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At night one can hear the sound of the ocean as it nudges the land. Almost as if it is
insistently pushing the land further back. The sound is not of storm but rather one of patient
persistence and it is not at all audible in the summer months. Yet it is now as rhythmical as
the pulsing of the blood in its governance by the moon.

Alistair MacLeod, “No Great Mischief"






I love creeks and the music they make.

And rills, in glades and meadows, before
they have a chance to become creeks.

I may even love them best of all

for their secrecy. 1 almost forgot

to say something about the source!

Can anything be more wonderful than a spring?
But the big streams have my heart too.

And the places streams flow into rivers.

The open mouths of rivers where they join the sea.
The places where water comes together

with other water. Those places stand out

in my mind like holy places.

But these coastal rivers!

Just looking at it makes my blood run

and my skin tingle. I could sit

and watch these rivers for hours.

Not one of them like any other.

I'll take all the time I please this afternoon
before leaving my place alongside this river.
It pleases me, loving rivers.

Loving them all the way back to their source.
Loving everything that increases me

Raymond Carver, “Where Water Comes Together with Other Water"
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SUMMARY

N AN ERA of rising seas and other challenges posed by climate change, coastal regions

like the Netherlands are facing ever graver threats. Strategic sand nourishments could
mitigate the threat of coastal erosion and sea level rise on barrier island coasts while limit-
ing ecological impacts. However, insufficient knowledge of sediment transport pathways at
tidal inlets and ebb-tidal deltas prevents an informed response in these areas.

The main goal of this project was to describe and quantify the pathways that sediment
takes on an ebb-tidal delta. To reach this goal, we focused our analyses on Ameland ebb-
tidal delta in the Netherlands. Before we could begin to tackle this challenge, we needed to
develop new tools and techniques for analyzing a combination of field measurements and
numerical models. These include a method for analyzing the stratigraphy and mapping the
morphodynamic evolution of ebb-tidal deltas, a new metric for characterizing suspended
sediment composition, and innovative use of sediment tracers. We also established a quan-
titative approach for looking at and thinking about sediment pathways via the sediment
connectivity framework, and developed a Lagrangian model to visualize and predict these
pathways efficiently.

Using these tools, we quantified the small-scale details of physical processes moving
grains of sand around on the ebb-tidal delta (G(1 — 100um)), then zoomed out to reveal the
transport patterns and pathways emerging at a larger scale (G (1 — 10km)). Advancing our
understanding of ebb-tidal delta morphodynamics in the past and present strengthens our
basis for predicting its behaviour in the future.

By analyzing historical bathymetry (Chapter 3), we show that Ameland ebb-tidal delta
is a highly dynamic system characterized by shoal and channel migration in a clockwise
direction around the inlet, at a rate of approximately 14°/decade. These shoals in the active
part of the ETD are continuously reworked on timescales of less than 10 years. Sediment
in Ameland ebb-tidal delta is predominantly well-sorted, fine sand, with muddier material
found in the distal regions offshore. There is a clear clockwise fining trend and reduction in
grain size variation, behaviour consistent with the clockwise migration of sediment around
the delta.

Next, we looked at variations in suspended sediment transport on the ebb-tidal delta as
a function of grain size (0'(1 — 100um)) and under the influence of different hydrodynamic
forcings (Chapters 4 & 5). The sediment on the seabed of Ameland ebb-tidal delta is mainly
sand, but our field measurements reveal the overwhelming presence of muddy sediment
travelling in suspension. Sand tends to be locally resuspended at ebb and flood, while mud
is transported back and forth from the Wadden Sea, dominating suspension at slack tide.
During storms, sand is easily resuspended by waves, and mud can remain in suspension for
days afterwards.

We then took a contrasting perspective on sediment transport by carrying out a La-
grangian tracer study (Chapter 6). Using fluorescent and magnetic sand particles, we high-
lighted the nature of grain size-selective sediment transport and demonstrated the viability
of sediment tracing as a tool for monitoring nourishment dispersal.

xiii



Xiv SUMMARY

To manage information about sediment pathways at different space and time scales, we
developed the sediment connectivity framework (Chapter 7). Using graph theory, we de-
compose complex systems of coastal sediment pathways into networks of nodes and links.
We demonstrate that system connectivity is a clear function of grain size and time, with net-
works of smaller sediment particles growing more widely and rapidly. This approach also
enables us to identify the main bypassing routes across the inlet. Most crucially, connectiv-
ity provides a means of quantifying and understanding the large-scale sediment transport
patterns that emerge upward from small-scale processes, rather than aggregating these pro-
cesses from the top down.

Lastly, we introduced a Lagrangian sediment transport model, SedTRAILS, in order to
visualize and predict sediment pathways (Chapter 8). Used in conjunction with connec-
tivity, it forms a powerful tool for examining emergent sediment transport patterns. A key
advantage of SedTRAILS is that it visualizes complex model outputs in an intuitive way;,
yielding more value from those models and enhancing communication with stakeholders
and non-scientific audiences.

The techniques developed here are useful in a wider range of coastal settings beyond
Ameland, and are already being applied in practice. We foresee that the main impacts of
this project will be to improve nourishment strategies, numerical modelling, and field data
analysis. This dissertation also points forward to numerous opportunities for further in-
vestigation, including the continued development of the connectivity framework and Sed-
TRAILS. By managing our coastal sediment more effectively, we will set the stage for a more
sustainable future, in spite of the challenges that lie ahead.



