wind directions and 4 wind velocities
(Table 1). For each scenario the flow directions and

Wind dir Wind vel  Wind dir Wind vel
N (North) 5 m/s N 15 m/s
NE (Northeast) 5 m/s NE 15 m/s
E (East) 5 m/s E 15 m/s
SE (Southeast) 5 m/s SE 15 m/s
S (South) 5 m/s S 15 m/s
SW (Southwest) 5 m/s SW 15 m/s
W (West) 5m/s \% 15 m/s
NW (Northwest) 5 m/s NW 15 m/s
N 10 m/s N 20 m/s
NE 10 m/s NE 20 m/s
E 10 m/s E 20 m/s
SE 10 m/s SE 20 m/s
S 10 m/s S 20 m/s
SW 10 m/s SW 20 m/s
\ 10 m/s \ 20 m/s
NwW 10 m/s NwW 20 m/s

Table 1. 32 scenarios consisting of different combina-

tions of wind directions and wind velocities.

6



PAPER

Elevation classes (example southern spit)
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Figure 6. Three used elevation classes: subaerial level, above the waterline; the platform level, below the waterline
and above the platform boundary; The sub-platform level, below the platform boundary. In the cross-section these
boundaries split the spit info the emerged spit and the submerged spit-platform.

velocities can be computed in the polar coordinate
system around the spit for the combined current,
driven by both waves and lake circulations. The flow
directions and velocities are computed for every
degree around the spit by averaging over the one
direction, ranging from the coastline to slightly past
the platform boundary (indicated by the grey lines
in Figure 5 c). Flow directions are weighted with the
flow velocity in this averaging, as currents with larger
flow velocities have a larger influence on sediment
transport. Hereafter, these averaged flow directions
can be fitted for the whole observed 180° degrees
to link these currents to sedimentation patterns
more easily. With these fits, it was evaluated for
each of the 32 scenarios, how much each scenario
occurred during a period.

Flow velocity is especially important to represent
the transportation capacity of incoming flow.
Therefore, the flow velocity at a degree in front of
the spit tip (v, ) is computed as the most important
spit growth behaviour is expected to occur around
this location. Lake Markermeer is a low-energy
environment and therefore the morphodynamics
are mainly dependent on high-energy events (Ton
et al., 2021; Vila-Concejo et al., 2020). Taking
all wind scenarios in equal amount into account
for the analysis of the spit morphodynamics,

regardless of the wind speeds, is therefore not the
best representation morphodynamically speaking.
The flow velocity is strongly correlated with the wave
height and intensity of lake circulations, which are
in turn heavily dependent on the wind velocities.

For sedimentation in this low-energy environment,
there should be a minimum threshold of transporting
energy before large scale sedimentation takes place.
Thus, for the analysis of historical wind conditions
during a period, only wind conditions with velocities
higher than 7,5 m/s are considered as very low
energetic conditions have very little effect in a low-
energy environment. Also, to get a representative
incoming flow velocity for the energy conditions
during the period (v, ) not the mean flow velocities
during a measurement period are considered but
the 97% quantile of the flow velocity during a period.
This 97% quantile is the highest possible quantile
for which the ratio between low-energy events
and storm events still can be observed but also
shows flow velocities that are more representative
regarding their morphological effect.

Spit growth quantification

The spit growth of both spits is quantified by
using topographical data of the Marker Wadden,
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Figure 7. Timeline of measurements done by Boskalis. With the month of measurement indicated in black.

measured by Boskalis Nederland with in-field
measurements. These measurements were done
four times per year and the interval between
measurements varies between 2,5 to 4,5 months
(Figure 7). The measurements consist of drone
photogrammetry and underwater multibeam
measurements that can be interpolated in post
processing, from which pointclouds can be created
from measured data, that have a general vertical
accuracy of around 5 cm. The difference between
pointclouds, each measured at a certain date,
shows the morphological changes during a period
between the two dates. These elevation changes
are interpolated over a grid to get a mesh with
elevation changes. Changes in elevation of a
single grid cell can be multiplied with the area of
the square at specific locations to compute erosion
and sedimentation volumes at these locations in a
period.

Spit growth is quantified by computing the accreted
volumes around the spit during a period. In most
literature spit growth is evaluated by calculating
changes in length. But this method can be very
subjective as it depends on definitions, like the exact
location of the spit tip for example. Also, growth in
length is not suitable to quantify growth in multiple
dimensions, which is important considering the
curvature of spits. Quantifying deposited volumes
at all degrees around the centre point allows for a
more detailed and objective analysis.

Groups of adjacent degrees with above average
sedimentation in a period between measurements,
will be considered a deposit and its centre of mass
the location of the deposit. This means that a deposit
can be identified as a deposit if at a certain degree
Suctstdeg = Smean’ Where s, . is the total accreted
volume that is calculated at that particular degree
ands__the mean accreted volume taken over the
whole considered 180 degrees. The end boundary
of a deposit can be identified if s _, des = Smean
where s, __. .. is the total accreted volume that is
calculated at that degree. Then the centre of mass,
and thus the location of the deposit is:

degN=1st
deg * s,
degn=iast € " Sdeg
degN=st
ZdegN:last

degaep = Sdeg Equation 1.

with deg,  the degree at which the deposit is
located, deg,_,, the degree at which the deposit
starts (lowest degree), deg, _,, the degree at which
the deposit ends (highest degree), and s, the total
accreted volume at a certain location.

Additionally, for spit growth it is important to consider
sedimentation on the different elevation classes. The
amount of sedimentation on an elevation class is
dependent the potential of the energy of the flow
to transport sediment. Thus, the sedimentation on
a specific location is dependent on the incoming
transport capacity of the flow, and the loss of transport
capacity on the considered location/elevation class.
The loss of transport capacity of the flow is from
now on defined as flow dissipation. Flow dissipation
occurs when flow enters an area with more space for
the flow to disperse and lose its energy, which was
used to transport sediment. Additionally, the change
in the angle of incidence of the waves along the spit
also results in wave-driven flow dissipation.

The increase in space for flow dissipation can occur if
the path of the flow gets wider, for example where the
spit gets smaller, or when the bathymetry gets deeper,
for example, during flow over the platform boundary.
The increase in space is limited on the platform
level because of its depth. Thus, the potential of the
energy of the flow to transport sediment needs to be
low enough on the platform level for sedimentation
to occur there. Otherwise, most material will accrete
on the sub-platform level where space (in depth) for
flow dissipation is sufficient (Figure 6).

So, the ratio between the accreted volumes on
the platform level and accreted volumes the sub-
platform level can be deduced from the incoming
transport capacity of the flow, represented by the
incoming flow velocity: v. , and the dissipation of
flow on the platform level. This ratio is in this paper
defined as the sedimentation ratio,

Tood = _Sedplar_ Equation 2.
sedsyp—plat
here r_, is the sedimentation ratio, sedplm the

accreted volume on the platform level and sed , o
the volume on sub-platform level. For each gridpoint
at each degree it was determined if the point was
originally on the platform level or the sub-platform
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level. With this the volumes accreted on the platform
level, and the volumes accreted on the sub-platform
level, can be calculated for each degree. The space
for flow dissipation on the platform level can be
expressed with the area of the platform, on which
most sedimentation occurs. This is calculated by the
sum of the area of every gridpoint on the platform,
where generally more sedimentation occurs than
erosion.

Resulis

Although the two Marker Wadden spits are located in
the same region, the morphodynamic developments
and hydrodynamic drivers differ substantially. The
goal is to quantify the link between morphological
spit behaviour and hydrodynamics for each of the
two spits, to explain the spit growth processes.

SOUTHERN SPIT

Flow around the spit

For every direction around the spit the flow direction
and velocity was computed (Figure 8a). Flow
directions around both spits stay relatively constant
as wind velocities increase. The direction of the
current is mostly dependent on the wind direction
and changes gradually when moving around the
spit. Currents along the southern spit are caused by
both lake circulations and waves, increasing both if
wind velocities increase. The northern currents at the
northern spit are both caused by lake circulations
and waves while the current coming from the south
and flowing to the north can only be caused by lake
circulations as that area is sheltered from waves
(Figure 8 b).

Because the consistency of current directions at

NORTHERN SPIT
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Figure 8. Examples of current patterns and velocities during different conditions. a) Fitted in grey to obtain a distribution
of current directions and velocities along the spit for each of the 32 scenarios. Flow velocities are indicated by the colour
scale. b) Visual current directions (arrows) and velocities (colours) around both spits. The grey polar lines indicate how
far from the centre point the currents are concerned. c) The windrose gives the wind conditions that are modelled.
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SOUTHERN SPIT NORTHERN SPIT

Current directions for different wind conditions
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Figure 9. Current directions around both spits for different wind conditions. Currents that occur during different wind
conditions can be grouped on similarity of the wind induced current directions. (This is further used in section: Growth

orientation linked to flow).

increased winds velocities, different groups can be
distinguished based on similarity. In the case of the
southern spit winds from the SE, S, SW, and W all
have similar current directions, especially near the
spit tip. The same holds for the northern spit for winds
from the S, SW, and W (Figure 9). Additionally, when
wind velocities increase, flow velocities also increase,
but distribution of the flow velocity around the spit
remains constant. For instance, a location where flow
velocities increase at slower winds is also a location
where they increase for higher winds and vice versa.

Spit growth quantification

Spit growth can be quantified based on accreted
volumes around the spit. For every direction (one
degree) around the spit, sedimentation volumes are
divided over the different elevation levels (Figure
100 and Figure 11a). This shows the locations where
sedimentation is concentrated, thus significant spit
growth occurs, and the locations where growth is
limited. Erosion (red) occurs on the scarp, at the
proximal end of the spit and sedimentation (blue)
occurs on the distal end (Figure 10b and Figure 11b).
If deposits are found at directions with gradually
higher or lower degrees in succeeding periods, this
can indicate that the spit grows towards a certain
curvature. Deposits that occur constantly at a certain
orientation relative to the centre point indicate a
growth direction trend of the spit.

For both the northern spit and the southern spit there
is a clear range of directions around the centre in
which the sedimentation is multiple times higher
than on other parts around the spit, especially on
the sub-platform level (Figure 12). This range of
directions with significantly higher accreted volumes
indicates the propagation direction of the spit and
is fairly constant over all different morphological
periods, which can experience different wind
conditions (Figure 10 and Figure 11).

The morphological behaviour is different for periods
with high-energy conditions than for periods with
lower energy conditions, which is indicated by the
windroses (Figure 10 and Figure 11, Figure 10 c and
Figure 11 ¢). In periods with faster wind velocities,
thus faster flow velocities, more erosion occurs at the
proximal end creating a scarp, more sedimentation
occurs in general, and more sedimentation occurs
on the sub-platform level, relative to the platform
level (Figure 10 and Figure 11). This last observation
indicates that when flow velocities are high, the
transport capacity is too high on the platform level,
and decreases insufficiently, for sedimentation on
top of the spit-platform to occur.

Because the distribution of material around the spit
is so similar between different periods, a general
distribution of material was made based on all
data. The distribution of material in volumes, that
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have accreted at different degrees around the centre
point for the whole measured timeseries, indicates
the likely percentage of the total sedimentation that
accretes on a location/degree around to the centre
point (Figure 12). For example, for the southern spit
at 100° degrees relative to the north, around 1,25%
of the total sedimentation volume accretes. For the
southern spit the main sedimentation direction,

Sedimentation around the spits: HIGH ENERGY conditions

Sedimentation at the southern spit, relative to the centre point (red dot) between Jan 2020 and Apr 2020

and thus propagation direction, is between 70°
and 120° degrees orientated from the centre point,
while for the northern spit this is between 45° and
70° degrees. Figure 10a, Figure 11a and Figure
12 denote that the sediment supply to the northern
spit is less than half of the supply of the southern
spit. This explains the smaller developments that are
seen at the northern spit.
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Figure 10. Examples of sedimentation patterns on both spits during high-energy periods. a) Each bar gives the sedi-
mentation that occurred in the period on that particular direction. In the bar graphs the grey lines indicate the centre
of mass of a distinguishable deposition. The difference in the elevation of sedimentation locations can be seen by the
size difference between the sub-platform level (blue) and the platform level (turquoise). b) A visual representation of
the location of sedimentation (blue) and erosion (red). c) The windrose gives the wind conditions during the period.
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Sedimentation around the spits: LOW ENERGY conditions

Sedimentation at the southern spit, relative to the centre point (red dot) between Nov 2020 and Jan 2021
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Figure 11. Examples of sedimentation patterns on both spits during low-energy periods. a) Each bar gives the sedi-
mentation that occurred in the period on that particular direction. In the bar graphs the grey lines indicate the centre
of mass of a distinguishable deposition. The difference in the elevation of sedimentation locations can be seen by the
size difference between the sub-platform level (blue) and the platform level (turquoise). b) A visual representation of
the location of sedimentation (blue) and erosion (red). c) The windrose gives the wind conditions during the period.
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Growth orientation linked to flow

The exact location of an accreted deposit is
dependent on the sediment transport by a current
or multiple different currents from different wind
conditions. A current is essential for large-scale
sedimentation if it delivers sediment to the location
that experiences most spit growth, thus flows from
or by a sediment source to the sediment sink. In
the case of the Marker Wadden this means that the

Southern spit: Fitted current pattern considering sedimentation
T

current must flow from the areas with significant
erosion (the scarp for example) to the location
with the highest volumes of sedimentation, the
propagation direction.

In the same manner of reasoning the current
must flow to a location where flow dissipation can
occur. For example, over the platform boundary
and around the waterline where waves slowly lose
energy. Also, currents that occur more frequent
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Figure 13. The sedimentation current pattern that is mainly responsible for sedimentation (red). The blue markers
indicate a deposit during a morphological period. This deposit can be caused by a number of current patterns. When
a current pattern occurs more than 5 percent of the time it becomes a possible current for this deposit and gets indi-
cated by a marker. The size of the marker indicates the occurrence of the current and the more likely it is that it has
caused the deposit (in this case only flows where considered, created by winds higher than 7,5 m/s). The currents that
are the most likely driver of most deposits are indicated by thick lines.
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can build up larger deposits at a certain location.
Likewise, similar currents that lose energy at the
same location also can build up larger deposits.

Considering these criteria there is a limited amount
of currents, which occur during different conditions,
that do have a large effect on the sedimentation
that was observed during spit growth quantification.
The ‘sedimentation current pattern’, as it is called
from now on, is the averaged combination of these
currents (Figure 13).

Currents that occur often have similar flow directions
at the locations where most deposits are situated,
indicating that there is an average current pattern
that can be considered as the main driver for spit
developments (Figure 13). For the southern spit this
sedimentation current pattern is the combination of

SOUTHERN SPIT

currents caused by SE, S, SW and W winds, while for
the northern spit the S, SW and W winds are used.

This sedimentation current pattern can be
combined with the distribution percentage of
the total sedimentation, around the centre point,
from Figure 12 (Figure 14,1 and ll), indicating the
accreting current directions at the locations with
most sedimentation. The flows closest to the beach
transport the most sediment, from the beach and
scarp at the proximal end. These flows eventually
pass over the spit-platform boundary at the locations
where most sedimentation takes place (Figure 14,1l
(b) and IV (b)). Thus, the flow dissipation that arises
as the flows pass over the spit-platform boundary, is
a very important mechanism for the growth direction
of the spits.

NORTHERN SPIT

Conceptual model of sedimentation likely originating from a certain current

Conceptual model of flow and sedimentation along the spit
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Figure 14. Representative sedimentation current pattern that is responsible for the observed spit growth directions, with
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The northern spit has a straight shape, which can
be attributed to the lake circulation currents that
result in longshore currents approaching from two
sides (Figure 14 V). These currents each transport
sediment and erase the hook that is created by the
opposite current, resulting in a simple spit (Rossel &
Westh, 2020). The curved shape of the southern spit
can partly be attributed to the change in wave angles,
but also to the small circulation cell nearby caused
by a sand mining pit to the south, that curves the
current. The derived average sedimentation current
pattern, indeed only starts to curve significantly when
the circulation cell starts to affect the current coming
from the beach (Figure 14 lll (b)). This change in
direction might be an important factor in the bend
that is formed on this spit.

Sedimentation on elevation levels

During high-energy periods almost all sedimentation
occurs on the sub-platform level while there is
a more even distribution of material between the
platform level and sub-platform level during lower
energy periods (Figure 10a and Figure 11a). This
indicates that the submerged and emerged growth
of the spit is dependent on the energetic conditions
during a period. The sedimentation ratio (r_,
Equation 2) depends on the transport capacity of

SOUTHERN SPIT

the flow on the platform level that should be low
enough for sedimentation on this level.

The incoming transport capacity is represented
by the incoming flow velocity (v,) while the flow
dissipation on the platform level is represented by
the platform area on which sedimentation occurs.
Also, the platform area takes into account that it is
more likely that descending sand grains are ‘caught’
by the spit-platform if the platform is larger.

The elevation on which sedimentation occurs is
dependent on wind energy. This indicates that
the emerged spit and spit-platform do not grow
simultaneously. When flow velocities are high, most
sedimentation occurs on the sub-platform level.
When the spit-platform is large, more sedimentation
occurs on the platform level. And this also works
the other way around. It means that the shape of
the spit-platform is essential for the growth of the
emerged spit. Both the spit-platform and emerged
spit influence each other’s growth.

The platform area and flow velocity (v.) do not
have an equal contribution when it comes to the
sedimentation ratio (r_). Nor are they the only
parameters of effect. By multiplying the platform
area with the flow velocity on the x-axis (Figure 15),
and by giving the flow velocity a negative weight (a

NORTHERN SPIT

The effect of the platform area and flow velocity on the distribution between the supra- and

sub-platform level
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Figure 15. The relation (best fit) between the platform area and flow velocity and the sedimentation ratio. On the
x-axis we find the size of the platform at the start of a period divided by the flow velocity during this period. The indi-
cated date is the date on which the measurement is taken, thus the date at the end of the considered period. In red
the outlier periods are indicated. These points where likely affected by an erosion event that eroded the sedimentation
on the platform, resulting in a relative low ratio. The height of R? indicates the quality of the approximation.
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large area and a small flow velocity have the same
effect on the ratio), the best fit for the contribution
of the platform area and flow velocity can be
found. Thus, there is an empirical fitted relation,
specific for every spit, that approaches the ratio of
sedimentation (r_,) on the platform level and the
sub-platform level with the platform area and flow
velocity (v, ) (Figure 15). These relations can indicate
what main drivers were responsible for the observed
emerged and submerged spit growth.

Both fits can approximate the sedimentation ratio
(r.,) relatively well with two parameters (Figure 15).
The fits have roughly the same accuracy, which is
relatively high but cannot be improved any further
as the platform area and incoming flow velocity
(v,) are not the only parameters that can affect r__,
(equation 2). The exponent on v. is the exponent for
which the accuracy of the fit is highest and is purely
a representation for the importance of v, relative to
the platform area for the sedimentation ratio. For
both spits this exponent shows that the higher the
incoming flow velocities are, the more important
this parameter becomes for the sedimentation ratio.
This effect is more severe for the southern spit than
for the northern spit. The first number of the best
fit represents the slope of the fit which is not the
same for the southern and northern spit. All in all,
the effect of the incoming transport capacity and
the loss of this capacity at the platform level on the
sedimentation ratio (r_) can be approximated well
with the incoming flow velocity and platform area.

In Figure 15 outliers are present for both spits
because they are periods that had relatively calm
conditions with a very short moment of high flow
velocities near the end of the period. It is likely that
these events eroded away material on the platform
level and therefore resulted in a relatively low r_.
Other phenomena were also not incorporated in
the approximation, like the different behaviour of
the southern spit when it started to form (Jan 2019).
But keeping in mind that v. and the platform area
are not the only important parameters for r_, it
was chosen to keep this data in the approximation.
However, the erosion processes are not considered
in this method of analysis and therefore excluded.

Predictive potential of found relations
The fitted empirical relations of the sediment

distribution around the spit (Figure 12) and the
fitted sedimentation ratio (r_,) allow for a detailed

approximation of the three-dimensional distribution
of material around the spit as a result of different
energetic conditions for each specific case.
Therefore, an empirical relation of the sediment
supply or total sum of sedimentation volumes
around the spit, would make it possible to give
an estimate of where, what volumes will accrete
because of certain wind conditions. This gives the
novel method a predictive potential and makes it
possible to predict future shapes of both spits at the
Marker Wadden.

The total amount of sedimentation can be
approximated by the incoming transport capacity
and therefore incoming flow velocity (v, ), because
the accreted volumes are higher during higher
energetic conditions (Figure 10a and Figure 11a).
Also, large-scale sedimentation is caused by the
currents that make up the sedimentation current
pattern (SE, S, SW and W winds for the southern
spit). Therefore, the probability of occurrence of
these currents determines the amount of sediment
that is supplied to the areas of largest growth.
So, the sedimentation per day in a period can be
approximated in the same manner as in Figure
15, but by using the flow velocity during a period
and the percentage of occurrence of sediment
supplying wind conditions, thus the occurrence of
the sedimentation current pattern (Figure 16).
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Figure 16. Sedimentation per day, dependent on the
occurrence of wind conditions that drive sediment
supplying currents, and the incoming flow velocity. On
the x-axis we find the occurrence of wind conditions that
make up the sedimentation current pattern during this
period multiplied by the flow velocity during this period.
The indicated date is the date on which the measure-
ment is taken, thus the date at the end of the considered
period. The height of R? indicates the quality of the
approximation. The red outlier is not considered as a
nourishment took place during that period.
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This empirical relation does not pass through zero
which bolsters the fact that morphodynamics in
low-energy environments is dependent on higher
energy events. So, indeed a minimum flow velocity
is needed for large scale sedimentation. Also, the
occurrence of the sedimentation current pattern
and the incoming flow velocity (v, ) have almost the
same relative importance (exponent of v. is almost
1). This indicates that both flow directions and flow
velocities are very important for the magnitude of
sedimentation.

The accreted volumes on the platform level and
the sub-platform level can be calculated for each
direction around the spit, using the polar coordinate
system, if the wind conditions of a period are known.
By simplifying the topography to a schematic
representation of an emerged part (which is filled
by platform sedimentation) and a submerged
spit-platform  (which is filled by sub-platform
sedimentation) predictions of the new locations of
the coastline and platform boundary can be made
for each degree around the spit, depending on the
wind conditions of a period (Figure 17).

To investigate the predictive potential of the found
empirical relations, a year of developments of
the southern spit (Apr 2021 — Mar 2022) have
been approximated. This year is a well-balanced
representation of the diversity of conditions that

508800

can occur at the Marker Wadden islands, with
large storms like Eunice and Franklin but also calm
summer conditions. By using the wind conditions
as input, predictions have been made for the new
coastline and platform boundary. These predictions
are compared to the actual morphological changes
(Figure 18). Especially the predictions of the
submerged spit-platform are very close. In general,
the predictions for the emerged spit are also
adequate, but the emerged spit has much more
processes that can affect the three-dimensional
shape and is therefore harder to fully predict.
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Figure 17. Schematic representation of how the
cross-sectional growth of the spit is modelled. If the
emerged part of the spit should grow in reality (start
profile to new profile) at a certain degree relative to the
centre point, the turqoise bar at that degree increases.
The same holds for the spit-platform and the blue bar.
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Figure 18. Predicted coastline and spit-platform boundaries for the year Apr 2021-Mar 2022, compared to the real
spit developments in that year. The prediction is based on the found empirical distribution of sediment around the spit,
the empirical ratio between platform sedimentation and sub-platform sedimentation and the empirical relation for the
total sedimentation as a result of currents caused by certain wind conditions.
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Discussion

The loss of transport capacity of sediment rich
currents at a location with immediate changes
in shoreline orientation is designated as the key
concept behind spit growth in literature. This loss of
transport capacity can come in many forms, which
can drive many forms of spit growth. Uda (2018)
stated that spits grow because the flow enters a
location where there is more space for the flow to
disperse and lose energy, while others contributed
the shape of a spit to the change in wave angle
along a curving coastline, which results in a flying
spit for high wave angles and a recurved spit for
low wave angles (Ashton et al., 2016; Ashton &
Murray, 2006). Quantification of spit processes and
developments can be used to great effect to find the
detailed form of these concepts around transport
capacity loss, in complex environments like low-
energy lakes.

The key process that dictates the spit growth of
both spits in this low-energy lake environment
are the sediment rich currents that make up the
sedimentation current pattern, that transport
material over the spit-platform boundary at a specific
location (Figure 14 Ill, a/b and Figure 14 1V, b). At
these locations flow gets dispersed because of the
drastically increasing depth, sedimentation occurs
at the sub-platform level and therefore the spit-
platform increases in length. Thus, this makes the
spit-platform grow in a certain direction (Figure 12).
A larger platform means more flow dissipation on
top of this platform, which results in sedimentation
on the platform level, and therefore the emerged
spit part grows in length (Figure 15) in roughly the
same direction as the spit-platform (Figure 12).

Thus, for the absolute spit growth that is observed,
the energy loss because of flow dispersion in
expanding space and the resulting spit-platform
growth is of more influence than the mechanism
described by Ashton et al., (2016). For the Marker
Wadden, the effect of waves on absolute spit growth
is limited, which can be expected in an area where
wave energy is limited (Ton et al., 2021). With the
exception that the waves do have a large influence
on the direction of the sedimentation current pattern
and therefore influence the propagation direction of
the spit-platform.

However, waves do have a significant effect on the
shape of the emerged spit as that is above the depth-
of-closure (Ton et al., 2021). The transport capacity
does decrease on the platform level as the angle
of incidence of incoming waves change. Waves are
also important in the stirring-up of sediment around
the coastline and emerged spit. This results in
erosion near the proximal end, which is important
for the complete shape of the emerged spit, and is
important for the sediment supply towards the distal
end.

The submerged spit-platform and the emerged
spit do not grow simultaneously at the same pace.
Meistrell (1966) stated that growth of the submerged
spit-platform is essential for the development of the
emerged part of the spit. The calculations indeed
show clearly that a small spit-platform has negative
effects for the longitudinal growth of the emerged
spit. In analytical modelling of spits for example, the
submerged part and the emerged part are assumed
to grow with an equal pace (Kraus & Asce, 1999;
Palalane et al., 2014). In this case however the
submerged spit-platform and emerged spit almost
work as two separate entities influencing each other
and thriving under different wind conditions (Figure
15 and Figure 17).

The main source for inaccuracies in understanding
the development of the spit shape, especially
in the approximation of the sedimentation ratio
(Figure 15), is the fact that erosion has barely been
considered in the analysis. Erosion was left out
because the main focus was finding the dominant
drivers behind spit growth and the effect this specific
growth has on the main shape. Taking erosion into
account would have been possible, in the same
way as has been done for sedimentation. However,
this would have made the analysis more complex
and less efficient. More parameters would have
to be included and therefore, would have made
discovered relations and simplifications less clear.
Nevertheless, including erosion can give more
insights into the complete spit morphology and
therefore including or excluding erosion from the
analysis should depend on the aim of the study.

The effect of the neglect of erosion can clearly
be seen in the predictive model (Figure 18). This
very simple model is used only to illustrate the



possibilities to do predictions with this quantifying
method. The growth of the submerged spit-
platform can be approximated very well, and the
growth of the emerged part is close. However, the
shape of the emerged spit does not resemble the
shape in reality (Figure 18a). This is because only
sedimentation is calculated, while in reality a large
part of the sedimentation at the emerged spit is
eroded away by waves. The reason for this erosion
is that contrary to everything below the spit-platform
boundary, the emerged spit is above the depth-of-
closure (Ton et al., 2021). Also, a spatial distribution
of the spit-platform ratio would have made the
prediction more accurate. At least erosion and a
spatial distribution need to be added to be able to
fully predict the three-dimensional shape of spits
but the potential of using the relations acquired by
this method of quantification to do predictions for
spit growth, is promising.

A large part of the empirical relations that resulted
from this method of quantifications were found
by linking the growth orientation of the spit to the
flow directions. This made it possible to express
the distribution of sediment around the spit as the
result of a single sedimentation current pattern.
This sedimentation current pattern is an average of
currents that occur during different wind regimes,
that are of importance for large scale sedimentation
(Figure 13). This simplified representation of
processes around the spit neglects hydrodynamic
drivers that have a less pronounced role. For
example, for the southern spit, currents caused by N
to E wind regimes, do result in sedimentation around
the spit, although this is eventually neglected in the
sedimentation current pattern as sedimentation
because of these wind regimes is relatively small
due to their limited sediment supply and occurrence.
However, the sedimentation current pattern (Figure
14) does represent reality well considering the
accuracy of the predictive model (Figure 18). This
is because only the currents that are important for
large scale sedimentation have been considered
for the averaged sedimentation current pattern.
Only considering the hydrodynamics that are of
essence for sedimentation can therefore be a fast
method to examine the drivers behind spit growth
as long as currents in the system that are important
for sedimentation, are relatively similar and can be
grouped in a limited number of groups (Figure 9).

The spit-platform area is a useful parameter to
represent flow dissipation on the platform level.

However, it does not represent loss of transport
capacity one-on-one. For example, the parameter
represents the increase in space, for the flow to
disperse, well. But in this case the decrease in
transport capacity because of the changing angle of
incidence is underrepresented with this parameter.
The factthatthe incoming flow velocity and especially
the platform area represent physical processes
instead of being physical process by themselves,
explains the differences between the two best fits for
the sedimentation ratio (Figure 15). For example,
the platform size is much smaller for the northern
spit than for the southern spit, because the entire
northern spit is smaller. Therefore it is not surprising
that the slope of both fits is different. This could be
mitigated to some extend by using a parameter like
platform area divided by the area of the entire spit.

Also, the platform area does not seem to be the
best parameter to symbolize platform bathymetry.
When energy dissipates particles do not drop down
immediately but slowly descend while going with
the flow. The platform must be large enough to
‘catch’ this particle. So essentially, sediment particle
path length, would be a better parameter but this is
hard to quantify. However, this is possible by using
a morphodynamically validated Delft 3D model for
example. The spit-platform area on the other hand,
is physically not the best parameter to use but it is @
very efficient parameter to work with. Thus, a careful
trade-off needs to be made between the efficiency
and accuracy of the analysis before determining
a parameter to represent flow dissipation on the
platform level.

Sediment supply is an important parameter that can
be affected by all sorts of phenomena, like storage
of material in sand banks and aeolian transport.
For the Marker Wadden islands, the occasional
collapse of scarps at the proximal ends were of
significant influence. But also sheltering behind the
spittip, debris, different grain sizes, vegetation, local
sand mining, dredging and nourishment operations
and wind forcing over the shallow platform are of
influence, to name a few.

Lastly, the (model) simplifications and interpolations
that are implemented in this paper inevitably result
in inaccuracies, as well as the use of different
coordinate systems. For example, the interpolation
and preprossessing of the pointclouds is done with
a Cartesian system while this data is then analysed
with polar coordinates.



First of all, the implemented method of quantifying
spit relations and developments using polar
coordinates and a simplification of the elevations,
works well for the applications used in this paper.
However, to be able to conclude if this novel method
can be applied well for spits in general, instead of
only for spits in low-energy environments, more
research needs to be done. Other cases of spits also
have to be analysed to get more insight into the
applicability of the method. Nevertheless, it seems
like this method is efficient and flexible enough to
be promising for other spit cases.

While most literature focuses on the large-scale spit
development, in space and time, this method proves
itself effective for analysing spit developments on a
small scale. This makes it possible to quantify and
analyse young spits and spit tips in a timeframe of a
couple of years, in a detailed fashion. The larger the
spatial scale the less accurate this method becomes.
For example, a deposit on a certain direction may
be very close to the centre point but may also be
a kilometre away. Increasing the temporal scale
mitigates this problem to some extend as detailed
sedimentation becomes less interesting and can
be disregarded. Only, considering the main
sedimentation locations and growth trends can filter
out a lot of the mistakes that are made at a large
spatial scale.

This method is also useful in locations with different
kinds of hydrodynamic forcing. Complex currents,
like in this low-energy lake environment, with eddies,
lake circulations and an inconsistent wind climate,
can be analysed well. The case of the northern spit
is, hydrodynamically speaking, different from the
case of the southern spit. However, still reliable
results could be found, although these spits can
be classified in completely different classes. This
method is therefore likely also applicable in other
environments and is very flexible to work with. It is
relatively easy to tailor the method of analysis based
on the parameters that are of interest for a specific
spit case study. However, one must be wary of using
too many hydrodynamic scenarios. In this case
for example, only 32 scenarios where analysed
which were only dependent on the wind conditions.
Once there is a case where tides also play a role
this number of scenarios increases significantly,
making the analysis much more time consuming.

In these cases, it is therefore advisable to see if
certain scenarios can be discarded in advance, as
they are not likely to be of importance to the spit
developments that are of interest.

The largest drawback of this method is that a
considerable amount of data needs to be available.
Especially morphological data in the form of
regular topographical measurements is important.
Most spit case studies are executed based on
aerial photographs for example which can lead
to a subjective and more qualitative analysis of
spit growth. To use this more objective analysis of
quantifying volumes of material, a frequent series
of accurate topographical data, above and below
the waterline, is necessary. Although a less frequent
series of measurements than used in this paper, will
also suffice.

Drone photogrammetry can provide a cost-effective
method to acquire this data for the subaerial
topography (Casella et al., 2020; Rossel & Westh,
2020). However, as the spit-platform morphology
proves essential to research spit developments,
some form of accurate bathymetry measurements is
also necessary. This bathymetry data can be harder
to acquire. Therefore, spits that occur in large
engineering projects are useful cases to analyse, as
often a lot of data is collected around these projects.

For the hydrodynamic data a 3D model, or 2DH as
used in this paper, is desirable but not necessary.
Measurement stations, like an Acoustic Doppler
Current Profiler for example, that measure flow
directions and velocities and are dispersed at a few
points around the spit orientated around the centre
point, will suffice. For the locations of these stations
especially data near the spit tip is key. Of course,
using a Delft-3D or a similar model will give a lot
more flexibility in exploring spit behaviour under
different conditions.