SAMENVATTING

N EEN TIJDPERK waarin de zeespiegel stijgt en klimaatverandering ook andere uitdagin-
I gen met zich meebrengt, worden kustregio’s zoals Nederland geconfronteerd met steeds
grotere dreigingen. Strategische geplaatste zandsuppleties kunnen de dreigende kusterosie
en zeespiegelstijging langs de kusten van Waddeneilanden verminderen en tegelijkertijd de
ecologische effecten beperken. Onvoldoende kennis van de sedimenttransportpaden in de
zeegaten en buitendelta’s verhindert echter een onderbouwd ingrijpen in deze gebieden.

Het belangrijkste doel van dit proefschrift was het beschrijven en kwantificeren van de
paden die sediment in een buitendelta aflegt. Om dit doel te bereiken, hebben we onze
analyses gericht op de buitendelta van Ameland in Nederland. Voordat we deze uitdaging
konden aangaan, moesten we nieuwe hulpmiddelen en technieken ontwikkelen voor het
analyseren van een combinatie van veldmetingen en numerieke modellen. Deze omvatten
een methode voor het analyseren van de stratigrafie en het in kaart brengen van de mor-
fologische ontwikkeling van buitendelta’s, een nieuw maatstelsel voor het karakteriseren
van de samenstelling van gesuspendeerd sediment en innovatief gebruik van sedimenttra-
cers. We hebben ook een kwantitatieve methode ontwikkeld om sedimenttransportpaden
te beschouwen en te evalueren middels het sedimentconnectiviteitsraamwerk, en een La-
grangiaans model ontwikkeld om deze routes efficiént te visualiseren en te voorspellen.

Met behulp van deze methoden hebben we de kleinschalige details gekwantificeerd van
de fysische processen die zandkorrels in de buitendelta doen verplaatsen (0'(1-100um)), en
zoomden vervolgens uit om de transportpatronen en -paden te onthullen die die op grotere
schaal aanwezig zijn (G(1 — 10km)). Het verbeteren van ons begrip van de morfodynamica
van buitendelta’s in het verleden en heden versterkt onze voorspelkracht van het gedrag van
deze gebieden in de toekomst.

Door historische bodemliggingen te analyseren (Hoofdstuk 3), laten we zien dat de bui-
tendelta van Ameland een zeer dynamisch systeem is dat wordt gekenmerkt door een mi-
gratie van platen en geulen met de klok mee rond het zeegat, met een rotatiesnelheid van
ongeveer 14° /decennium. Deze platen in het actieve deel van de buitendelta worden con-
tinu herwerkt op een tijdschaal van minder dan 10 jaar. Sediment in de buitendelta van
Ameland is over het algemeen goed gesorteerd fijn zand, en materiaal met meer slib aan-
wezig in gebieden verder van de kust. Met de klok mee wordt het sediment fijner en neemt
de variatie in korrelgrootte af, gedrag dat consistent is met de migratie van sediment met de
klok mee rond de buitendelta.

Vervolgens hebben we gekeken naar variaties in zwevend sedimenttransport op de bui-
tendelta als functie van de korrelgrootte (0(1 —100um)) en onder invloed van verschillende
hydrodynamische krachten (Hoofdstukken 4 & 5). Het sediment op de zeebodem van de
buitendelta van Ameland bestaat voornamelijk uit zand, maar onze veldmetingen laten
de overweldigende aanwezigheid van slib in suspensie zien. Zand wordt bij eb en vloed
meestal plaatselijk opnieuw gesuspendeerd, terwijl slib vanuit de Waddenzee heen en weer
wordt getransporteerd en bij laagwater de suspensie domineert. Tijdens stormen wordt
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zand gemalkkelijk weer in suspensie gebracht door golven, en slib kan daarna nog dagen-
lang in suspensie blijven.

Vervolgens hebben we een ander perspectief op het sedimenttransport beschouwd door
het uitvoeren van een Lagrangiaanse tracerstudie (Hoofdstuk 6). Met behulp van fluores-
cerende en magnetische zanddeeltjes hebben we de aard van korrelgrootte-selectief se-
dimenttransport uitgelicht en de haalbaarheid aangetoond van sedimenttracering als een
hulpmiddel voor het monitoren van de verspreiding van suppleties.

Om met informatie over sedimentroutes op verschillende ruimte- en tijdschalen te kun-
nen omgaan, hebben we het sedimentconnectiviteitsraamwerk ontwikkeld (Hoofdstuk 7).
Met behulp van de grafentheorie ontleden we complexe sedimentpaden in kustsystemen in
netwerken van knooppunten en verbindingen. We demonstreren dat systeemconnectiviteit
een duidelijke functie is van de korrelgrootte en tijd, waarbij netwerken van kleinere sedi-
mentdeeltjes breder en sneller groeien. Deze aanpak stelt ons ook in staat om de belang-
rijkste paden te identificeren waarover het sediment het zeegat passeert. Het meest cruci-
ale is dat connectiviteit een manier biedt om de grootschalige sedimenttransportpatronen
- voortkomend uit kleinschalige processen — te kwantificeren en te begrijpen, in plaats van
deze processen van bovenaf te aggregeren.

Ten slotte hebben we een Lagrangiaans sedimenttransportmodel, SedTRAILS, geintro-
duceerd om sedimentroutes te visualiseren en te voorspellen (Hoofdstuk 8). Uit de bewe-
ging van individuele deeltjes ontstaat gaandeweg patronen. Als dit model gebruikt wordt
in combinatie met het connectiviteitsprincipe, vormt het een krachtig hulpmiddel voor
het onderzoeken van deze sedimenttransportpatronen. Een belangrijk voordeel van Sed-
TRAILS is dat het complexe modelresultaten op een intuitieve manier visualiseert, meer
waarde uit de modellen haalt en de communicatie met belanghebbenden en niet- weten-
schappelijke doelgroepen verbetert.

De hier ontwikkelde technieken zijn ook buiten Ameland bruikbaar in een breed scala
van kustgebieden en worden nu al in de praktijk toegepast. We voorzien dat dit project
met name de verbetering van suppletiestrategieén, numerieke modellering en analyse van
veldgegevens mogelijk maakt. Dit proefschrift wijst ook op een tal van mogelijkheden voor
verder onderzoek, inclusief het door ontwikkelen van het connectiviteitsraamwerk en Sed-
TRAILS. Door ons kustsediment effectiever te beheren, maken we de weg vrij voor een duur-
zamere toekomst, ondanks de uitdagingen die voor ons liggen.









INTRODUCTION

KEY POINTS:

* Motivation:

— Strategic sand nourishments could mitigate the threat of coastal ero-
sion and sea level rise on barrier island coasts while limiting ecological
impacts.

— Insufficient knowledge of sediment transport pathways at tidal inlets
and ebb-tidal deltas prevents an informed response.

* Main Research Goal:
— Describe and quantify the pathways that sediment takes on an ebb-tidal
delta, using the example of Ameland Inlet in the Netherlands.
* Approach:
— Use field measurements and numerical models to enhance our under-
standing of physical processes in tidal inlet and ebb-tidal delta systems.

— Create practical tools and frameworks for addressing coastal sediment
management concerns in these environments.




4 1. INTRODUCTION

1.1. DUTCH COASTAL VULNERABILITY

To live in the Netherlands is to face an existential threat from the sea. For centuries, the
Dutch have fought floods and other marine calamities by learning from past disasters and
engineering their landscape in response. This has included widespread diking and land
reclamation, the construction of coastal dams and barriers, and the fundamental reshaping
of their coastal system. Although these solutions have enabled Dutch society to flourish
until now, will they still suffice in the future?

How can we keep Dutch feet dry in the face of climate change, sea level rise, and ground
subsidence? Our current safety from coastal flooding has its foundation in broad, sandy
beaches and massive dunes that form a protective buffer against waves and storm surges
(Figure 1.1). Without regularly topping up the supply of sand stored along the coast, waves
would gnaw at the foot of the dunes until there was nothing left of the protective buffer. The
waves and tides effectively drive a gigantic conveyor belt that perpetually carts sand away
from the beaches and dunes and down the coast.

If not maintained, the long-term safety of the Netherlands could be in jeopardy. The
Dutch flooding problem is thus not just a case of having “too much water”, but also one of
having too little sand (Van Der Molen and Van Dijck, 2000; Mulder et al., 2011). This need
for constant replenishment will be exacerbated by rising sea levels, since the coastline will
retreat and the demand for sand will be amplified (FHaasnoot et al., 2020). Climate change
will present the Dutch with new challenges in the next century and beyond (Katsman et al.,
2011).

Figure 1.1: Tiny grains of sand from Ameland ebb-tidal delta, 10 million of them in just a handful. It is these grains
that form the Netherlands’ main defense against coastal flooding (see also Appendix D). As they are jostled by
waves and whisked away by tides, patterns emerge from these sand grains that shape our coasts over hundreds of
kilometers and across generations.
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1.2. COASTAL SAND NOURISHMENTS

Over the past four decades, the established practice of building “hard” structures like dikes
and dams shifted towards using “soft” solutions that directly addressed the need to main-
tain sufficient sand on the coast. In 1990, the Dutch government drew a literal line in the
sand, and established the Basiskustlijn, which represents the low-water mark along its en-
tire coast circa that time. If the mean coastline position at a given point threatens to re-
treat landward past the Basiskustlijn, it must be supplemented with additional sand, a pol-
icy known as “Dynamic Preservation” (Hillen and Roelse, 1995; Koster and Hillen, 1995).
The current policy takes a holistic view of the coastal system, considering how the Nether-
lands’ total sediment balance shifts with sediment exchange between the coastal founda-
tion, offshore, dunes, and estuaries, plus across the Belgian and German borders (Lodder
and Slinger, 2021).

Operationally, the sediment supply of the Dutch coast is continually replenished by
dredging sand from the North Sea and spreading it (or “nourishing”) along the coast, whether
on beaches or slightly deeper on the shoreface (Huisman et al., 2019). In this way, they “hold
the line” and add sand to specific locations to maintain flood protection standards there.
Each year since 2000, 12 x 10°m3 of sand has been added to the coastal foundation (Kust-
fundament, the zone between the -20 m depth contour and the landward side of the dunes,
Figure 1.2a) (van der Spek and Lodder, 2015). Nourishment is widely practiced on long,
straight beaches like those of the Holland coast, both here in the Netherlands and around
the world (Hanson et al., 2002; Cooke et al., 2012; Hanley et al., 2014; Ludka et al., 2018; Liu
etal., 2019; de Schipper et al., 2021).

As the Dutch nourishment program matured, there was growing recognition of the en-
vironmental impact that frequent nourishments can have along the coast. Every time a sec-
tion of coast is nourished, seabed habitats are buried by the added sand, and the changed
topography and sand grain characteristics of the nourished beach may also disrupt coastal
ecosystems (Speybroeck et al., 2006). Recognition of these impacts coincided with a shift to
a new paradigm of “Building with Nature”, instead of fighting against it (Mulder et al., 2011;
Temmerman et al., 2013; van Slobbe et al., 2013). A single large nourishment on the coast
with a lifespan of several decades is expected to be more efficient, economical, and less
disruptive to coastal ecosystems in the long run than placing smaller beach or shoreface
nourishments every few years (Stive et al., 2013; Briere et al., 2018). The waves and tides
then redistribute the sand over a larger area and contribute to coastal protection.