Also, in order to explain and verify quantitative
results a thorough understanding of the system
is necessary. When setting up the quantification
method by picking a centre point and elevation
levels for example, the expected hydrodynamic
drivers one would want to quantify influence the
choices that are made in that stage. Assumptions
that are evident for one spit, may be less relevant
for the other. Considering the labour intensiveness
of the method, it depends on the number of
hydrodynamic drivers and the desired level of detail



one would want to analyse. If the centre point and
elevation levels are picked well and the system
behaviour is clear, this quantification method should
take between a couple of weeks to months to apply

and verify.

Conclusion

Spits form at places where the coastline drastically
changes its orientation, which results in an increase
in space for the flow to disperse and lose transport
capacity. Schematically the drivers behind different
types of spit growth are known. But during the study
of a complex spit case, these schematic principles
turn out to be difficult to implement. This results in
mostly descriptive case studies. To the same extend,
the exact mechanisms behind spit growth in non-
tidal, wind-dominated, low-energy environments,
especially in lakes, have been unknown so far. The
specific bathymetry, with significant submerged
platforms in front on the coast, and the complex
hydrodynamics in these environments makes it
necessary to quantify the morphodynamics around
spits, like the ones on the Marker Wadden islands,
to be able to describe spit growth and its drivers
in detail. However, few have managed to link the
hydrodynamics and morphology in cases like this
(Allard et al., 2008; Héquette & Ruz, 1991).

By using a novel method for data analysis,
which uses polar coordinates and simplified
elevation classes based on morphodynamic
properties, it becomes possible to quantify the
spit morphodynamics. This simplification in polar
coordinates makes it possible to efficiently describe
and quantify processes around the spit in a detailed
fashion. Thus, making it possible to obijectively
pinpoint the case-specific drivers behind different
forms of spit growth. The quantification method
allows for a detailed analysis of spits in low-energy
loke environments by quantifying the spit growth
trends and its hydrodynamic drivers in the case of
the Marker Wadden. It is therefore recommended to
experiment with the use of this method for spit data
analysis, on spits in different types of systems.

The key mechanism behind spit growth in the system
of the Marker Wadden islands, are the frequent,
fast flowing and sediment rich currents that flow
over the spit-platform boundary, transporting most
material to a certain location. Sedimentation occurs

because of the sudden increase in depth and the
submerged spit-platform increases in length at
this location. The larger the spit-platform the more
transport capacity gets lost by the flow on top of
this platform. This results in sedimentation on the
platform level and growth of the emerged spit. For
a large part the growth direction of the emerged
spit is thus dictated by the growth direction of the
submerged spit-platform. Waves play an important
role in the eventual shape of the emerged spit by
influencing transportation energy loss of the flow
around the distal end and stirring-up the sediment
around the proximal end. This makes waves very
important for the sediment supply of the spit.

For spits, in the low-energy lake system of the Marker
Wadden islands at least, the interaction between the
emerged part of the spit and the submerged spit-
platform is essential. These components influence
each other’s growth and do not grow simultaneously.
They also grow under different energetic conditions.
So, the spit growth in the Marker Wadden islands is
for a very large part dependent on the currents that
result in the growth of the submerged spit-platform.
Lake circulation currents play an important role in
the eventual location of sedimentation, especially
of the spit-platform. Although the role of waves
in the complete spit morphodynamics is also
important in low-energy lake environments, it can
easily be overestimated when only considering the
schematic relations from literature (Ashton et al.,
2016; Ashton & Murray, 2006). This should be
considered when using computational models, that
use LST bulk formula like ShorelineS, to model spit
developments in similar environments. Because of
the clear presence of a platform in the bathymetry
of other low-energy environments and the limited
wave energy in these environments (Ton et al., 2021;
Vila-Concejo et al., 2020), it is likely that other spits
in low-energy (lake) environments have a similar
dependency on the growth of the submerged spit-
platform for its entire propagation behaviour.

The understanding of spits in lake Markermeer is
an important component in the understanding
and maintenance of the whole Marker Wadden
system. Because spits are such dynamic coastal
features, knowing spit behaviour in low-energy
environments can give more in-depth insights
in the morphodynamics in low-energy (lake)
systems. Also, while the contribution of the spit-
platform to the complete growth of the spit is often
underappreciated in other case studies, this paper



shows that the spit-platform can be a very important
component for spit morphodynamics. Negligence
of the spit-platform can lead to conclusions that
eventually do not agree with the complete reality.
During the modelling of spit morphodynamics,
in environments like this, it is therefore advised
to model the emerged spit and submerged spit-
platform as two separate components.

In the end, the quantitative method of analysis
turned out to be an elegant method to objectively
link spit growth at the Marker Wadden islands to its
hydrodynamic drivers in a detailed fashion. Using
a similar approach for other environments can be
promising but needs to be researched and validated
first. As we start to divert more and more from the
uniform coastlines and start to engineer our beaches
towards, more natural, non-uniform coasts, spits
will start to play a larger role on large scale coastal
projects. Then a detailed understanding of spit
morphodynamics is key in design and maintenance
of these coasts. This is exactly what drove the need
for this research of spits in the low-energy lake
system that is the Marker Wadden and is possibly
what will drive the need for a detailed understanding
of other spits in the future.
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The first subquestion of this thesis aims to obtain more insight in the accuracy and efficiency of the methodology
for drone imaging. This appendix discusses the parameters (drone settings) of drone imaging that are of
importance for the measurement of spits and coastal areas. Also, it provides an optimisation method to find
the best set-up for drone measurements.

Theory of drone imaging

Drone imaging is one method to create a digital elevation model (DEM). Such a model allows to have a
complex 3D model of a certain area. This model can be used for all kinds of measurements in all three
dimensions. Two kinds of DEMs can be distinguished (Rossel & Westh, 2020):

. Digital Terrain Models (DTM): These models are for example made with LIDAR and are, among other
things, used to get a high-resolution model of the earth’s surface. It has the possibility to filter out features
like vegetation or buildings.

. Digital Surface Models (DSM): These models model the surface with all its features on it. Additional
filtering is much harder with these kinds of models. DEMs made with drones fall in this category.

Drone images can be converted into a DEM with a photogrammetric method called Structure-from-Motion
(StM). As is normal in all photogrammetry, StM creates 3D-structures from overlapping, offsetimages (Westoby
et al., 2012). The advantage of this method is that camera positions, -angles and surface geometry are
solved automatically. This means that camera orientation and a network of known 3D control points are not
necessary for the reconstruction of the scene geometry (Cullen et al., 2018). This has as a consequence that
the 3D pointcloud is generated with its own image-based coordinate system. Therefore, a small number of
ground control points (GCP’s) is necessary to georeference the pointcloud in such a way that the coordinate
system and the real-world coordinate system coincide (Westoby et al., 2012). These GCP’s are recognisable
points on the drone images, of which the GPS coordinates are manually measured. It is important for these
GCP’s to be situated on several diverse locations and angles in the concerned area. A way to make a StM
from drone images and implement GCP’s is to use software like Pix4Dmapper or Agisoft (Casella et al.,
2020; Rossel & Westh, 2020).

Casella et al., (2020) has analysed 28 drone accuracy studies from which it can be deduced that the range
of accuracy of a DEM made with StM has an accuracy typically between 0,05 and 0,11 m. If the drone
measurements and DEM construction are executed carefully, the average RMSE of a DEM can be limited to
5 cm with a survey efficiency (complete process) of 3 m? per minute (e.g. a survey area of 1 ha needs 55
hours of measurements and DEM construction). An important source of inaccuracies in SfM reconstructions
that are made by drone imaging is that they can’t compensate for distortions of the lens of the camera. On
the sides of an image, deformations always occur because of a specific type of lens, but also because of
manufacturing errors. These distortions result in a deformation of the DEM and this is called the doming
effect. Together with having an insufficient amount of GCP’s, this is the most important source of inaccuracies
in a DEM. De doming effect can be reduced by (Casella et al., 2020):

. Correcting the images with a special script.

. Adding images taken under an angle.

. A good distribution and amount of ground control points.

. For some lenses it appears to work to fly at higher altitudes.

Everything concerned, this makes Structure-from-Motion with drone images a cheap, fast, and accurate
technique to create DEMs. Especially for highly dynamic surfaces, like the spits at the Marker Wadden (Rossel
& Westh, 2020).

Of each drone and terrain type, a new measurement set-up needs to be made to get an accurate DEM in
a time-efficient fashion. There are many different factors to consider in this set-up that affect the accuracy



and efficiency. That is why it is difficult to find the objective ‘best’ set-up of the drone and accompanying
equipment. The method as described in this appendix will provide a way to find an accurate and efficient
set-up of the drone parameters. Also, after this method is applied it will give insights into the parameters
that should be altered first, if requirements for the measurement set-up, in terms of accuracy and efficiency,
change.

Properties of a potential drone, suitable for measurements in
coastal areas

The drone that is used to illustrate how an optimal set-up of the drone imaging method can be achieved, is
the DJI Phantom 4 RTK. This is the most sophisticated, accurate, and professional drone available in the TU
Delft Hydraulic Engineering department. The drone that was used by Boskalis Nederland to collect the data
for this entire research is even more advanced. But because of the knowledge that is available of this DJI
drone, and the applicability of this appendix for future research, the DJI Phantom 4 RTK is further used as
example for this optimisation method. This method can also be used for other drones, but to illustrate the
considerations that need to be made in this method, the Phantom 4 RTK was chosen.

Properties of the drone are:

. This RTK drone needs significantly less GCP’s than regular drones because the drone is
significantly more accurate in determining its own location. The drone is able to correct for the
atmospheric error in its own GPS signal by being connected with an external RTK network.

. Maximum speed of 50 km/h.

. Flight time only for measuring is 20 minutes (excluding time to return to base and decreasing flight
capacity due to high winds).

. Ground sample density (H/36,5) cm/pixel (H is flying height).

. Minimum interval between photos is 3 seconds.

The desired measured area for the southern spit has a size of around 10 ha and the northern spit around
4 ha.

Important parameters for a drone imaging set-up

Many parameters in the operating of drones can be distinguished that are of influence on the accuracy and
efficiency measurement process:

e Environmental constraints (for example, difficult terrain or atmospheric disturbances):

Particularly for the spits at the Marker Wadden the coastline can be hard to pin down because of run-
up and backwash. These inaccuracies must be considered. Beaches are also hard to map because of
the low textures and contracts in the beach surface, which makes it harder for the software to point
out features (Casella et al., 2020).

e Camera quality:

The camera quality is eventually important for the Ground Sample Density (GSD). This is the distance
between the centre of two consecutive pixels. Thus, the larger this parameter, the lower the resolution
of the images and the higher the inaccuracies in the eventual DEM. It is evident that camera properties
like resolution and focal point are essential for the GSD. The quality of the camera, combined with
the height of flight eventually determines the GSD. Often a specific minimum GSD is desired and
therefore the type of camera, attached to the drone, determines the height of flight. Regularly the
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GSD is between 1.5 and 2.5 cm/pixel (de Luis-Ruiz et al., 2021).
Number and dispersion of GCP’s:

Ground control points need to be dispersed equally over the desired measured area at different
angles and elevations for the best effect. The exact number of ground control points that is needed
for a certain accuracy in measurements is difficult to determine from literature. This is because
research on ground control points all use different drones and settings that also influence accuracy.
However, there seems to be an optimum number of GCP’s after which the accuracy does not increase
any further. The number of GCP’s should be as low as possible as a higher amount significantly
increases the time needed for post-processing in the software (Oniga et al., 2018).

The GCP density that is recommended also differs a lot in literature. For regular drones literature
recommends a GCP density of 14 GCP’s per ha or 1 GCP/700 m? (Casella et al., 2020; Oniga et
al., 2018). In the hydraulic lab of the TU Delft there was already experience with a non-RTK version of
the drone (DJI Phantom 4 Pro). Here a good GCP density for flat surfaces proved to be 1 GCP/3000
mZ. Especially considering the area of the southern spit, the number of GCP’s that would be needed
would be too high for the post-processing to be time efficient. Fortunately, RTK drones need less
GCP’s. It is likely that, for RTK drones, only GCP’s as check points are needed to anchor the DEM,
but that GCP’s have very little effect on the accuracy (Teppati Losé et al., 2020). For this research a
maximum number of GCP’s will be used, which is half of what is needed for the non-RTK version.

SINGLE GRID FLIGHT PATTERN DOUBLE GRID FLIGHT PATTERN BOSKALIS GRID FLIGHT PATTERN

Figure 1. Possible flight grids

Geometry and direction of plane passes:

The pattern in which a flight is done is also of influence on the accuracy of the DEM, but also on the
length and therefore efficiency of the flight. A simple grid is a flight in just one direction, efficient and
sufficient for flat areas (Figure 1 a). A double grid provides more accuracy and is often used in more
vertical varying areas (de Luis-Ruiz et al., 2021) (Figure 1 b). Boskalis Nederland, who have a lot of
experience in UAV measurements on beaches, use a simple grid and then make one cross-sectional
pass over the area with the camera tilted under an angle of 45 degrees. This pattern should get rid
of the doming effect and is also used as the pattern for this research (Figure 1 ¢).

Speed of flight:

Speed of flight is mainly a limiting factor for efficiency. The drone can take a photo every 3 seconds.
To get the desired overlap of pictures the drone must fly at a certain pace to fly from measurement
point to measurement point in more than 3 seconds, otherwise measurement points are skipped.
Therefore, flight height and overlap indirectly determine this parameter.
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e Height of flight:

The camera on the drone often stays the same (on the DJI Phantom 4 RTK the camera is fixed on the
body). This means that the height of flight is the only important adjustable parameter for the ground
sample density. The lower the flight, the lower the GSD and the more accurate the DEM. However,
higher flights can cover larger areas and are therefore much more efficient. Also, lower flights result
in more pictures increasing the data that needs to be processed dramatically.

e Inclination of camera:

It is possible to tilt the camera of the drone while taking photographs. This might be beneficial for the
accuracy for objects with altimetric features that are of interest. For beaches and spits these features
are limited and therefore taking photographs perpendicular to the ground will be the most accurate
(Casella et al., 2020; de Luis-Ruiz et al., 2021).

e Forward overlap:

Forward overlap, as well as lateral overlap, is important for the StM technique to work. Often a
minimal forward overlap is 60% over the previous photo, and an 80%-90% overlap is often used
for orthophotographs. A higher overlap means a more accurate DEM but more pictures have to be
taken, the drone can fly slower and therefore the area that can be covered is much smaller. This has
not only a negative impact on the area that can be covered but the data that needs to be processed
also gets significantly higher with a larger overlap (de Luis-Ruiz et al., 2021) (Figure 2 a).

e Lateral overlap:

The same holds for the lateral overlap as for the frontal overlap. A minimum lateral overlap is
around 20% of the adjacent photographs and for orthophotos often a lateral overlap of 80% is used
(de Luis-Ruiz et al., 2021) (Figure 2 b).

FRONTAL OVERLAP LATERAL OVERLAP

Figure 2. The difference between frontal and lateral overlap

Based on literature, experience, and the properties of the drone it seems that there are four remaining
parameters that can affect the accuracy: the number of GCP’s, frontal overlap, lateral overlap, and the
ground sample density which is completely dependent on the flight height. Once the contribution of each
of these parameters to the accuracy is known, choices can be made based on the accuracy and efficiency
of this parameter. The effect of a parameter on the efficiency can be based on the time of flight, number
of images, post-processing time, and measurement set-up time (setting up and measuring the GCP’s in
the field for example) (Table 1). Especially the processing time is of large effect on the time-efficiency. The
number of images is the most important factor considering computation time and the time of flight needed
to cover a certain area is the most important if a large area needs to be measured, preferably on one battery
charge (20 min).
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Parameter higher level iiaatzXeiiillelal; Amount of images Processing time Set-up time

Flight height Less Less Less -

Forward overlap More More More -

Lateral overlap More More More -

Number of GCP’s - - Substantially more  Substantially more

Table 1. Effect of a high level parameter on the efficiency

Determining the accuracy

If the effect of the four parameters on the accuracy would be investigated with test flights, with three levels
(low, middle, high), 81 test flights need to be done. However, de Luis-Ruiz et al., (2021) used the Taguchi
Design of Experiments Method to optimize the parameters in only nine flights. In that paper the calibration
was done for an archaeological site. In this appendix, the approach of de Luis-Ruiz et al., (2021) is followed
and slightly adjusted for the optimisation of coastal sites.

Each parameter will be given three levels, a low (1), middle (2), and high level (3). Nine flights will be
done with different combinations of the parameter’s levels (Table 2). Each level can be defined for the four
remaining parameters (Table 3). This makes it possible to define the settings of each flight (Table 4).

Test (flight) nr. Factor A Factor B Factor C Factor D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1
Table 2. Different level combinations for each of the nine tests

Parameter Low level (1) Middle level (2) High level (3)
GSD (flight height) 1,5 cm/pixel (50,5 m) 2 cm/pixel (67,3 m) 2,5 cm/pixel (84,2 m)
Forward overlap 60 % 70 % 80 %

Lateral overlap 40 % 60 % 80 %

GCP amount/density + 3 1 GCP/ 1 ha 1 GCP/ 5000 m?