In a first pilot study of this new philosophy, the Sand Engine or Zandmotor was con-
structed on the coast of South Holland in 2011 (Stive et al., 2013; de Schipper et al., 2016;
Luijendijk et al., 2017). The fate of a nourishment like the Sand Engine is well-explained by
basic theories of coastal sediment transport. Straight, alongshore uniform coastlines (like
in Holland) can be conceptualized as one-dimensional systems, with wave-driven along-
shore currents moving sand up or down the coast like conveyor belts. In the absence of
structural erosion or accretion on a given coast, beach nourishments on a straight coastline
like the Sand Engine will gradually diffuse away from their initial location until the coastline
flattens out to its original condition. The ecological impact of the Sand Engine is complex,
but it was actually found to have increased local biodiversity via the creation of new habi-
tats on an otherwise straight coastline (Herman et al., 2021). Based on similar principles,
other meganourishments (> 5 x 10%m3 of sand) have since been constructed, such as at the
Hondsbossche Zeewering in North Holland (Kroon er al., 2017; Wittebrood et al., 2018).
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Figure 1.2: Overview of the study site at different spatial scales. (a) Overview map of the Netherlands indicating
the location of the Wadden Sea and main study site at Ameland Inlet (€' (100 — 1000km)). (b) The Dutch Wadden
Sea (G(10—100km)). (c) Ameland inlet and ebb-tidal delta circa 2021 (& (1—10km)). (d) Nourishment on Ameland
ebb-tidal delta (€' (100 — 1000m)). (e) Bedforms on the seabed located just offshore of the ebb-tidal delta (€'(0.01 -
100m)). (f) Individual grains of sand on the ebb-tidal delta (€'(0.01 — 1mm)).
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1.3. THE CHALLENGES OF NOURISHING NEAR TIDAL INLETS

The relatively straight coasts of Holland make up only part of the Dutch coastline. The
northern coast consists of a series of barrier islands punctuated by tidal inlets which con-
nect the North Sea to the Wadden Sea (Figure 1.2b). The straight “conveyor belts” of along-
shore currents that move sediment along the island beaches are interrupted by tidal inlets,
2 to 10 km-wide gaps through which the Wadden Sea empties and refills twice daily. Tidal
inlets exert a strong influence on the sediment balance and consequent erosion or accretion
of their adjacent coastlines (Ranasinghe et al., 2013; Bamunawala et al., 2021). The Wadden
Sea acts as a sediment sink in the Dutch coastal system, leading to a demand for sediment
from the North Sea coasts around the Wadden Sea (Wang et al., 2018). These parts of the
coast may thus require more frequent and intense nourishment programs to stabilize them
(Elias and van der Spek, 2017).

The viability of sand nourishments in these environments is determined in part by com-
plex management requirements. Coastal managers are concerned with not only maintain-
ing the volume of sand in beaches and dunes along the primary defenses of the islands,
but also with the prospect of ensuring that the intertidal shoals and flats of the Wadden Sea
keep pace with sea level rise and subsidence (Fokker et al., 2018; Vermeersen et al., 2018). If
sediment supply to these intertidal areas is insufficient to build them up, then there is the
risk that they will “drown”, altering valuable habitat and exacerbating the flood risk to the
mainland. The Wadden Sea is the most extensive contiguous intertidal area in the world,
and was designated a UNESCO World Heritage Site due to its unique ecosystem and role as
key stopover for migratory birds (Reise et al., 2010). However, the capacity of the tidal inlets
and availability of sediment to feed the Wadden Sea is still poorly quantified (Elias ef al.,
2012a; Wang et al., 2018; Lodder et al., 2019; Becherer et al., 2018).

The value of the Wadden Sea extends beyond its rich ecosystem and role in flood protec-
tion, and potential solutions must satisfy a diverse array of stakeholders (Kabat et al., 2012;
Giebels et al., 2013; Baptist et al., 2017). Tourism and fishing industries are also important to
the local economy (/meson and Van Den Bergh, 2006; Sijtsma et al., 2012; Floor et al., 2016).
It is thus imperative that coastal protection measures do not come at the cost of irrepara-
ble environmental damage or disruption to important local industries. This balancing act
is made even more difficult by the technical challenges and uncertainties associated with
executing successful nourishments in and around tidal inlets.

Competition and collaboration between waves and tides on the convoluted coast of the
Wadden Islands move sand in seemingly chaotic patterns and constantly reshape the land-
scape. We have an especially poor understanding of the pathways that sediment takes as
it moves between the islands across vast underwater sand deposits (“ebb-tidal deltas”, or
ETDs), although this knowledge is essential for effective nourishments. Much of the sedi-
ment feeding the Wadden Sea is supplied by the ebb-tidal deltas, which are limited in size
and shrinking quickly (Elias er al.,, 2012a). These massive piles of sand also act as natu-
ral breakwaters, shielding the Wadden Sea and parts of the adjacent coasts from wave ac-
tion (FitzGerald, 1988). In order to maintain the local sediment budget and preserve these
natural defence systems, it is thus necessary to consider nourishing ebb-tidal deltas. The
complexity of this environment and our limited experience with nourishing in such loca-
tions means that existing techniques may not work well there. While the total amount of
sand contained in these ebb-tidal deltas is generally correlated to the volume of water trans-
ported through the inlet on every tidal cycle (or “tidal prism”) (O’'Brien, 1966), their precise
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shape and volume fluctuates continuously. Mapping the behaviour of tidal inlets to enable
better prediction of their morphodynamics is thus a key research priority for the coming
years (Power et al., 2021).

The transport pathways connecting one island to the next form a knot of shifting con-
veyor belts', in a process cumulatively known as sediment bypassing (Bruun and Gerritsen,
1959; FitzGerald, 1983; Elias et al., 2019). The chief morphological consequence of this by-
passing process is the migration of shoals and channels across the ebb-tidal delta, which
can directly influence the erosion or accretion of adjacent shorelines (FitzGerald et al., 1984;
Kana et al., 1999a; Garel et al., 2014a) and pose challenges for navigability (Cleary, 2002).
The direction of migration is controlled by the channels and subsequent redistribution/re-
working of sand by waves and currents. Inlet channels tend to be tidally forced into align-
ment with the direction of the incoming tidal propagation (towards the updrift coast of the
Dutch Wadden inlets). Wave-driven sediment transport tends to distort the channels in a
downdrift direction (counter to the preferred tidal alignment in the Dutch Wadden inlets)
(Sha, 1989a). If this distortion becomes so great that the channel is no longer an efficient
conduit for flow, it may then switch back to a more efficient alignment, and begin anew
in processes known as “ebb-tidal-delta breaching” or “outer channel shifting” (FitzGerald
et al., 2000). This switch may occur gradually or rapidly, often during spring tides or storms
when discharge is highest (FizzGerald, 1988). As it tends to repeat in similar patterns, sedi-
ment bypassing is often described as a cyclical process (Oertel, 1977; Israel and Dunsbergen,
1999; Gaudiano and Kana, 2001; Cheung et al., 2007; Ridderinkhofet al., 2016; Lenstra et al.,
2019a), although the exact nature of this cyclicity is disputed (Elias et al., 2019).”

Sediment that does not bypass the inlet may instead become entrained within the ebb-
tidal delta or recirculate there (Herrling and Winter, 2018; Son et al., 2011). The tidal inlet
can also be a net sink of sediment, with sand being imported into the basin on the incom-
ing tide and then being deposited there. This import (or alternatively, export) of sediment is
highly dependent on the morphology and hydrodynamics (i.e., tidal asymmetry and other
residual currents) of the basin in question (Stive and Wang, 2003; Wang et al., 2020). In many
inlets, humans interfere with the bypassing process, blocking sediment pathways with jet-
ties or dredging to maintain navigation channels (Beck, 2019).

The picture is further complicated when variations in sediment grain size are consid-
ered. Stronger forces are generally needed to transport larger particles, meaning that on the
Dutch coast, coarse sand (0.25 — 1.0mm) is only moved by strong tidal currents and large
waves during storms. Finer sand (0.063 —0.250mm) is mobilized much more readily, while
the finest silt and clay (“mud”) particles (< 0.063mm) are so easily transported that they can
remain in suspension for days at a time (unless consolidated). The aforementioned bypass-
ing processes and indeed sediment transport pathways in general are strongly grain size-
dependent. Grain size is thus a key parameter in determining the fate and persistence of a
nourishment (Dean, 2002; Hanson et al., 2002), as well as its ecological impact (Bishop et al.,
2006; Peterson et al., 2014). Ultimately, particle size also determines depositional behaviour
and will influence the ability for the Wadden Sea to keep up with sea level rise (Lodder et al.,
2019; Colina Alonso et al., 2021), so it is essential to be able to predict grain size-dependent
pathways.

Forecasting the fate of a nourishment on an ebb-tidal delta is thus not a trivial task:

1 Alternatively, consider the moving staircases of Hogwarts (Rowling, 1997).
2 “Questions of cyclicity produce much warmth and much paper.” - Derek V. Ager
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Figure 1.3: Conceptual diagram illustrating dominant net transport pathways and channel rotation for an ide-
alized, mixed-energy tidal inlet similar to Ameland Inlet (the Netherlands) (Elias et al., 2019) and typical of the
Wadden Sea (e.g., Sha (1989a)). Yellow arrows indicate sediment pathways, and darker blue colours correspond to
deeper areas.

there are innumerable pathways that its sediment can take, and its dispersal is steered by
complex physical processes that are difficult to measure and model. In contrast to the rela-
tively simple sediment transport conveyor belts of a straight coastline, the pathways on an
ebb-tidal delta become a tangled pile of spaghetti. Attempts to numerically simulate the
evolution of ETDs have resulted in mixed successes (Wang et al., 2016; Bak, 2017; Lenstra
et al., 2019a; Bertin et al., 2020) but lack predictive skill at the 5 to 20-year timescales cru-
cial for planning engineering works (Elias, 2018). Part of this relates to shortcomings in our
process-based models, for which we need to collect more field measurements to make im-
provements. Previous research on ebb-tidal deltas has also tended to focus more on their
potential as a source for nourishment sand rather than as a destination for it (Kana et al.,
2014; Elko et al., 2020; Beck, 2019). As such, we do not have good answers to even basic
questions like, “what kind of sediment is moving around?”, “where on an ETD should we
nourish?”, and “where does all the sediment go?”.

If we do not have answers to these questions before nourishing, we run the risks of un-
wanted impacts to the Wadden Sea (will nourished sand reach the basin and disrupt vul-
nerable habitats there?), of triggering large morphological changes (e.g., channel shifting or
shoal migration in such a way that negatively affects the adjacent coastlines), of disrupting
navigation, or of an inefficient, expensive design.