Table 3. Different levels for each of the four drone parameters
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Test flight nr. GSD Forward overlap  Lateral overlap GCP amount/density
1 1,5 cm/pix (50,5 m) 60 % 40 % + 3

2 1,5 cm/pix 70 % 60 % 1 GCP/ 1 ha

3 1,5 cm/pix 80 % 80 % 1 GCP/ 5000 m?
4 2 cm/pix (67,3 m) 60 % 60 % 1 GCP/ 5000 m?
5 2 cm/pix 70 % 80 % + 3

6 2 cm/pix 80 % 40 % 1 GCP/ 1 ha

7 2,5 cm/pix (84,2 m) 60 % 80 % 1 GCP/ 1 ha

8 2,5 cm/pix 70 % 40 % 1 GCP/ 5000 m?
9 2,5 cm/pix 80 % 60 % +3

Table 4. The setting for each of the nine flights, needed to determine the accuracy for drone photogrammetry on spits
and beaches.

Each of these flights take images of the measurement area and for each of these flights a DEM is made of
that area. All over the measurement area rulers or fluorescent beams of a standard length (for example 1
m) are dispersed. These beams need to be dispersed in the same manner as the GCP’s but not necessarily
on the same location (Figure 3). These beams eventually end up in the DEM. In the model the length of each
beam can be measured. The deviation of the beams in the DEM relative to 1 m can provide the accuracy
of that specific DEM.

For each flight the signal-to-noise ratio (S/N) can be determined. This can be done by squaring each of the
deviances of the beams (the difference between the length of the beam in the DEM and the beam in reality).
These square values should be averaged. Then the logarithm of this value should be multiplied with -10 to
give the signal-to-noise ratio of a single test flight (formula 1).

1
1) S/N = —10 -logyg ” Y1 OVpem — Yreal)?

For each level of each parameter also average signal-to-noise ratio can be calculated ((S/N),). For the
lowest level of the GSD (or flight height) this is the average of the signal-to-noise ratios of the first three test
flights for example.

Now the sum of squares for each parameter, out of the three levels, can be calculated (SS) (formula 2) as
well as the sum of squares for the variation with respect to the average (SS) (formula 3). With those figures
the contribution of each parameter to the accuracy of a DEM can be computed (formula 4).

2) SS; = ?:1[(S/N)ij_%]2

3) 55 = 5% [ - n

4) Contribution (%) = & 100

Based on the Taguchi Design of Experiments Method the most accurate set-up of drone parameters can
be achieved by choosing the level with the lowest average signal-to-noise ratio of a parameter ((S/N),) out
of the three. This set-up is not the most accurate set-up but still one of the most accurate combination of
parameters that can be achieved.
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Figure 3. Fluorescent beams in the aerial photograph

Combining accuracy and efficiency

It is known what the contribution is of each parameter to the total accuracy of a DEM. Now decisions can be
made in such a way that accuracy gets sacrificed as little as possible to obtain the desired efficiency of the
measurement process. If for example, the computational power, to convert the images to a DEM, is limited,
a choice can be made between increasing the flight height and therefore the GSD, decreasing the frontal
overlap or decreasing the lateral overlap. If the contribution of the flight height to the accuracy turns out to
be low, it is possible to increase the flight height with limited concessions for the accuracy. If the area that
needs to be measured is too large with the current drone set-up, the time of flight needs to be decreased.
The same parameters as before can then be altered. By knowing the effect of the GCP’s on the accuracy,
the number of GCP’s can be minimized to save time.

By knowing the contribution of each parameter to the accuracy, decisions concerning the settings of the
drone parameters can easily be made in order to obtain an accurate set-up for the desired efficiency.
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Pointcloud build-up

For the morphological calculations of the Marker Wadden spits, pointclouds were used. These pointclouds
are the result of measurements by Boskalis Nederland, taken four times per year. The pointcloud for every
measurement moment is a combination of different topographical measurements, all done around a certain
date. Everything above the waterline is measured by an RTK drone using photogrammetry. Everything
below the spit-platform boundary, and the deeper parts of the spit-platform itself, is measured using a
multibeam echosounder from a boat. The gap between the pointcloud of the drone and the pointcloud of
the multibeam is filled with interpolation in post-processing. The interpolation is made by Boskalis Nederland
using DredgeView 2. This interpolation is verified by the manually measured cross-shore paths over the spit-
platform that are taken every 100 m by A. Ton et al., with a Viva GPS station (GS 10 and/or GS 14). It is
likely that this interpolation between the separate pointclouds of the drone and multibeam data decreases
the accuracy of the combined pointcloud for the whole spit (Figure 1).

Post-processing in CloudCompare

The CloudCompare software was used to post-processes the pointclouds to prepare them for calculations
in python. Firstly, the three pointclouds from the different sources were merged to one pointcloud. Secondly,
the pointclouds were cut to preserve only the data necessary for calculations. This eventually would save time
when the scripts in python needed to be run. The cut was done at the point where the spit would transition
onto the adjacent beach. So, at the location of the cut the angle of the coastline (relative to the north) would
be the same as for the rest of the beach (Figure 1).

. Drone

. Interpolation Multibeam

Figure 1. Sources for the complete pointcloud, example with the pointcloud from September 2020
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Finally, two consecutive pointclouds were also subtracted in CloudCompare. To get the morphological
changes over a period, the difference between two measured pointclouds was taken. By subtracting the
pointcloud with measurements from the end of a period by the pointcloud with measurements at the start
of a period, this difference can be achieved. In the resulting pointcloud positive points indicating a raise of
the bed, meaning sedimentation, and negative points representing a lowering of the bed, meaning erosion
(Figure 2). The dotted contour line is the storm set-up water level (0,3 m NAP), the dashed line is the regular
coastline (-0,3 m NAP) and the solid line is the platform boundary (-1.2 m NAP for calculations, -2.7 m NAP
for the shown contours).

The tool in CloudCompare that is used for subtracting these two pointclouds is called the Multiscale Model
to Model Cloud Comparison (M3C2 Distance) tool (Lague et al., 2013). This algorithm is specially designed
for calculating the orthogonal distance between pointclouds to show erosion and sedimentation, without
the need to turn the pointclouds into a mesh. This tool is one of the most accurate ways to process the
pointclouds and certainly more accurate than subtracting the pointclouds manually in python. Therefore, the
accuracy of the pointclouds that is sacrificed by this process stays very low.

Calculating volumes with grid interpolation

Pointclouds with elevation changes have been obtained by using CloudCompare. However, for the
morphological analysis mostly sedimentary volumes were used. These volumes are obtained by interpolating
the pointclouds with elevation changes with linear interpolation. This results in a mesh with blocks with the
same dimensions as the grid over which is was interpolated. Each block again represents an elevation
change for that block. By multiplying this elevation change by the area of the block the erosion volumes and
sedimentation volumes can be calculated (Figure 3).

The middle of each block is taken as the location of that particular volume change and the angle relative to
the centre point is calculated from there. Now a dataset is obtained, complete with volume changes and the
angle of this location to the centre point. Volumes with the same rounded up angle can be added and after
that the morphological analysis as presented in the paper can be started.

Elevation changes during the period from Sep 2020 until Nov 2020
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Figure 2. Example of a pointcloud that is obtained by subtracting the start pointcloud (with measured data) with the
end pointcloud (with measured data). Negative elevation change is indicated in red and positive elevation change is
indicated in blue.
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Volume changes during the period from Sep 2020 until Nov 2020 gridsize 29.0 m2
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Figure 3. Example the mesh with volume changes that is obtained by the interpolation of the elevation change point-
cloud (Figure 2). Erosion is indicated in red and sedimentation is indicated in blue.

The southern spit is much larger than the northern spit and therefore different grid sizes are used. For the
southern spit a grid size of squares of 29 m? each (Figure 3) is used and for the northern spit a grid with
squares of 4 m? is used. Larger grids result in larger inaccuracies but also shorter computation times. For
a smaller spit like the northern spit, using a large grid results easily in errors. Because adjacent degrees
relative to the centre point are very close to each other when the area of interest is small. It is possible for
too much blocks to get attributed to one degree instead of getting distributed over multiple degrees because
the location of the centre of that block is unfavourable. Therefore, the total sedimentary volumes do not
change but the distribution of the volumes over adjacent blocks can get distorted at some places (Figure
4). This error is mitigated by fitting the distribution of sediment along the spit with the red line (Figure 12 of
the paper). But in order for the results to be neater, also a smaller grid size was used for the northern spit
as the computation time of the scripts stayed within limits. The data that resulted from the processing of the
pointclouds in CloudCompare and python, allowed for the analysis of the spit morphology that is presented
in the paper.

Gridpoints that are attributed to a degree:
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Figure 4. Error that can occur because to many or to little grid points get attributed to a certain degree due to a to
large grid size. The dashed line is a singe degree, and the blue triangle symbolises everything that would get attribut-
ed to that certain degree. The grid is indicated by the purple squares with the middle indicated by a point.
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With the pointclouds and volume calculations, explained in appendix B, morphodynamic observations and
calculations can be made. This appendix is an addition to the observations and calculations from the ‘spit
growth quantification’ section in the paper. The developments of the southern spit was observed in both a
qualitative and quantitative fashion in order to verify if calculations made sense. The research of the northern
spit went through a less thorough process. This is because it was of interest to see if the same method of
quantifying spit relations (as has been done for the southern spit) could be applied to a different type of spit,
the northern spit. So, the qualitative observations and research that was done for the southern spit, was
not executed for the northern spit in order to test the quantifying method. The morphodynamic qualitative
observations that are discussed in this appendix are therefore mainly about the southern spit. In the paper
mainly quantitative observations are discussed, which are done to the same extent for both spits (Results: spit
growth quantification). To eventually link the morphodynamic developments to the hydrodynamic conditions,
first the morphological developments during different wind directions need to be observed.

Considering the southern spit: in general, three observations can be done when qualitatively
observing the morphological developments in the pointclouds:

1. Clear scarp erosion at the proximal end of the spit, at set-up level.
2. Migration of the spit towards the NE-E direction.
3. More sedimentation on the sub-platform level, thus expansion of the submerged spit-platform,

during high energy periods and more sedimentation on the platform level, thus expansion
of the emerged spit, during low energy periods (see Method in the paper for definitions).

For the northern spit the same kind of observations can be done although these observations are done after
quantification. This is because the morphology is not investigated before quantification as was the case for
the southern spit. For the northern spit, the spit grows towards the NE.

1. Scarp erosion

In almost every period it was observed that severe erosion occurred at the proximal end of the spit, where
the beach starts to curve away from the beach. This erosion occurred above the normal waterline, around
the storm waterline (dotted lines Figure 1). This waterline is higher because of storm set-up. This means that
this erosion has been caused during storms as that is the only time water comes that high. At this location
the angle of incidence of incoming waves starts to increase. This increases the longshore current and stirs-up
the sediment. Material from that location is then transported towards the distal end. At the location of this
erosion high elevations occur and therefore a large scarp forms. Erosion of this scarp due to high currents
and possible collapse, supplies the distal end with large quantities of material necessary for spit growth
(Figure 1, Figure 2).

If the set-up would be important for erosion and if the scarp erosion would be the main source of sediment
for the spit, it should be observable that most of the erosion occurs during the most set-up. And most set-up
occurs when the wind speeds are high and the wind direction is from the SW (225 degrees) because then
the distance for set-up is the largest. The erosion at the southern head is plotted against the 95-percentile
wind velocity and accompanying mean direction during a period. Clearly the erosion is strongly correlated
with the storm wind velocity, probably because the distance for set-up does not vary a lot between different
degrees (Figure 3). Two outliers can be defined:

. Period Aug 2019 — Oct 2019: there is a lot of erosion along the beach right after a nourishment
has been done. The nourishment at the location of the scarp protrudes from the beach and
therefore contracts the longshore flow significantly. This amplifies the eroding longshore currents.

. Period Sep 2020 — Nov 2020: Here a lot of erosion of the scarp has taken place but it is likely
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that this is caused by the collapsing of the slope instead of a lot of hydrodynamic forcing as wind
conditions were relatively calm during this period.

SOUTHERN SPIT NORTHERN SPIT

Examples of scarp erosion
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Figure 1. Pointclouds of several of the morphological periods that had significant scarp erosion (red circle). With I, Il, Il
at the southern spit and IV and V at the northern spit.

SOUTHERN SPIT NORTHERN SPIT
Scarps in March 2022

Drone shot showing the
location and size of the
scarﬁ relative to the
southern spit:

Figure 2. Photographs and videos of the scarps on the spits in March to illustrate the location and size of the scarps.
The photos and videos are made by Anne Ton & Niels van Kouwen, the orthophotos are made by Boskalis Nederland.
The photo with the asterisk is made in January 2022 but illustrates the collapsing scarp well.
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Figure 3. Erosion at the southern head vs. the storm wind velocity and the mean wind direction in degrees. With the
correlation between erosion and velocity indicated by the R? parameter of the fit, excluding the outliers.

2. Migration of the southern spit towards the NE-E direction

When looking at the waterline it looks like the spit bends more and more to the NE. At least the parts above
the water (Figure 5). This is logical if we consider Ashton et al., (2016) who show that as the waves refract
and move along the curve, the angle of incidence increases, increasing the longshore current parallel to the
shore. When the angle of incidence becomes higher than 45 degrees (at the fulcrum point) the longshore
current starts to decrease, and sedimentation starts to occur if the energy becomes low enough. After the
fulcrum point the flow direction is likely directed towards the NE and E resulting in sedimentation in those
regions (Figure 4). However, in later periods the direction of the spit tip is more directed towards the E
instead of the NE. This is possibly caused by the NE and E winds that occur during these periods.
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Figure 4. Sedimentation caused by low angle waves only occurs after the angle of incidence surpassed the 45 degrees
(fulcrum point).
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Figure 5. Southern spit tip migration over time. Orthophotos taken by Boskalis Nederland.
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Quantification of the southern spit migration

As discussed in the paper, morphodynamic analysis is done by using a polar coordinate system for the x,y
plane and elevation levels for the z coordinates.

This results in the graphs in Figure 7. The graphs should be read as follows:

a: Each bar in the bar graph indicates the amount of sedimentation that occurs on that particular degree
relative to the centre point. The brown part is the amount of sedimentation above the waterline (-0,3 m NAP).
The seagreen part is the amount of sedimentation below the waterline and above the platform boundary
(-1,2 m NAP) and the blue part is the share of sedimentation below this boundary. The grey vertical lines
indicate the centre of mass of a single, distinguishable deposit (group of degrees of which the sedimentation
is larger than average). These centres of deposits are again visualised in graph b.

b: These maps show the morphological change of the spit during a period. Here red indicates erosion and
blue indicates sedimentation. The centre point is indicated with a red dot with the boundary of the observed
area indicated by the red dashed line (45° — 225°). The blue lines indicate the boundaries of the elevation
levels at the start of the morphological period and the black lines are the boundaries at the end of the
morphological period. The dotted line is the waterline during storm set-up (+0,3 m NAP), the dashed line
is the regular coastline (-0,3 m NAP) and the solid line is the boundary of the platform (indicated by -2,7 m
NAP on this map, -1,2 m NAP is used for calculations) (Figure 6).

c: This windrose gives the wind conditions during the morphological period that is considered. The bins are
based on the different wind velocities in the hydraulic scenarios that are later modelled.
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Figure 6. Orientation of the polar coordinate system around the southern spit.
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Sedimentation at the southern spit, relative to the centre point (red dot) between Sep 2018 and Jan 2019
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Sedimentation at the southern spit, relative to the centre point (red dot) between May 2019 and Aug 2019
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Sedimentation at the southern spit, relative to the centre point (red dot) between Oct 2019 and Jan 2020
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Sedimentation at the southern spit, relative to the centre point (red dot) between Apr 2020 and Sep 2020
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Sedimentation at the southern spit, relative to the centre point (red dot) between Nov 2020 and Jan 2021

r"E a subaerial sedimentation
- 400 mmm sedimentation on the platform
o Hll sedimentation below the platform
g
hel
S 3001
©
Q
= 1|
o f
c 200 - I
- I
E 1|
5 i
Q 4
g 100 i
5 i
[ i
w I
O . . L T ITT1 - An Il
220 200 180 160 140 120 100 80 60
position of the sedimented area relative to the north [deg]
508800
Hm 075
508750 A B 7.5-125
12.5-17.5
508700 - >17.5

508650 -

508600 -

~
~oZ -
—E e

S N
P

508550 -
508500 -

508450 - e

/”
508400 b ; —~ T T ; T
155200 155300 155400 155500 155600 155700

Sedimentation at the southern spit, relative to the centre point (red dot) between Jan 2021 and Apr 2021

3501 @

subaerial sedimentation
mmm sedimentation on the platform

. 1

£ |

2 300 - i ; ;

v 1 HE scdimentation below the platform
8 i 1 1 1

- 250 ! ! ! !

£ 1 1 1 1

o ) i i i i

8 200 E i i i

[1]

c 150 i | i i

o i \ i i

‘l‘-U. 1 1 1 1

£ 100 ' b

(4] 1 1 1

= i | i

5 507 '

[

(0]

0 j
220 200 180 160 140 120 100 80 60
position of the sedimented area relative to the north [deg]
508800
0-N . 075
508750 - 25% mm 7.5-12.5
20% ~45-NE 12.5-17.5

508700 - >17.5

508650 -

508600 -

508550 -

508500 -

508450 -

b

155200 155300 155400 155500 155600 155700

C 180-S
508400

Figure 7. Figures with (a) sedimentation bar-graphs, (b) erosion/sedimentation maps and (c) windroses for each peri-
od for the southern spit.