We consider Ameland Inlet as a “living laboratory” (Wallinga et al., 2021) for deepening
our knowledge of ebb-tidal delta dynamics and for developing tools and techniques to de-
termine the fate of nourished sediment. The challenges facing Ameland are not unique to
the Dutch Wadden Sea, and are relevant for other barrier coast and inlet systems around the
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world, including the German and Danish Wadden Sea (Sha, 1989a; FitzGerald et al., 1984;
Benninghoff and Winter, 2019), France (Robin et al., 2009), Spain (Morales et al., 2001), Por-
tugal (Garel et al., 2014b), Italy (Fontolan et al., 2007), Brazil (Ambrosio et al., 2020), the US
West (Beck and Arnold, 2019), East (Kana et al., 1999a), and Gulf coasts (Powell et al., 2006),
China (Zhang et al., 2020a), Japan (Okabe and Kato, 2018), New Zealand (Hicks and Hume,
1996), to provide just a few examples. As such, the lessons learned in Ameland can be ap-
plied far and wide.

1.4. SHIFTING SCALES FROM SAND GRAINS TO EBB-TIDAL DELTAS

A conceptual challenge facing coastal managers is the matter of how sediment dynamics
vary at different spatial and temporal scales (Figure 1.4), and how those dynamics cascade
up or down the scales. The physical processes shaping our coasts span from micron-sized
clay particles buffeted around by turbulent fluctuations that last mere fractions of a second,
to the migration and flexing of whole continents via plate tectonics, imperceptible within
our lifetimes.” The ‘scale cascade’ concept (Figure 1.4) is widely used in coastal science
(De Vriend, 1991; Cowell et al., 2003; Vitousek et al., 2017a), and boils down to this: large
landscapes take a long time to change, whereas smaller features in those landscapes evolve
much more quickly. Larger scales provide boundary conditions for smaller ones, and in
turn, patterns emerge from disorder at small scales to shape the larger ones. Fortunately,
this scale cascade constrains our analysis, as it means that we are typically not concerned
with significant changes to large landscapes over short periods or to small features like bed-
forms over long periods (Kleinhans et al., 2005).

At the scale of the entire Dutch coastal system (Figure 1.2a,b, (100 —1000km)), the un-
derlying geological setting and longer-term processes like sea level rise matter most. The lo-
cation of individual islands and inlets in the Wadden Sea change on scales of decades to cen-
turies, while the position of channels and shoals within those inlets may vary on a scale of
months to years(Figure 1.2¢,d, G(100m —10km)). Bedforms like dunes and megaripples are
smaller still, and vary accordingly on even briefer timescales (Figure 1.2e, ¢ (0.01 — 100m)).
At the smallest scale, sand grains may move around in a matter of seconds (Figure 1.2f,
0(0.01 - 1mm)).

The general demand for sediment is determined at the largest scales (is there enough
sand within the entire Dutch coastal system?), but the details of where it is placed depend
on meeting coastal protection goals at a much smaller scale. However, it is still possible to
meet both large and small-scale needs by nourishing carefully (Elias, 2021).

Human interventions like dredging or nourishments can shape coastal systems at multi-
ple spatial and temporal scales, such that small changes may lead to widespread irreversible
consequences (Wangertal., 2015). A sustainable sediment management plan must therefore
be carefully placed in context with the cascade of physical processes acting at all scales.

In addition to these conceptual gaps, we also lack the tools and techniques necessary to
analyze and predict sediment transport pathways. We need ways to make sense of large
bathymetric datasets, to characterize suspended sediment in mixed sand-mud environ-
ments, to monitor the dispersal of sand grains, to simulate sediment pathways, and a con-
ceptual framework to manage all this information. This dissertation thus focuses on meet-
ing the need for these new approaches.

3« dinosaurs riding stone galleons westward
an inch a year for centuries
lived and died like sailors”— Al Purdy (1996)
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Figure 1.4: Overview of the scale cascade for the Dutch coastal system, adapted from De Viiend (1991); Cowell et al.
(2003); Vitousek et al. (2017a). Physical processes driving the system are labelled in blue and morphological
features in brown, although it should be noted that when and where a given phenomenon starts and ends is
seldom clear-cut, and may span several orders of magnitude. Residual and emergent phenomena at smaller scales
propagate upward to affect features at larger scales, while larger-scale phenomena serve as boundary conditions
for smaller scales.

MAIN MOTIVATION FOR RESEARCH:

* Barrier coast systems like the Dutch Wadden Islands and Sea are vulnerable
to coastal erosion and sea level rise

 To avert these threats while limiting ecological impacts may require strategic
nourishments in a complex, dynamic environment (i.e., at tidal inlets and
ebb-tidal deltas)

 There is insufficient knowledge of sediment transport pathways at these loca-
tions and across different space/time scales, making it a challenge to predict
the fate of nourishments there

* In addition to this knowledge gap, we also lack the tools and approaches nec-
essary to analyze and predict sediment pathways
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1.5. RESEARCH APPROACH

To address these concerns, the Kustgenese 2.0 (Coastal Genesis 2.0) and SEAWAD projects
(of which this dissertation is a part) were initiated (Rijkswaterstaat, 2020). An extensive field
measurement campaign at Ameland Inlet was conducted in Fall 2017 (Van Prooijen et al.,
2020), and four PhD research projects at three Dutch universities were initiated, in part-
nership with the Dutch Ministry of Infrastructure (Rijkswaterstaat) and numerous other
public and private institutions. These projects are focused on intra-wave sediment trans-
port and wave transformation (de Wit et al., 2019, 2020), bedform dynamics (Brakenhoff
et al., 2019a,b, 2020a), benthic ecology (Holzhauer et al., 2020, 2021), and sediment trans-
port pathways on Ameland ebb-tidal delta (this dissertation). Furthermore, a pilot ebb-
tidal delta nourishment was constructed in 2018 and intensively monitored. The outcome
of these projects will be used to inform Dutch coastal management policies and plans in
the years to come.

The main goal of this dissertation is to identify and understand the pathways that sed-
iment takes on an ebb-tidal delta, using the example of Ameland Inlet in the Netherlands.
Resolving these matters requires the synthesis of multiple lines of evidence, by interpreting
and combining field measurements with numerical simulations. Here we focus on the de-
velopment of new tools and techniques for analyzing and interpreting sediment pathways
on ebb-tidal deltas at varying space and time scales. The following tasks were carried out in
response to these goals:

1. Describe the historical morphological evolution of Ameland ebb-tidal delta.
Chapter 2 provides key background information on the project’s main study site,
Ameland inlet and ebb-tidal delta. In particular, we focus on historical bathymetry
to understand how this area has evolved in the past on decadal timescales and spatial
scales of @(100m — 10km). This gives us an understanding of what led to the present
conditions and how the delta might behave in the future, using an unprecedentedly
long and high-resolution historical dataset (from 1500 to the present). Chapter 3
builds on that work, presenting a new approach to analyzing high-resolution bathy-
metric data which allows us to construct stratigraphic models and map the dynamics
of ebb deltas in a more convenient coordinate system.

2. Characterize hydrodynamics and suspended sediment on Ameland ebb-tidal delta.
In Chapters 4 and 5, we delve into the physical processes responsible for shaping
the ebb-tidal delta by analyzing in situ (Eulerian) field measurements. To do so, we
examine (1 — 100um)-scale variations in particle size on the seabed and at a fixed
point in the water column for several weeks (Chapter 4). This approach does not
yield enough information to fully diagnose suspended sediment composition, so we
then propose a novel indicator of relative optical and acoustic backscatter to measure
mixed sediment in suspension (Chapter 5).

3. Quantify sediment dispersal on the ebb-tidal delta using sediment tracers.

In contrast to Chapters 4 and 5, we next analyze Lagrangian measurements of tracer
sediment (i.e., tracking the fate of individual sand grains as they move along the seabed).
Via this approach we describe the spreading and sorting behaviour of sand on the
ebb-tidal delta in Chapter 6 from individual grains up to the scale of a nourishment
(©(100m—1km)).
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4. Define conceptual framework for systematically quantifying sediment transport
pathways in coastal environments.
Using existing approaches to systematically analyze sediment pathways is challeng-
ing, so in Chapter 7 we present the graph theory-based conceptual framework of
coastal sediment connectivity. By schematizing coastal systems as a series of con-
nected networks, we visualize complex transport patterns and provide new quantita-
tive metrics for analysis. Furthermore, it allows us to transcend the different scales,
using detailed process-based models (¢ (100um)) to compute sediment pathways across
the entire ETD (€'(1 — 10km)) and quantify the patterns that emerge. At this scale, we
can better inform coastal management and policy.

5. Develop Lagrangian sediment transport model and visualization tool to predict
sediment transport pathways.
To move from a descriptive to predictive analysis of sediment pathways, we develop
and test a numerical sediment tracer model in Chapter 8. This approach greatly ex-
pands the visualization and analysis potential for existing coastal sediment transport
models, particularly when used in conjunction with connectivity.

The dissertation concludes with a synthesis of the key findings, research impacts, and
future outlook in Chapter 9.












AMELAND INLET & EBB-TIDAL
DELTA

KEY POINTS:

* Ameland Inlet connects the Dutch Wadden Sea with the North Sea, and fea-
tures a large deposit of sand at its seaward side, the ebb-tidal delta

* Over 400 years of bathymetric surveys paint a rich portrait of the ebb-tidal
delta’s morphological evolution

* The inlet is a mesotidal, mixed-energy system (Aniqq; = 2.5m, Hs = 1.4m)
heavily influenced by the wind

* The ebb-tidal delta consists mainly of well-sorted fine sand

¢ To quantify all of this, a field measurement campaign was undertaken at the
site in 2017 as part of the Kustgenese 2.0/SEAWAD project.

Parts of this chapter have been published in the following articles and reports, to which the author made substan-
tial contributions:

Elias, E.PL., van der Spek, A.].E, Pearson, S.G., & Cleveringa, J. (2019). Understanding sediment bypassing processes
through analysis of high-frequency observations of Ameland Inlet, the Netherlands. Marine Geology. [Link]

Elias, E.PL, Pearson, S.G.., van der Spek, A., & Pluis, S. (In press). Understanding meso-scale processes at a mixed-
energy tidal inlet: Ameland Inlet, the Netherlands — implications for coastal maintenance. Ocean & Coastal Man-
agement.