10



Appendix C

General observations that can be made from these graphs are as follows:

. Periods with significant W and NW winds have sediment deposits at higher degrees (higher than
1400).

. Periods with almost only prevailing S winds have very little sedimentation on the platform level.

. Periods with winds from the N, NE or E also seem to have sedimentation at very low degrees
(around 60°). Although the volumes seem to be relatively limited.

. Most sedimentation occurs between 110° and 70° for almost all periods, this holds for both the

platform level and sub-platform level. This could mean the main development direction is
between the ENE and the ESE relative to the centre point.

. The sedimentation volumes are also more when wind velocities are faster.
. It seems that less sedimentation on the platform occurs when wind velocities are faster.
. The growth rate in length in the most prominent propagation direction (110° and 70°) is on

average around 40 m/year.

During qualitative analysis it looked like the southern spit first migrated towards the NE (very low degrees
45°-60°) and later moved more towards the E (around 90°). But when looking at the sedimentation instead
of the location of the spit tip, it can be observed that the migration of the (growth direction of the) southern
spit is relatively limited. The growth direction of the spit stayed between the 70° and the 110° degrees
(Figure 8) and was therefore relatively constant over the whole measured period. Although there was often
more growth of the emerged part in the 70° direction than the submerged part, where the bulk of the
sedimentation occurred. This is likely caused by the mechanism that is described before. The emerged part is
above the depth-of-closure, which means that everything higher than the platform boundary (-1,2 m NAP) is
affected by incoming waves. Therefore the change in angle of incidence of the waves plays a significant role
in the growth direction of the emerged spit (Figure 4) (Ashton et al., 2016; Ton et al., 2021; see Method in
the paper for the definition of ‘emerged spit’ and ‘submerged spit-platform’ ). Because of this extra energy
near the spit tip that needs to dissipate it might orientate the emerged spit tip further towards the NE. Also,
the bending of the spit towards the E seems more severe than it actually is. A lot of erosion occurs on the
proximal end and the spit becomes larger in length. Because of this the curvature of the spit becomes more
gradual, which makes it look like the spit is bending, while the growth direction practically stays the same.

Figure 8. Growth direction of the spit compared to the change of the emerged part of the spit. The coastlines of pre-
vious moments are included with a more blue contour it this contour occurred more recent (the same periods are used
as in Figure 5).
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Quantification of the northern spit migration

For the northern spit the same graphs are made and should be read the same as for the southern spit

(Figure 10).
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Figure 9. Orientation of the polar coordinate system around the northern spit.

Sedimentation at the northern spit, relative to the centre point (red dot) between Sep 2018 and Jan 2019
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Sedimentation at the northern spit,

relative to the centre point (red dot) between Jan 2019 and May 2019
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Sedimentation at the northern spit, relative to the centre point (red dot) between Aug 2019 and Oct 2019
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Sedimentation at the northern spit, relative to the centre point (red dot) between Jan 2020 and Apr 2020
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Sedimentation at the northern spit, relative to the centre point (red dot) between Sep 2020 and Nov 2020
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Figure 10. Figures with (a) sedimentation bar-graphs, (b) erosion/sedimentation maps and (c) windroses for each
period for the northern spit.
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General observations that can be made from these graphs are as follows:

. Periods with significant W winds have more deposits towards the higher degrees (70° degrees).

. Periods with almost only prevailing S winds orientate sedimentation more towards lower degrees
(around 50° degrees).

. Periods with very high SW winds result in a broad field of sedimentation between 0° and 60°.

It looks like currents coming from the south in these conditions are faster than the simultaneous
occurring currents from the east. These southern currents move the sediment around the tip to fan
it out on the other side.

. Most sedimentation occurs between 45° and 70° for almost all periods, this holds for both the
platform level and sub-platform level. This means that the main development direction is to
the NE.

. The sedimentation volumes are also more when wind velocities are faster.

. It seems that less sedimentation on the platform level occurs when wind velocities are faster.

. The growth rate in length in the most prominent propagation direction (45° and 70°) is on average

around 20 m/year.

3. Expansion of the spit-platform during high energy periods and
expansion of the emerged spit during low energy periods

When there are a lot of storm events, a lot of changes under water can be seen, but from above the
waterline this spit looks often almost the same. Most of the sedimentation, in shear volumes, is done in these
periods. However, sometimes it seems that the spit has grown significantly while looking at the emerged
part. However, at closer inspection there has not been that much sedimentation in volumes, but a significant
portion of sedimentation has occurred platform level in these cases.

It seems that during high energy events the flow velocities do not decrease enough on the platform level
to allow sedimentation there. Only when flow surpasses the platform boundary, then there is room for the
energy of the flow to dissipate enough for sedimentation. When flow velocities are lower, less energy has to
dissipate to result in sedimentation on the platform level and allow for the emerged spit to grow (Figure 11).

In the sedimentation graphs of the previous section, it could be seen that during periods with a lot of
high energy events, significantly less sedimentation on the platform level was present. This means that the
sedimentation location in the spit height profile is dependent on the wind velocity. But it is also dependent
on the amount of room that is available for dissipation. The dissipation space that is applicable for
sedimentation on the platform level could be expressed as the size of the spit-platform. Sedimentation above
the waterline can only occur when there is a set-up (or possibly by aeolian transport) that is probably why the
sedimentation volumes above the waterline are so low. Under set-up conditions wind velocities are higher
and sedimentation is less likely for sediment particles with average grain size (Figure 12).

Part of the quantification has been done with the sedimentation/orientation graphs (Figure 7, Figure 10) but
the precise relation between flow velocity (of which it is known from hydrodynamic analysis that it is mostly
dependent on wind velocity) and the platform area will be further treated in Appendix F.
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Elevation changes during the period from Jan 2020 until Apr 2020
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Appendix D

In the previous appendix morphodynamic developments were explained by looking at different wind
regimes. In fact, different wind conditions create different hydrodynamic processes and currents in the lake
Markermeer which in turn result in morphodynamic changes. To get more insight in the root of the spit
developments, hydrodynamics based on different wind regimes, will be analysed in this appendix. This will
make it eventually possible to link the hydrodynamics and morphodynamics.

Ton et al. (2022) developed a 2DH hydrodynamic model in Delft 3D of the lake Markermeer. This model is
used to observe currents around both the spits. The topography used in this model is of January 2021. In
total there are 32 scenarios of combinations of wind directions and velocities to be modelled (Table 1). The

wind data is obtained from the KNMI, station Berkhout (249).

Wind dir Wind vel Wind dir Wind vel Wind dir Wind vel Wind dir Wind vel
N 5m/s N 10 m/s N 15 m/s N 20 m/s
NE 5m/s NE 10 m/s NE 15 m/s NE 20 m/s
E 5m/s E 10 m/s E 15 m/s E 20 m/s
SE 5m/s SE 10 m/s SE 15 m/s SE 20 m/s
S 5m/s S 10 m/s S 15 m/s S 20 m/s
SW 5m/s SW 10 m/s SW 15 m/s SW 20 m/s
W 5m/s A 10 m/s W 15 m/s AW 20 m/s
NW 5m/s NwW 10 m/s NW 15 m/s NwW 20 m/s

Table 1. 32 scenarios consisting of different combinations of wind directions and wind velocities.

First the southern spit will be discussed and later the northern spit. The hydrodynamics from the Delft 3D
model results in the graphs that can be seen at the start of each chapter. Each graph gives the behaviour of
the currents around the spits for one scenario. These graphs should be read as follows:

a: Each point in the graph gives the current direction at a certain location relative to the centre point. The
weighted average of the current directions on a single degree is taken from the waterline (the squares in
the grid that have a velocity of 0 m/s, see graph b) up to a little over the platform boundary, weighted with
the velocity. This is because current directions with higher velocities likely have more morphological impact.
The current direction is the direction that the flow is going to and not where the flow has originated from.
The flow velocity is the mean velocity on a single degree and indicated with a colour. The current directions
can be fitted with the grey line so that there is one function for the current directions around the spit for one
scenario. The same can be done for the flow velocities.

b: This map shows the current directions around the spit visually with the white arrows. The topography
is indicated in grey (coastline in solid lines and the platform boundary in dashed lines). The straight grey
dashed lines indicate the area over which the current directions and velocities are considered. The flow
velocities around the spit are indicated by the colours.

c: This windrose gives the wind conditions for the scenario that is modelled. The windrose points to the wind

direction that is modelled, and the wind velocities are indicated by the colour. Blue means 5 m/s, dark green
means 10 m/s, lime green means 15 m/s and orange means 20 m/s.

Southern spit

The graphs of the southern spit look as follows:
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Flow velocities and -directions relative to the center point for conditions 05_000n
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Flow velocities and -directions relative to the center point for conditions 05_090n
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Flow velocities and -directions relative to the center point for conditions 05_180n
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Flow velocities and -directions relative to the center point for conditions 05_270n
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Flow velocities and -directions relative to the center point for conditions 10_000n
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Flow velocities and -directions relative to the center point for conditions 10_090n
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Flow velocities and -directions relative to the center point for conditions 10_180n
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Flow velocities and -directions relative to the center point for conditions 10_270n
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Flow velocities and -directions relative to the center point for conditions 15_000n
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Flow velocities and -directions relative to the center point for conditions 15_090n
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Flow velocities and -directions relative to the center point for conditions 15_180n
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Flow velocities and -directions relative to the center point for conditions 15_270n
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Flow velocities and -directions relative to the center point for conditions 20_000n
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Flow velocities and -directions relative to the center point for conditions 20_090n
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Flow velocities and -directions relative to the center point for conditions 20_180n
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Flow velocities and -directions relative to the center point for conditions 20_270n
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From the maps (b) several observations can be done. In general, the following observations, and
accompanying morphodynamic hypotheses, can be made:

1.

At winds of 5 m/s the flow is very slow, especially looking at the velocities at higher wind speeds.
The flow likely has too little energy to really cause significant morphodynamic changes.

Near the Southern spit and Zuidstrand two circulation cells can be found that affect the flows
along the beach and spit. These circulation cells are influenced by the sand mining pits near the
beach. For the Southern spit, not only lake circulations on the Markermeer scale are important but
also lake circulations on a more local scale. It was assumed that lake circulations would result in
currents at the spit, flowing parallel to the Zuidstrand. But the sand extraction pit, south of the spit,
causes a flow near the distal end, that is almost perpendicular to the Zuidstrand.

5105 _ rrents Zldtrand W|h 1.0 m/s md's- 05
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Figure 1. Example of local lake circulation at W wind (schematic currents: black, sand mining pits: grey)

Currents near the coast are often in the opposite direction of offshore currents. This means that
on or close to the platform there is often an area where currents are very low. This may cause
sedimentation and therefore temporary changes in bathymetry. For example, sand banks on the
platform. This mechanism can create a sediment storage on the platform that can be transported
during other wind regimes. However, although there are sometimes sandbanks on the platform,
the locations where circulation currents compensate each other and flow velocities are zero, is not
on the platform but further offshore. Therefore, this is likely not the mechanism that creates these
sandbanks. With the exception of some temporary cases around the spit where the sedimentation
of a sandbank coincides with the dip in flow velocities during S winds (Appendix H).

At N, NE, and E winds there is a current from the tip of the Southern spit to the beach instead of
the other way around. This may cause migration of the distal end to the southwest.

At S and SE winds waves hit the spit on the curve creating currents in the direction of the distal
end, making flow velocities high there. But these winds also create currents in the direction of the
Zuidstrand. These currents likely do not carry that much sediment as they originate on the spit and
therefore not much sedimentation can be expected during S winds.

At SW winds the flow velocities near the distal end decrease very slowly. Near the distal end
velocities are still quite high and sedimentation on the platform can therefore only be expected
during calmer SW winds. During these wind conditions there is little interaction with the Zuidstrand
in terms of longshore currents. Erosion and sedimentation are local as longshore currents at SW
winds only start to pick up around the proximal end of the spit.

At W and NW winds, there is more longshore current along the Zuidstrand, and this current
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decreases earlier along the spit curve (than at SW winds). Therefore, more sedimentation closer to
the proximal end can be expected. Also, more sedimentation at the platform can be expected.

8. Smaller wind velocities create smaller flow velocities and therefore sedimentation on the platform is
more likely.

9. Near the Zuidstrand, lake circulation currents and wave driven longshore currents are hard
to distinguish. It seems that lake circulations and longshore currents are often from the same
direction around the southern spit.

10. Higher wind velocities, create more set-up and therefore lake circulation becomes more important.
This could mean that currents would curve less around the spit.

11. At winds of 20m/s, flow velocities on the platform are very high and it is unlikely that any
sedimentation occurs on the platform.

Current directions

When plotting the trends for the current directions of each scenario it becomes clear that the current directions
are very similar for wind speeds 10 m/s, 15 m/s and 20 m/s. Wind speeds of 5 m/s do often have a different
current pattern. At these smaller winds, set-up is very low and therefore lake circulations are almost absent.
When winds start to pick-up and lake circulations increase, current patterns clearly change. However, once
the lake circulations start to play a role it seems that there is almost no difference between situations with
limited set-up (10 m/s winds) and large set-ups (20 m/s winds). An exception seems to be the W direction
where, at very high winds, the flow does not bend as much around the spit as for lower wind velocities. For
the winds from the W direction with lower velocities there seems to be the most refraction around the spit,
possibly because velocities have decreased more at these lower degrees than at for example SW winds. It is
therefore easier for the waves to redirect the current (Figure 2).

Also, for wind directions SE, S, SW and W a very clear direction change can be seen starting around 100°N
relative to the centre point. This means that the flow bends around the distal end. An influence of the small
circulation cell at the nearest sand mining pit is likely to play a role in this direction change, as currents with
a more north(eastern) direction join the currents coming from the Zuidstrand at this location (Figure 1).

SOUTHERN SPIT

Current directions for different wind conditions'

3501 N [ i
N %, W dir:
\ ) — N
300 \ N NE
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Figure 2. Current directions during different wind conditions (dashed: 10 m/s, solid: 15 m/s, dotted: 20 m/s). Each
line is the gives the current directions around the southern spit for one wind condition (combination of wind velocities
and directions). The arrows indicate where the current is flowing towards at that specific y-axis value.
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In Figure 2, based on current directions, the currents can be divided in three groups. Each group has roughly
the same current direction pattern along the spit:

SE, S, SW and W: These wind regimes result in mostly the same currents along

the spit. Especially along the location where most sedimentation occurs (110° SE,S, SW, W

N — 70° N). The most difference can be seen at higher degrees where S and ‘.
SE currents are directed away from the distal end and SW and W currents are NG
directed towards the distal end. Also, W currents seem to be directed a bit more RRTTIE PR
towards the south around 160° N than the other currents. It might be possible A>T
that sediment is transported over the platform boundary at higher degrees

relative to the centre point although the difference is likely not large enough to
very significant. In this group a clear flow around the distal end of the spit can
be seen. This change in direction might be caused by refraction and/or local
lake circulation caused by the sand mining pit.

N, NE and E: The N wind direction differs from the rest at higher degrees but
around the distal end, the current directions are very similar. These currents occur
when the southern spit is mostly sheltered by waves and thus lake circulation will
be important for this group.

NW: This flow does not change direction as much as the other groups.
Sedimentation during NW winds will therefore occur when flow velocities have
dissipated or (more likely in high energy cases) when the current flows over
the platform boundary. Because the waves during this regime are already high
angle waves, the transportation energy of the waves dissipates very fast along
the coastline. Thus, refraction has a smaller role. However, it looks like the lake
circulation cell of the sand mining pit redirects the current slightly.

Flow velocity

With the same method as for the current directions, a fit can be made of the flow velocities along the spit for
each wind scenario (Figure 3).

What again is clear for each wind regime, is that the flow velocities follow the same pattern for different
wind speeds. So, when currents increase at a certain location at 10 m/s winds, currents also increase at the
same location at 20 m/s winds. Naturally the faster the wind speeds, the higher the flow velocities. Current
directions seemed relatively independent of wind speeds. However, the other way around, current velocities
are dependent on both wind directions and wind velocities. The development of flow velocities around the
spit, for each wind direction can be qualitatively expresses as has been done in Figure 4.

Flow velocities during N, NE, E and SE winds are relatively limited, especially at the northern side of the distal
end. This means that it is unlikely that these currents transport a lot of sediment. The flow velocities during S
winds start to pick up in the middle of the spit and stay high until the currents reach the other side. Transport
of material from the middle of the southern side to the northern side of the distal end seems therefore likely.
Flow velocities during SW and W winds are high when entering the spit area from the Zuidstrand and stay
high until the currents arrive far onto the northern side of the distal end. Flow velocities during NW winds
are also fast when entering the spit area but decrease quickly.
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Figure 3. Fitted possible flow velocities along the spit with the flow velocities on the left side, colour indicating the
wind velocity and on the right side the wind directions.
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Flow velocities and -directions relative to the center point for conditions 05_180n
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Flow velocities and -directions relative to the center point for conditions 05_270n
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Flow velocities and -directions relative to the center point for conditions 10_000n

350

NN W
[~ -]
o o o

150

=
Uy O
o o

current flowing to direction [deg]

513350

513300

513250

513200

513150

513100

. | _—e— ..\\\ .

L Ui

320 330 340 350 0O 10 20 30 40 50 60 70 80 90 100 110 120 130
location relative to center point [deg]

54600 154700 154800 154900

Flow velocities and -directions relative to the center point for conditions 10_045n

= 350
300
250
200
150
100

50

current flowing to direction [de:

513350

513300 §

513250

513200

513150

513100

L L

. o o
[ —

° . oo .

-

o .o'~.' o |
.."D/(‘: . ¢ ‘\\i\

or oo ‘\-\\-_1_.:

0 T r T r r T T T T T T T T T r T T T
320 330 340 350 0 10 20 30 40 50 60 70 80 90 100 110 120 130

location relative to center point [deg]

v

54600 154700 154800 154900

Legend

ae

Current direction at a b: : Current velocity [m/s]
degree [deg] o
Current velocily at a Current direction [deg]
degree [m/s] ) Waterline

Fitted current directions

- \, Platform boundary
around spit [deg] "=

- -- Range of considered data
around centre point

@® Centre point

C: wind velocities:

. 5m/s
. 10 m/s

15 m/s
20 m/s

Flow velocity in [m/s]

o o o o
N w E=Y w
Flow velocity in [m/s]

=
—

o
o

26



Appendix D

Flow velocities and -directions relative to the center point for conditions 10_090n
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Flow velocities and -directions relative to the center point for conditions 10_180n
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Flow velocities and -directions relative to the center point for conditions 10_270n
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From the maps (b) several observations can be done. In general, the following observations, and
accompanying morphodynamic hypotheses, can be made:

1.

At winds of 5 m/s the flow is very slow, especially looking at the velocities at higher wind speeds.
This flow likely has too little energy to really cause significant morphodynamic changes.

South of the northern spit there is a large circulation cell that results in a flow coming from the
south and flowing along the spit towards the north. Also, often currents come from the east
originating from the Noordstrand. So, the northern spit has, because of lake circulation, currents
on both side of the spit (Figure 5).

Currents Noordstrand with 15.0 m/s winds
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Figure 5. Example of local lake circulation at the northerns spit during
SW winds (schematic currents: black)

Currents near the coast are often in the opposite direction of offshore currents.

At N and NE winds there are currents moving away from the northern spit. Therefore, these
currents are unlikely to supply the spit with sediment for growth.

At E, SE, and S winds the current moves from the southern side of the spit towards the north,
around the spit tip. This could result in migration towards the north

At SW winds currents approach the spit from both sides. For slower winds the current coming from
the northern beach is faster but for winds around 20 m/s the lake circulation current coming from
the south is faster. The combination of these currents will likely result in a simple spit.

At W and NW winds, there is only a longshore current coming from the Noordstrand. This current
accelerates on the head and decelerates on the spit tip. These currents are important in the
transportation of material from the Noordstrand.

Smaller wind velocities create smaller flow velocities and therefore sedimentation on the platform is
more likely.

Higher wind velocities, create more set-up and therefore lake circulation becomes more important.
This could mean that currents would curve less around the spit.

10. At winds of 20 m/s, flow velocities on the platform are very high and it is unlikely that any

sedimentation occurs on the platform.
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Current directions

For the northern spit the current is less similar at different wind speeds than for the southern spit but are still
comparable. Especially the currents during W winds can divert their direction when wind velocities change.
But other than that, the simplification that the current direction is only dependent on the wind directions
holds quite well (Figure 6).

NORTHERN SPIT

Current directions for different wind conditions
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Figure 6. Current directions during different wind conditions (dashed: 10 m/s, solid: 15 m/s, dotted: 20 m/s). Each

line is the gives the current directions around the southern spit for one wind condition (combination of wind velocities
and directions). The arrows indicate where the current is flowing towards at that specific y-axis value.

The when considering sediment supply together with the similarity of current directions, the most clear group
that can be distinguished here are the currents that occur during W, SW and S winds. During W winds the
current flows from the Noordstrand to the distal end and around the tip of the spit. This current is driven
by high angle waves and lake circulation along the Noordstrand. During S wind the current flows from the
south side of the spit to the distal end and around the spit tip the other way around. This current is driven by
a lake circulation cell to the south. The currents of the SW winds are actually a combination of the currents
from the S and the W side. All currents, created by these wind directions, transport sediment to the spit tip
at around 60° relative to the centre point (Figure 7).
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Figure 7. Visual representation of the different current that occur during S, SW and W winds.
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Flow velocity

With the same method as for the current directions, a fit can be made of the flow velocities along the spit for
each wind scenario (Figure 8).
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Figure 8. Fitted possible flow velocities along the spit with the flow velocities on the left side, colour indicating the
wind velocity and on the right side the wind directions.

Also, for the northern spit the flow velocities follow the same pattern for different wind velocities. So, when
currents increase at a certain location at 10 m/s winds, currents also increase at the same location at 20 m/s
winds. Naturally the faster the wind speeds, the higher the flow velocities. The development of flow velocities
around the spit, for each wind direction can be qualitatively expresses as has been done in Figure 9.
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Figure 9. Schematic change in flow velocity around the northern spit for different wind directions

Flow velocities during N and NE winds are relatively limited. Although currents of wind from the NW, SW
and E have different directions, the flow velocity of these currents does not change significantly around the
spit. Current from winds from the S and W behave oppositely. On one side of the spit, they increase and
then decrease at the other side of the spit resulting in sedimentation at that side. Flows of winds from the SE
are similar to the flows during S winds, only the flow does not decrease that much at the northern side of the
spit. Therefore it can be expected that at SE winds there is less sedimentation around the spit tip than during
S winds (especially on the platform level).
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Sedimentation current pattern

This appendix serves as a further explanation of the growth orientation section in the paper. To investigate
the direction of spit growth, the elevation levels are neglected for now. For the hydrodynamics it was found
that the current directions are mainly dependent on the wind direction, not the wind speeds. For every
scenario of the 32 combinations between wind directions and wind speeds a fitted function has been made
that describes the direction of the current around the spit. Currents transport sediment to a certain location
where sedimentation takes place, at that location the spit grows. The path that this current takes is mostly
dependent on the wind directions. Therefore it is likely that the location of sedimentation on the x,y-plane,
relative to the centre point, is dependent on the current directions and wind directions.

With this simplification in mind, it is stated that a deposit and its location can be influenced by a number of
factors:

. If a current transports the sediment to a location where dissipation can take place, a deposit is
likely to form. For example, transportation over the platform boundary or transportation along the
curved coastline so wave-driven transport decreases.

. Does the current flow from a location with an abundance of sediment to the sedimentation
location? If there is no material to be transported likely less sediment will accrete.

. If a specific current occurs more often during a period, it is more likely that it has built a large
sedimentation deposit during this period.

. If more currents flow towards a certain location it is more likely that a large sedimentation deposit

builds at this location. That is a reason why for both the northern and southern spits, the location
of most spit growth is also the location where the most occurring currents come together.

So, with these considerations the current patterns can be compared to the sedimentation locations. For
each deposit it can be reasoned that certain significant wind conditions, thus a certain current pattern, have
caused the deposit. A fast-flowing current pattern that occurs often during a period between measurements,
and transports sediment towards the spit tip, is likely to have caused a deposit. Blue markers indicate the
location of a deposit and the possible current directions that may have caused this deposit (Figure 1). If a
deposit was found at a certain degree, say 110 degrees relative to the centre point of the northern spit,
multiple markers can be plotted for this single deposit. The number of markers that are plotted for a single
deposit at a degree depends on how many wind regimes occur more often than 5% of the time. If a current,
caused by winds faster than 7,5 m/s, occurs more often, the marker gets bigger. Clearly, the larger markers
are all situated around the same current direction patterns, indicating that there is and average current
pattern that can be considered as the main driver for spit developments (Figure 1). For both spits, current
patterns caused by S, SW, W (and SE smaller than 160° for the southern spit) are responsible for the bulk of
sedimentation.

To bolster this reasoning, the currents caused by (SE,) S, SW and W winds, are all currents that transport
sediment from the beach to the spit tip, instead of away from it. Thus, currents caused by (SE,) S, SW and W
winds can be considered the only essential currents for sedimentation and can be averaged in a single line,
from now on called the ‘sedimentation current pattern’.

The plots in Figure 1 can be hard to read and/or process its meaning and therefore it is visually interpreted
in Figure 2. The coloured circles indicate the location and size in volumes of (a group of) deposits. The
arrows indicate the possible current directions at that location that occurred during the time this deposit had
accreted. The red arrows indicate the currents that were incorporated in the sedimentation current pattern
and the blue arrows are the current directions that where not incorporated. A large arrow means that this
current direction had occurred a lot during the time this deposit had accreted, and a small arrow means that
this current direction occurred barely more than 5% of the time.
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Southern spit: Fitted current pattern considering sedimentation
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Figure 1. The sedimentation current pattern that is mainly responsible for sedimentation (red). The blue markers indi-
cate a deposit during a morphological period. This deposit can be caused by a number of current patterns. When a
current pattern occurs more than 5 percent of the time it becomes a possible current for this deposit and gets indicat-
ed by a marker. The size of the marker indicates the occurrence of the current (in this case only flows where consid-
ered, created by winds higher than 7,5 m/s) and the more likely it is that it has caused the deposit. The currents that
are the most likely driver of most deposits are indicated by thick lines.
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are schematic in this figure.
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Clearly, the currents that are incorporated in the sedimentation current pattern move material from sediment
rich places (like the scarps and beaches) to the locations with the most sedimentation. Also, these currents
flow to places where flow dissipation can take place. They flow over the platform boundary at the locations
with the largest deposits and move along the coastline around the spit tip so that waves can lose their energy.
Admittedly at the southern spit, currents that are not incorporated in the sedimentation current pattern also
move along the coastline but move from a location with little sediment to a location with a lot of sediment
(from the northern side of the southern spit to the scarp). Lastly, the current directions that are incorporated
into the sedimentation current pattern occur much more often at the location of the largest deposits. Thus,
the sedimentation current pattern is a good representation of the currents that essentially induce spit growth.

Besides this, it was also observed that for the southern spit sedimentation occurred at higher degrees relative
to the centre point (larger than 140°) for periods with significant W winds. Indeed, from Figure 2 it can
be seen that the deposits at this location also have a current direction arrow that occurs regularly (with
medium size). This arrow moves the sediment over the platform boundary at these locations, resulting in
sedimentation at these degrees. This current direction is created by W winds.

This sedimentation current pattern can be combined with the distribution percentage of total sedimentation,
relative to the centre point (Figure 3, | and Il). Visually it becomes clear that the flows closest to the beach
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Figure 3. Representative sedimentation current pattern that is responsible for the observed spit growth directions, with
distribution of sediment around the spit indicated by the colours, the sedimentation current pattern indicated with the line
itself (I and Il) and light blue arrows (lll and IV) and the paths of sediment indicated by the dark blue arrows (lll and IV).




transport the most sediment, from the beach and scarp at the proximal end. As it is those flows that eventually
pass over the spit-platform boundary at the locations where most sedimentation takes place (Figure 3,llI
and V). Thus, the dissipation space that arises as the flows pass over the spit-platform boundary is a very
important mechanism for the growth direction of the spits. For the sedimentation on the platform level the
transportation of sediment by the sedimentation current pattern along the curves of the coastline, so that
waves can gradually lose their energy also is of influence, especially for the southern spit. Also, for the
southern spit the current only starts to divert to the east quickly when the current originating from the beach
meets the small lake circulation eddy, caused by a sand mining pit to the south of the spit. This change in
direction might be an important factor in the bend that is formed on this spit (Figure 3,1l1).

Sediment supply to the spit

Previously it was concluded that the SE, S, SW and W wind directions were the important wind directions for
spit development. For each of these wind directions, the sediment supply for spit growth can be determined:

e SE and S wind regimes: Currents during SE and S winds originate from the middle of the spit curve and
then move westward to the Zuidstrand and eastward to the distal end. Spit growth during SE and S
wind is supplied by material from the southern curve of the spit itself.

e SW wind regimes: Longshore currents during SW winds originate at the proximal end and then
move towards the distal end. The scarp is located at the location where longshore currents start to
accelerate. Spit growth during SW is supplied by material from the scarp and the western part of the
spit itself.

e W wind regimes: longshore currents come from the Zuidstrand, accelerate at the distal end at the
location of the scarp and then decelerate along the spit curve. Spit growth during W wind regimes is
likely supplied by the material from the Zuidstrand and the scarp.

The scarp seems to be an important sediment supplier for many currents, especially because the significant
erosion that occurs at that location, almost every period. This means a lot of sediment becomes available
for transport towards the distal end. For SE and S wind regimes the spit curve itself is the most important
sediment supplier, but the volumes available here are less abundant.

Before, it was already seen that currents approaching the spit from the offshore parts of the platform pass
over the platform boundary relatively quickly but do not result in a lot of sedimentation. These currents likely
do not pass the scarp and do not transport the abundance of available material over there. These currents
are therefore only supplied by the Zuidstrand. With this reasoning it is likely that the supply of the Zuidstrand
to the spit is limited. This is something van Santen (2016) also concluded. Therefore, it is likely that the
Southern spit is mainly supplied by the scarp. The paths of transport of sediment are indicated in Figure 4.

For the northern spit it was concluded that the S, SW and W wind directions were the important wind
directions for spit development. For each of these wind directions, the sediment supply for spit growth can
be determined:

e S wind regimes: During S winds there is a single current originating from lake circulation to the
south. This current moves along the south side of the spit and picks up sediment there. However, the
sediment at that location is relatively limited and the volumes of erosion at that side are not high
enough to explain the large amounts of sedimentation at the spit tip. It is more likely that most of the
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Figure 4. Sedimentation sources and paths of the southern spit. The sedimentation current pattern is indicated by the
light blue arrows, the paths of the sediment are indicated by the darker blue arrows and the sediment sources are
indicated in red, with denser fields indicating a higher sediment supply.

sedimentation by the currents from the S wind regime is the result of reorganization of the sediment
that is deposited by SW and W winds. These currents at S winds transport the sediment from the south
side of the spit tip to the north side of the spit where the currents slow down and sedimentation takes
place. This in contrast to the fast currents from the SE wind regime that do not transport material
around the spit tip but mostly move offshore in front of the spit tip. That is why the SE winds are not
incorporated in the sedimentation current pattern.

e W wind regimes: A longshore current flows from the Noordstrand along the scarp to the spit tip and
then moves away to the north. This current is a combination of the lake circulation current around
the Noordstrand and high angle waves. In this case the Noordstrand and the scarp many supply
the spit growth but erosion at the northern side of the spit can also supply the spit to some extent.
An important remark for these currents is that especially during higher W winds (but also during SW
winds) the flow is pushed onto the subaerial parts of the spit and flows over the land to eventually
deposit material at the location where most sedimentation is observed (60° — 70° relative to the centre
point).

e  SW wind regimes: The currents during this wind regime are a combination of the currents during S
and W winds. A current approaches the spit from the north because of lake circulation and waves and
a lake circulation current approaches the spit from the south. All sediment sources contribute to the
sediment supply but the scarp and Noordstrand likely supply the most as these sources have the most
abundance in material.

Again, the scarp seems to be an important supplier of sediment, as much erosion is observed here, especially
during high energy periods. But in contrast to the Zuidstrand, the Noordstrand also seems to be an important
supplier of sediment, especially during periods with prevailing W and SW winds. This can be seen by the
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large amount of sedimentation that often can be observed at the platform boundary at the northern side
of the spit tip (0°-40° relative to the centre point). That is the location where flow paths originating from the
Noordstrand that are flowing further from the coastline, move over the platform boundary. These flows are
only supplied by the Noordstrand. Although another explanation may be that very fast currents during S
winds transport material from the spit tip to these locations. As said before, the sources on the northern and
southern side of the spit itself have less sediment and are therefore less important as a sediment source. That
is why the S current is mainly important for the relocation of sediment deposited by the currents created by
the SW and W winds (Figure 5).
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Figure 5. Sedimentation sources and paths of the northern spit. The sedimentation current pattern is indicated by the
light blue arrows, the paths of the sediment are indicated by the darker blue arrows and the sediment sources are
indicated in red, with denser fields indicating a higher sediment supply.
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Transportation energy and flow dissipation

It is often assumed that the emerged part of a spit and the submerged part of the spit grow in the same
amount (Kraus & Asce, 1999). However, in this research it was quickly seen that the growth of the submerged
spit-platform not necessarily meant growth of the emerged spit. When sedimentation occurs on the platform
level, the emerged spit eventually grows in length. When sedimentation occurs on the sub-platform level the
submerged spit-platform eventually grows in length (Figure 1).

It has been observed during the morphology research that sedimentation occurs predominantly on the sub-
platform level during high energy periods and significant sedimentation occurs on the platform level during
lower energy periods. High winds during these high energy periods create fast flow velocities. When flow
velocities are high, the transporting energy of the current is high. When these velocities are too high there is
not enough dissipation on the platform level to decrease the transporting energy enough to accommodate
sedimentation on top of the platform. Based on the results, the flow will then continue to transport the
material until the material gets transported over the platform boundary. Here the space to dissipate is
more often than not enough to accommodate sedimentation. Therefore, it seems logical that there is only
sedimentation on the sub-platform level during high energy periods and only during the lower energy
periods the incoming transporting energy is sufficiently low for the dissipation mechanisms on the platform
level to accommodate sedimentation there. Flow velocity is a good parameter to represent the incoming
transporting energy.
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Figure 1. Example of the orientation method used for the data analysis with degrees relative to the north and levels
based on bathymetry (Rijkswaterstaat, 2018; Ton et al., 2021).
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Besides incoming transporting energy also flow dissipation is important for the ratio between sedimentation
on the platform level and sedimentation on the sub-platform level. The most important flow dissipation
mechanisms that influence flow dissipation around the spit is the mechanism of Uda (2018), and the
mechanism of Ashton et al. (2016). The mechanism of Uda states that sedimentation occurs when flow
velocities decrease because suddenly more room is available for the current. On the platform level more
flow dissipation space becomes available when the coastline bends away because of the curvature of the
spit or when the emerged spit becomes narrower. Then the width of the platform increases, and the current
has more space to dissipate (Figure 2, I). Also, when the currents flow over the subaerial level during storm
set-up there is a flow over the ‘regular’ coastline onto the platform. In this case the depth and therefore the

flow dissipation space increases. Then also sedimentation on to platform level can occur (Figure 2, Il). For
the sub-platform level, it seems evident that when the currents flow over the platform boundary the depth
increases dramatically resulting in significant flow dissipation of the transporting energy (Figure 2, lll). It

is often assumed that all material that enters the spit system at the proximal end accretes around the spit
because of this large depth difference (Kraus & Asce, 1999).

The mechanism of Ashton states that the wave-driven longshore current decreases as the angle of incidence
of the waves surpasses 45°. On top of this the refraction that occurs during this change in wave angle also
causes flow dissipation of wave-driven energy (Figure 2, IV). This combined mechanism is most important
on the platform level as this level is above the depth-of-closure (Ton et al., 2021). Also, this mechanism
may result is extra flow dissipation on top of the platform that results in relatively more sedimentation on the
platform level.

<
.

Subaerial

wave angle

Platform

-—

Sub-platform

Figure 2. Dissipation mechanisms around the spit. With the flow path in dark blue, the space for the flow indicated in
green and the wave crests indicated in lighter blue.

The parameter that is chosen to represent the loss of transportation energy, is the area of the platform (on
the platform level) on which sedimentation takes place. A large area indicates that there is a lot of space for
flow to dissipate. When the spit-platform is not large enough less energy will dissipate on the platform and
most energy will dissipate below the spit-platform boundary. Also, when flow energy dissipates, particles do
not drop down immediately but slowly descend while going with the flow, the platform must be large enough
to ‘catch’ this particle. This parameter is sufficient to see if there is a relation between the dissipation of
transporting energy and sedimentation on the platform energy. However, the best way to physically describe
the dissipation of transporting energy is to calculate the different flow paths (current patterns) that occurred
during a period with different wind conditions and then calculate the decrease in velocity along these paths.
But, this is very time consuming and complex to calculate and even harder to represent in a figure. Therefore
the surface area of the platform is taken instead.

To summarize, the ratio between sedimentation on the platform level, that accommodates emerged spit
growth, and sedimentation on the sub-platform level, that accommodates submerged spit-platform growth,
is dependent on the transporting energy that enters the area, represented by the incoming flow velocity, and
the gradual loss of this energy, that is represented by the area of the spit-platform. When this ratio is high
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there is a lot of sedimentation on the platform level and when this ratio is almost zero, almost all the material
is deposited below the platform boundary on the sub-platform level.

The calculation of the flow velocity

As said before the flow velocity does not represent the decrease in transporting energy but the incoming
transporting energy. Therefore, not an average is taken of the velocity around the spit but the velocity right
before the location of the largest sedimentation. Which means this is the incoming energy at the moment
that the most important significant dissipation mechanisms kick in. For the southern spit this is at 100
degrees relative to the centre point and for the northern spit this is at 60 degrees relative to the centre point
(Figure 3). For the northern spit the location of 60 degrees is taken instead of 80 degrees (flow comes from
both sides) because most sediment likely comes from the northern side of the spit (Appendix E).

For a period of which the sedimentation ratio is considered, the hourly wind conditions are divided into the
32 wind scenarios. For each of this hourly wind conditions the flow velocity at the desired location can be
calculated using the fitted formulas derived for each scenario (Appendix D). In the paper and Appendix G it
was shown there needs to be a certain amount of transporting energy before significant sedimentation takes
place. Also, it has been shown that morphological developments in environments like the lake Markermeer
are mainly dependent on high energy events (Ton et al., 2021; Vila-Concejo et al., 2020). Therefore, not
the mean flow velocities during a measurement period were considered but the 97% quantile of the all the
flow velocities that are computed for every hour during a period. This 97% quantile proved to be a threshold
that still showed the ratio between low energy events and storm events but also showed flow velocities that
where more representative regarding their morphological effect.

Southern spit Northern spit
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Figure 3. Location where the flow velocity is computed for each hourly wind measurement.

The calculation of the platform area

For the platform area firstly the pointcloud of the topography of the spit at the start of a period is linearly
interpolated. This gives a mesh with grids with a size of 29 m? per square for the southern spit and 4 m?
per square for the northern spit. For each square it can be determined if the average height of this square is
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above the platform boundary (-1,2 m NAP) and below the waterline (-0,3 m NAP). In other words, it can be
determined from the data in the pointcloud if the concerned square is on the platform level. If that is the case
than the area of this square can be added to the other squares that are on the platform level to eventually
get the size of the entire platform area.

For the northern spit the whole spit-platform is considered as currents can come from multiple directions,
and sedimentation can occur everywhere on the spit-platform. Also, the northern spit has a smaller platform
area so changes in the spit-platform can still be observed when the whole spit-platform is considered. For
the southern spit only, a square is considered if the x-coordinate is larger than 155525 m. This is because
almost all sedimentation on the platform level occurs after this boundary and because the spit-platform of
the southern spit is so large that changes in the spit-platform would be harder to see if the whole platform
was considered (Figure 4).

Southern spit Northern spit
508800 513350
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508400 +— T T T 154550 154600 154650 154700 154750 154800 154850
155400 155500 155600 155700

Figure 4. Schematisation of the spit-platform area that is used for each spit

Platform area and flow velocity versus sedimentation ratio

For every measured period the platform area at the start of the period can be computed. It is on this surface
that sedimentation will take place if sedimentation would take place on the platform level. Also, for every
measured period the 97% quantile of the incoming flow velocity can be computed, and the sedimentation
ratio can be computed by dividing the sedimented volume on the platform level by the sedimented volume
on the sub-platform level. These values for every period are presented in Figure 5 on the end date of each
period.

Indeed, when the sedimentation ratio is low, the flow velocities are high or the platform area is small, or a
combination of both. When the ratio is high often the platform area is large, but flow velocities must not be
too high, otherwise the ratio becomes very low again. This happens in April 2020 for example.

Figure 5 shows that there is a relation between the spit-platform size and the flow velocity vs. the sedimentation
ratio. These two parameters both have a strong influence on the division of sediment between the platform
level and the sub-platform level and therefore influence on the growth of the emerged spit relative to the
growth of the submerged spit-platform.
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Figure 5. The sedimentation ratio (blue), platform surface area (green) and incoming flow velocity (red) over time.

With the measurement moments indicated by the grey lines.
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Figure 6. Individual relations of the spit-platform area and the flow velocity with the sedimentation ratio.

The relations with the spit-platform surface area show that when the surface area increases the sedimentation
ratios also increase. But this increase can be hampered by large flow velocities as can be seen for the
northern spit. For the flow velocities it can be seen that slightly smaller flow velocities also result in larger
sedimentation ratios. But in both graphs it seems that for most cases the platform area is of the largest
influence on the ratio. The highest ratios are around the largest platform areas. However, during high
energy periods, when incoming flow velocities are high, the sedimentation ratio decreases dramatically.
It seems that during low energy periods the sedimentation ratio is mostly dependent on the platform size
and during high energy periods the sedimentation ratio is mostly dependent on the incoming flow velocity
(Figure 6).

So again it is found that the spit-platform surface area and the incoming flow velocity are of importance for

the sedimentation ratio. But because these two parameters are so intertwined with the sedimentation ratio it
is difficult to show a mathematical relation for each individual parameter and the sedimentation ratio.

Outliers (because of erosion)

The platform area and the flow velocity are not the only parameters that influence the sedimentation on the
platform level. For example, an overabundance of sediment due to scarp collapse on the proximal end may
be of influence. However, one of the most important factors that is not considered is erosion on the platform
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level. The depth-of-closure is around the spit-platform boundary and therefore waves can stir-up accreted
sediment on top of the spit-platform and transport it again to the sub-platform level (Ton et al., 2021).

It can be the case that large amounts of sediment have accreted on the platform level during a calm period,
but that one short high energy event had stirred-up a lot of material on the platform again so that currents
could have transported it elsewhere. In those cases, the sedimentation ratio is much smaller than expected.

This is most likely what happened during the period of September 2020 — November 2020 at the southern
spit. Here the ratio is lower than expected and it was found that there was one very high peak in flow
velocities after a low energy period that may have eroded away the material on top of the platform (Figure
7). The same is likely to have happened for the period of April 2019 — August 2019 at the northern spit
(Figure 8).

Also there seems to be a threshold before large scale sedimentation takes place (paper and Appendix
G). Therefore, it may also be possible that during a period there are only very small velocities that do not
transport sediment and very large velocities that only transport sediment to the sub-platform level. It is
possible that flow velocities with just the right magnitude for platform sedimentation do not occur during a
period. In that case the ratio may also be very low in a period with mostly very low energy hydrodynamics.

From now on the period between September 2020 and November 2020 for the southern spit and the period
between April 2019 and August 2019 for the northern spit will be considered as outliers. Because of the
influence of erosion, but also because of other parameters, it is impossible to find a clean relation between
a combination of the platform area and flow velocity and the sedimentation ratio. However, using only these
parameters it still is possible to approach reality.
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Figure 7. Flow velocities on the distal end of the southern spit between September 2020 and November 2020 in m/s.

0.141 --— flow velocities for Aug 2019
0.121 i

=

&
T 0.10
e
£ 0.081
z
2 0.06 1

|

B

b AT

1500 2000 2500 3000
hours in the period

0.04

il

0 500

)
(]

0.02

Figure 8. Flow velocities on the distal end of the northern spit between April 2019 and August 2019 in m/s.



Appendix F

Platform surface area and flow velocity combined

Thus, a combination of the platform surface area and the incoming flow velocity should be positively
correlated with the sedimentation ratio. However, the contribution of the platform area and flow velocity
is not exactly equal. To determine the best combination of both parameters the following has been done.
The platform area is multiplied with the flow velocity for each period and is put on the x-axis. Then this flow
velocity is given a negative exponent. This exponent is negative because small platform areas and large flow
velocities have the same effect on the sedimentation ratio. This exponent can give the flow velocity more
weight in the combination or can make the platform area more dominant depending on the size of the
exponent. Then a large array of exponents, some high and some low, are tried to find the best combination
of platform area and flow velocity. The combination that results in a linear fit on the sedimentation ratio with
the highest R? value is the most accurate combination (Figure 9).

The platform area and flow velocity have roughly the same order of magnitude contribution when it comes
to their effect on the sedimentation ratios. Also, although the flow velocities and platform areas differ
between the two spits, their relation relative to the sedimentation ratio is comparable. The exponent on the
flow velocity is the exponent for which the accuracy of the fit is highest and is purely a representation for
the importance of the flow velocity relative to the platform area for the sedimentation ratio. For both spits
this exponent shows that the higher the incoming flow velocities are, the more important this parameter
becomes for the sedimentation ratio, as was also observed in Figure 6. This effect is more severe for the
southern spit than for the northern spit. The first number of the best fit represents the slope of the fit which
is not the same for the southern and northern spit as the parameters that are computed for both spits are
case specific.

Thus, when there is a high energy period, most of the sedimentation occurs on the sub-platform level. This
means that the submerged spit-platform grows in length. This has as a consequence that platform area
increases which promotes sedimentation on the platform level. This results in growth of the emerged spit
part, which decreases the platform area and makes it more likely for sedimentation to occur on the sub-
platform level. Therefore, the growth of the emerged spit relative to the submerged spit-platform is in a
negative feedback loop. Growth of one promotes the growth of the other.

SOUTHERN SPIT NORTHERN SPIT
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Figure 9. The relation between the sedimentation ratio and platform area and flow velocity. In red the outliers are
indicated. These points where likely affected by an erosion event that eroded the sedimentation on the platform away,
resulting in a relative low ratio. The height of R? indicates the quality of the approximation.




Bibliography

Ashton, A. D., & Murray, A. B. (2006). High-angle wave instability and emergent shoreline shapes: 2.
Wave climate analysis and comparisons to nature. Journal of Geophysical Research: Earth Surface,

111(4). https://doi.org/10.1029/2005JF000423

Ashton, A. D., Nienhuis, J., & Ells, K. (2016). On a neck, on a spit: Controls on the shape of free spits.
Earth Surface Dynamics, 4(1), 193-210. https://doi.org/10.5194/esurf-4-193-2016

Kraus, N. C., & Asce, M. (1999). ANALYTICAL MODEL OF SPIT EVOLUTION AT INLETS. ASCE.

Ton, A. M., Vuik, V., & Aarninkhof, S. G. J. (2021). Sandy beaches in low-energy, non-tidal environments:
Linking morphological development to hydrodynamic forcing. Geomorphology, 374. https://doi.
org/10.1016/j.geomorph.2020.107522

Uda, T. (2018). Spits (pp. 1-5). https://doi.org/10.1007/978-3-319-48657-4 _297-2

Vila-Concejo, A., Gallop, S. L., & Largier, J. L. (2020). Sandy beaches in estuaries and bays. In Sandy
Beach Morphodynamics (pp. 343-362). Elsevier. https://doi.org/10.1016/b978-0-08-102927-
5.00015-1



otal sedimentation
the predictive model

Qo =i




Appendix G

Table of contents appendix G

Total sedimentation
Predictive model: using empirical parameters
Predictive model: Structure and prediction of contours

Bibliography




The relations found in Appendix E and F provides an approximation of the three-dimensional distribution
of the sediment around the spit. This distribution can be calculated with parameters that can be derived by
either using the topography at the start of a period (this can be used to calculate the platform surface area
for example) or by using the wind conditions that result in hydrodynamic parameters like current directions
and flow velocities.

If the total amount of sedimentation also can be calculated by using the wind conditions in a period, it can
be approximated where volumes of material accrete around the spit and how large these volumes are. This
would result in a new predicted topography. So, by knowing the topography of the spit at the start of the
period, and the (most likely) wind conditions during a period, a new topography of the spit at the end of this
period can be predicted.

To investigate the practicability and effectivity of such a predictive model, a one-year long period for the
southern spit is modelled. The year of April 2021 — March 2022 is a well-balanced representation of the
diversity of conditions that can occur at the Marker Wadden islands, with large storms like Eunice and
Franklin but also calm summer conditions. There is also enough data of the southern spit to verify the
eventual prediction.

Total sedimentation

As said before, the total amount of sedimentation is needed to do predictions. An empirical linear relation
helps to estimate the total volume of sediment that will be deposited around the spit, because of certain wind
conditions. This relation can be found in the same manner as has been done for the sedimentation ratio of
Appendix F

From the morphology research (paper and Appendix C) it quickly turned out that faster winds, and therefore
faster flow velocities, resulted in higher volumes of sedimentation around the spit. Therefore, it is likely that
the flow velocities that occur around the spit are positively correlated with the total amount of sedimentation.
To bolster this find, it also turned out that faster flow velocities are strongly correlated with erosion of the
scarp (Appendix C). And material from the scarp is one of the most important sources of sediment for the
spits (Appendix E).

Also, in the paper and Appendix E it was deducted that only currents resulting from winds from the SE, S, SW
and W transport sediment to the distal end of the spit where it is deposited. So, the more these currents occur
during a period, the more material should be transported to the spit and the more sedimentation should
take place. It is therefore logical to state that the percentage of occurrence of these (SE, S, SW and W) winds
is positively correlated with the total volume of sedimentation around the distal end.

In the same fashion as has been done for the sedimentation ratio (Appendix F) the 97% quantile of the flow
velocity at 100° relative to the centre point and the percentage of occurrence of SE, S, SW and W winds
are multiplied on the x-axis. Again, these two parameters are not equal and therefore the flow velocity
has a positive exponent. This results in a linear relation between the two parameters and the total volume
of sedimentation. The volumes of sedimentation are calculated per day as not all periods have the same
length. It is evident that more sedimentation can occur during a longer period (Figure 1). With this relation
the predictive model for the southern spit can be constructed.

Clearly this relation does not pass through zero (Figure 1). This means that for very low flow velocities during
a period no large-scale sedimentation will occur on the spit. Therefore, there should be a certain threshold
of transporting energy for morphodynamics to take effect. This fits in well with the concept of low energy
or storm-dominated environments like lake Markermeer that are dependent on high energy events for its
morphodynamics (Vila-Concejo et al., 2020).
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Figure 1. Expected sedimentation per day, dependent on the occurrence of wind regimes that drive sediment supply-
ing currents, and the flow velocity. The height of R? indicates the quality of the approximation. The red outlier is not
considered as a nourishment fook place during that period.

Predictive model: using empirical parameters

With the topography at the start of the period and the wind conditions during the period as input, all
empirical relations can be calculated for the predicted period.

First all desired parameters need to be computed from the topography and wind conditions to fill in the
empirical relations. The platform surface area is computed with the pointcloud from the start of the period
with the same method as described in Appendix F. As is the case for the 97% quantile of the flow velocity at
100° relative to the centre point (Appendix F). Lastly, the percentile of occurrence of the SE, S, SW and W
winds during the period is calculated.

With these parameters the empirical relations found before can be used. First the total volume of
sedimentation, cumulative around the entire spit, is calculated. This is a linear relation in the form of ax+b.
With x as a combination of the percentage of occurrence of the sedimentation current pattern (Occurence,)
and the 97% quantile of the flow velocity during the period. The fit from Figure 1 can be filled in with these
parameters to extrapolate the new total sedimentation. The fit, which is based on cumulative sedimentation
of previous periods, helps predicting the future total sedimentation volume. By multiplying the resulting
volume/day with the number of days in the period this eventually results in equation 1 for the southern spit.

1) Sedip: = (15,1 * Occurrencey, * vgl;?,/i 1000 — 57,4) * days
With equation 1 the total cumulative volume of deposited material during the period is computed. How this

volume is distributed around the spit relative to the centre point. This can be determined by the general
distribution of material that was fitted before (paper Figure 12 and repeated in Figure 2).
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Southern spit: percentage of total sedimentation for each degree, 1% =963.2 m3
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Figure 2. Distribution of sediment around the southern spit for the entire dataset. Each bar gives the percentage of the
total sedimentation that occurred on that particular degree. With a fitted relation for the distribution of total sediment
in red. The distribution in the elevation of sedimentation locations can be seen by the size difference between the
sub-platform level (blue) and the platform level (turquoise). The red line gives a fitted distribution of sediment around
the spit that will be used later to link sedimentation to hydrodynamic drivers.

The fit (red line Figure 2) that has been made from this distribution gives the expected percentage, of the
total amount of sediment in that period, that has and will accrete for each degree. This fit is a function to
the fourth order with as x values the 180 degrees around the spit. By multiplying this fourth order function
at a certain x (degree) with the total amount of sedimentation for that period, the projected accreted for that
single degree will be calculated. Thus the only input conditions for this function are therefore the degree
relative to the centre point (x) and the total amount of sedimentation (equation 1) which gives equation 2.
In this equation every exponent and other value than the variables, come from the fact that this is a to the
fourth order, fitted function.
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Figure 3. The relation (best fit) between the sedimentation ratio and platform area and flow velocity. The markers give
the size of the platform at the start of a period divided by the flow velocity during this period. The indicated date is the
date on which the measurement is taken, thus the date at the end of the considered period. In red the outlier periods
are indicated. These points where likely affected by an erosion event that eroded the sedimentation on the platform,
resulting in a relative low ratio. The height of R? indicates the quality of the approximation.
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With equation 2 it is known what the volume of sedimentation has been over the period for each degree
relative to the centre point. Which part of this volume has been accreted on the platform level, and therefore
causes lengthwise growth of the emerged spit, and which part has accreted on the sub-platform level, and
therefore cause lengthwise growth of the submerged spit-platform, can be calculated with the sedimentation
ratio from Appendix F (also Figure 3). The resulting fitted ratio has been based on the correlation between
the size of the spit-platform and the incoming flow velocity, and the sedimentation ratio. This fitted ratio is
again in the form of ax + b with x a combination of the platform area and flow velocity. The flow velocity has
a negative exponent corresponding with the best fit possible. This fitted ratio is than again used to estimate
the sedimentation ratio for the values that where present in the case that we want to predict (equation 3).

-1,65

97%, 100° 0,07

3) ratio = 4,89% 1077 % platyeq, * v
By multiplying this ratio with the sedimentation volumes for each degree, the volume for the growth of the
emerged spit is known (vol, ) for that degree and the volume for the lengthwise growth of the submerged
spit-platform is known (vol, ) for that degree. The ratio is only considered for the degrees that are around
the distal end and degrees on the northern side of the spit as there is generally no sedimentation at the
waterline on the southern side of the spit. On the southern side mostly erosion occurs. Therefore, for the
degrees lower than 100°, the sedimentation at that degree is divided over the emerged spit and submerged
spit-platform. And for degrees higher than 100° all the sediment goes to the submerged spit-platform. By
using the ratio on the sedimentation at every degree the shift of the waterline and the platform boundary in
the offshore direction can be calculated.

Predictive model: Structure and prediction of contours

For each degree the profile can be simplified in the same manner as has been done for the whole analysis.
The profile is reduced to a “’stair’’-like structure with three levels and two boundaries. This can also be seen
as two blocks. One block with the subaerial level on top, the platform level at the bottom and the waterline
as the face, this is the emerged spit. And one block with the platform level on top, the sub-platform level on
the bottom and the platform boundary as face, this is the submerged spit-platform (Figure 4).

- 0.3 m NAP — start profile
—= new profile

Bl modelled platform
P emerged spit model

- 1.2 m NAP

- 3.5 m NAP

Figure 4. Schematic representation of the model. If the emerged part of the spit should grow in reality (start profile
to new profile) at a certain degree relative to the centre point, the seagreen bar at that degree increases. The same
holds for the submerged platform and the blue bar.
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The elevation boundaries are determined by observing various locations around the spit for different
pointclouds and by verifying it with profiles found by Ton et al. (2021) on the Zuidstrand. For each degree
this emerged block and submerged block can be made. Also, for each degree the volumes are known that
need to be added to each block to obtain the new locations of the waterline and the platform boundary at
these degrees.

First the locations of the waterline and the platform boundary at the start of the period needs to be calculated
by using the pointcloud of the topography at the start of the period. Then these locations need to be
converted to polar coordinates. For each degree the distance of the waterline to the centre point needs to
be computed. The same holds for the platform boundary. Once this is done the starting point of the face of
each block is known.

The offshore shift of the block can be calculated by dividing the volume that needs to fill each block by the
width and the height of the block. The width is calculated by multiplying the distance of the original waterline
and platform boundary to the centre point, by the tangents of one degree. The height of each block is known
because of the schematisation that is used (Figure 4). Then the shift of the waterline and platform boundary
can be calculated with equations 4 and 5.

VOldeg, em
0:9*tan(1o)*d1:5told, waterline
1JOld¢=,"«;.)', sub
2,3+tan(1°)+distoq, plat.boundary

4) AdiStwaterline =

5) Adistyiaepoundary =

Once these shifts in distances are added to the old distances of the waterline to the centre point and the
platform boundary to the centre point, the new distances are known. These distances at each degree can
then again be converted back to the Cartesian coordinate system in order to plot the predicted waterline
location and predicted platform boundary location for each degree (Figure 5).

508800 Predicted topography relativel to realtime topography
™ - . predicted coastline
« predicted platform boundary
---- coastline (-0.3 m NAP) at Apr 2021
—— platform boundary (-1.2 m NAP) at Apr 2021
----- coastline (-0.3m NAP) at Mar 2022

—— platform boundary (-1.2 m NAP) at Mar 2022

508700 -

508600 -

5085004

508400 -

508300 '~ ; . ‘ : ‘
155200 155400 155600 155800 156000 156200

Figure 5. Predicted coastline- and spit-platform boundaries for the year Apr 202 1-Mar 2022, compared to the real
spit growths in that year.



Although this model is simplified and only used to illustrate the potential of the found empirical relations, the
predictions are close to the reality. Especially considering the predictions for the submerged spit-platform.
The predictions for the emerged part are less accurate. Mostly because of erosion which is not considered
in this model. Erosion is much more of relevance for the emerged spit than for the submerged spit-platform
because the emerged spit is above the depth-of-closure (Ton et al., 2021). This effect can clearly be seen
on the southern side of the spit where erosion is abundant and the waterline retreats, instead of progresses.
Another improvement for the prediction of the emerged spit is to not use an average sedimentation ratio
as is used here, but a distribution of sedimentation ratios, for each degree around the spit. Because in
this prediction the growth of the emerged spit is underestimated at the tip, where the emerged spit grows
the most. And overestimated at the very northern side of the spit (around 50° relative to the centre point)
because at that location there is often very little sedimentation on the platform level.

In general, this method is computationally very inexpensive but can still give satisfying predictions for the
three-dimensional spit bathymetry. However, as said before this prediction is used as an experiment to see
the practicability of the used method for spit analysis and the resulting empirical relations. The model is
built with a lot of knowledge about the spit and its behaviour beforehand. Therefore, one should be wary to
implement the same method to do predictions for another spit without carefully considering if the predictions
are logical and in agreement with the trends in reality.
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Figure 6. Flow chart of the used data and relations for the predictive model
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Appendix H

In the Appendices before, it was constantly assumed that practically no material got lost offshore based on
the assumptions of Kraus & Asce (1999). All material that enters the spit area should accrete around the spit.
Also, it was stated in Appendix E that a significant portion or even most of the material that accreted around
the spit and provided the spit growth, originated from the proximal end of the spit with its large scarp. To
further investigate these findings a sediment balance of the entire Zuidstrand is made to identify the most
important sediment sources and sinks.

Volume maps of the Zuidstrand

The same pointcloud post-processing is done for the entire Zuidstrand system, as has been described
for the spit in Appendix B. This results in a mesh that indicates the erosion or sedimentation in volumes
at a square (of 29 m?) during a period (Figure 1). In this volume map only the squares with an elevation
difference of more than 10 cm are considered. This has been done because of the following reason. The
area of the Zuidstrand (around 75 ha) is significantly larger than the considered area of the southern spit.
The measurement error of the entire pointcloud in general can be up to 5 cm. This means that even if an
average error is made of 1 cm, a mistake would be made in calculating the total changed volumes of 7500
m?3. So, by only taking into account the areas that are perceived to have significant change over the period,
the area that is concerned is reduced drastically and therefore also the error for calculating volumes.

The volume maps are as seen in Figure 1. With the erosion indicated in red, accretion indicated in blue and
the contour lines at the start of each period indicated in black (above the storm set-up level: dotted, waterline:
dashed, platform boundary: solid). The black dashed vertical line indicates the boundary between the beach
and the spit area. During some periods nourishments were added resulting in large sedimentation spots on
the maps. The volumes of these nourishments are hard to verify but an approximation was done based on
the principle that the net sediment balance should be around zero. These periods were:

. September 2018 — January 2019 (northern side of the Zuidstrand) 2 370.000 m?
. May 2019 — August 2019 (around the head) 2 200.000 m?

. September 2020 — November 2020 (behind the breakwater at the beginning of the Zuidstrand)
->130.000 m?®

So, the total volume of sediment, nourished during the considered timeframe is around 700.000 m3.
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Figure 1. Volume maps of the entire Zuidstrand for every period




From these maps the sediment sources (clear erosion locations) can be identified as:

Zuidstrand:

. Small scarps at the storm set-up level (around 0,3 m NAP)
. Coastline

. Protrusions created by nourishments

Spit:

. Large scarp proximal end

. Coastline proximal end

Sediment sinks (clear sedimentation locations) can be identified as:

Zuidstrand:

. Around/below the platform boundary

. (Sometimes around the waterline)

. The spit (material eroded from the Zuidstrand is transported to the spit)

Spit:

. Platform level at the distal end

. Sub-platform level at the distal end

. The Zuidstrand (material eroded at the proximal end can be transported to the Zuidstrand)

Besides these clear sources and sinks it can also be seen that sometimes sedimentation occurs on some
places on the platform and on other times erosion occurs on some locations on the platform. This can
more clearly be seen around the spit where there is a sand bar like sedimentation on the platform near
the proximal end (Apr 2020 — Sep 2020), but more often there seems to be erosion at this location on the
platform level.

Quantification of erosion and sedimentation

With the volume maps also the volumes are known of the erosion and sedimentation on the Zuidstrand, and
the erosion and sedimentation on the spit. With these volumes it can be investigated how much material that
is eroded, is lost from the system and what the interaction is between the Zuidstrand and the spit (Table 1).
In Table 1 there are periods where there is more erosion than sedimentation. This is physically possible
because in this case material gets lost from the system and is for example sucked into the sand mining pits
around the whole Zuidstrand. However, there are also periods, periods with nourishments not included,
where there is generally more sedimentation than erosion. This is physically impossible as the material must
originate from somewhere.

The best explanation is that there are sand bars on the platform that store sediment in between periods. But
these sand bars cannot be observed and quantified in the volume maps because the interpolation of the
platform, that gives the pointcloud of the platform, is relatively inaccurate compared to the other pointclouds
sources (Appendix B). There are a couple of reasons why these sand bars are the most likely explanation for
the appearance of sediment in a period:

e Sand bars are observed during fieldwork on the platform but these cannot be seen on the
pointclouds.

e Periods where sediment ‘appears’ often come after periods where there was significantly more
erosion than sedimentation. So, the material came free during an erosion period and accreted on
the platform as a sand bar which could not be registered in the pointcloud. And in the subsequent
period the sediment from the bar moved to the platform boundary for example where it can be
registered, thus suddenly sediment ‘appears’.



e Storage of sediment on top of the platform is also already described by Ton et al. (2021).

e Most importantly, over the whole measured timespan (from September 2018 until April 2021) the
net sediment balance is very balanced. If all the net total volumes are added for every period, the
sediment surplus is 690.000 m® and the total nourished volume is around 700.000 m?3. This is
well within the margin of what can be observed with the pointclouds and makes it likely that there
is some form of sediment storage in the system.

So eventually it seems that almost no sediment gets lost to sand mining pits for example but practically all
the material stays within the system. Also, from Table 1 it turns out that the spit is often in balance. In most
periods the amount of sedimentation is in the same order of magnitude as the erosion at the spit. This
means that indeed the proximal end of the spit, and its scarp, is the most important sediment supplier for
spit growth. And there is little interaction of sediment between the beach and the spit.

In summary, the bulk of the material that is eroded from the Zuidstrand (beach) eventually ends up at the
platform boundary and is used to extend the platform. This is in accordance with the findings of Ton et al.
(2021). And the bulk of the sediment that is eroded at the proximal end of the spit ends up at the distal ends
and allows for the spit to grow. Almost no material gets lost from the whole Zuidstrand system.
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Table 1. Sediment balance for every period with the balance of the Zuidstrand on the left and the balance of the spit
on the right. The total net sediment exchange over all periods is around 690.000 m® of surplus sedimentation.

Bibliography

Kraus, N. C., & Asce, M. (1999). ANALYTICAL MODEL OF SPIT EVOLUTION AT INLETS. ASCE.

Ton, A. M., Vuik, V., & Aarninkhof, S. G. J. (2021). Sandy beaches in low-energy, non-tidal environments:
Linking morphological development to hydrodynamic forcing. Geomorphology, 374. https://doi.
org/10.1016/j.geomorph.2020.107522




	Preface
	Summary
	Thesis build-up
	Summary, based on research questions
	Location of findings
	Hypothesis Southern spit
	Hypothesis Northern spit

	Paper
	Abstract
	Introduction
	Study sites
	Method
	Flow around the spit
	Spit growth quantification

	Results
	Flow around the spit
	Spit growth quantification
	Growth orientation linked to flow
	Sedimentation on elevation levels
	Predictive potential of found relations

	Discussion
	Key drivers for spits in low-energy lakes
	Simplifications, assumptions and inaccuracies
	Possibilities and limitations of the novel method

	Conclusion
	Bibliography

	Appendices
	Table of contents
	Appendix A
	Theory of drone imaging
	Properties of a potential drone, suitable for measurements in coastal areas
	Important parameters for a drone imaging set-up
	Determining the accuracy
	Combining accuracy and efficiency
	Bibliography

	Appendix B
	Pointcloud build-up
	Post-processing in CloudCompare
	Calculating volumes with grid interpolation
	Bibliography

	Appendix C
	1. Scarp erosion
	Quantification

	2. Migration of the southern spit towards the NE-E direction
	Quantification of the southern spit migration
	Quantification of the northern spit migration

	3. Expansion of the spit-platform during high energy periods and 
	Quantification

	Bibliography

	Appendix D
	Southern spit
	Current directions
	Flow velocity

	Northern spit
	Current directions
	Flow velocity

	Bibliography

	Appendix E
	Sedimentation current pattern
	Sediment supply to the spit
	Southern spit
	Northern spit

	Bibliography

	Appendix F
	Transportation energy and dissipation
	The calculation of the flow velocity
	The calculation of the platform area
	Platform area and flow velocity versus sedimentation ratio 
	Outliers (because of erosion)
	Platform surface area and flow velocity combined
	Bibliography

	Appendix G
	Total sedimentation
	Predictive model: using empirical parameters
	Predictive model: Structure and prediction of contours
	Bibliography

	Appendix H
	Volume maps of the Zuidstrand
	Quantification of erosion and sedimentation
	Bibliography