Pearson, S.G., Tonnon, PK. (2018). Kustgenese 2.0; overview of available sediment data at Ameland inlet, The
Netherlands: Deltares report 1220339-007-ZKS-0003.

van Prooijen, B.C,, Tissier, M.ES., de Wit, EP, Pearson, S.G., et al. (2020). Measurements of Hydrodynamics, Sed-
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[Link]
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I N order to address the general problem of describing and quantifying the pathways that
sediment takes on an ebb-tidal delta, this dissertation considers the example of Ameland
Inlet in the Netherlands. In this chapter, we examine how the shape of the ebb-tidal delta
and the size of the sand grains within it vary in space and time. We begin by considering
the field measurements carried out as part of the SEAWAD and Kustgenese 2.0 projects, in
order to set the stage for the rest of the dissertation. We examine historical maps and grain
size data to understand how Ameland Inlet and ebb-tidal delta have evolved in the past and
what they look like today. This is followed by an introduction to the hydrodynamic forcing
that shapes the delta: waves, tides, wind-induced flows, and freshwater input. Lastly, we
consider the contributions of other studies within SEAWAD and Kustgenese 2.0, to put them
in context with this dissertation. The challenges faced in predicting the future evolution of
ebb-tidal deltas are formidable, but the wealth of data available from Ameland provides us
with a solid foundation on which to build future developments.

2.1. INTRODUCTION

The entire Dutch coast has been heavily modified over the last 1000 years, and these works
intensified during the 20th century, dramatically altering the landscape. Most of the estuar-
ies in the south and north parts of the country have been utterly transformed via damming
or dredging as part of flood defense or navigation works. By contrast, Ameland Inlet has
been relatively untouched in recent decades, with only minor shore protection works along
its east side. Flanked by the barrier islands of Ameland and Terschelling, Ameland Inlet was
selected for further study since it was thought to exhibit more natural dynamics than the
other inlets. Furthermore, extensive field measurements of waves (Zijderveld and Peters,
2009; van Dongeren et al., 2011) and bathymetry (Elias et al., 2019) provided a solid basis for
further analysis.

The raw brutality of waves and currents colliding on ever-shifting shoals have left tidal
inlets with a well-deserved reputation for being difficult and expensive places to collect field
measurements (Van Prooijen et al., 2020). Unfortunately, it is this brutality that we are most
interested in quantifying, and yet these observations are few and far between (e.g., Elias
etal. (2012b); Salles et al. (2015); Bertin et al. (2020)). High-quality measurements of hydro-
dynamics and suspended sediment are essential for calibrating and validating numerical
models. Even though remote sensing brings many promising opportunities for frequent,
long-term spatial measurements of ebb-tidal delta dynamics (e.g., Pianca et al. (2014); Rid-
derinkhof et al. (2016); Ford and Dickson (2018); Zhang et al. (2020a)), crucial aspects of
hydrodynamics, sediment transport, and subtidal morphological change are not yet ade-
quately captured. There is thus a need for detailed in situ measurements of the physical
processes acting in these environments.

To respond to this need, the Dutch government (Rijkswaterstaat) initiated the Kustge-
nese 2.0 research program in collaboration with Deltares. Part of this program was an ex-
tensive field campaign at Ameland Inlet in the Netherlands in Fall 2017 (Figure 2.1). This
campaign was carried out in close collaboration with the universities of Delft, Utrecht and
Twente, via the SEAWAD project. Hydrodynamics, bathymetry, salinity, sediment composi-
tion, and benthic species distribution were measured at various locations on the ebb-tidal
delta, in the inlet gorge and in the basin.'

IThe Kustgenese 2.0/SEAWAD datasets obtained in 2017 and 2018 are accessible via
https://doi.org/10.4121/collection:seawad. The repositories include the raw and processed data as well as
relevant metadata and processing scripts.


https://doi.org/10.4121/collection:seawad
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Figure 2.1: Locations of hydrodynamic, sediment, and atmospheric measurements carried out during the Kust-
genese field campaigns in 2017-2018 (AZG = Amelander Zeegat, DVA = Diepe Vooroever Ameland, DVT = Diepe
Vooroever Terschelling). Modified from Van Prooijen et al. (2020).

The Amelander Zeegat (AZG) campaign spanned August until October 2017, and fea-
tured four measurement frames across Ameland Inlet and ebb-tidal delta. These frames
featured a host of instruments measuring hydrodynamics and water quality, some of which
are analyzed in later chapters of this dissertation (Chapters 4, 5, & 6). In addition, pres-
sure sensors were deployed to measure wave transformation at the seaward edge of the
delta. To monitor exchange with adjacent regions of the Wadden Sea, water level and cur-
rent velocity measurements were taken along the Terschelling and Ameland tidal divides
(watersheds). In addition to these stationary (Eulerian) measurements, Lagrangian mea-
surements of tidal currents and sediment were made via drifters and tracers (Chapter 6),
respectively. Discharge measurements were taken at transects across the inlet, and the site
was continuously monitored via an X-Band radar station located in the lighthouse at the
western tip of Ameland (Gawehn et al., 2020). Together, these measurements provide a de-
tailed glimpse at the dynamics of Ameland ebb-tidal delta.

2.2. MORPHOLOGICAL EVOLUTION

Bathymetric surveys of Ameland date back to over 400 years, beginning with crude naviga-
tional charts made in the 1500s (Figure 2.2). These charts indicate morphological features
that persist to the present day, including the main Borndiep channel and Bornrif swash plat-
form and shoal complex. The configuration of channels and shoals reveal many changes
during this period, but because of the limited accuracy of these maps and the long inter-
vals between surveys, it is difficult to assemble a continuous narrative of morphodynamic
change from them.
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Figure 2.2: Compilation of bathymetric charts of Ameland Inlet for the years (a) 1585, (b) 1623, (c) end of the 17th
century, (d) 1723, (e) second half of the 18th century, and (f) 1798. Source: Elias et al. (2019).
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The quality of mapping improved in the 1800s and early 1900s, when the inlet was sur-
veyed by the Hydrographic Service of the Royal Netherlands Navy (Figure 2.3). In more
recent years (Figures 2.4, 2.5, & 2.6), the inlet has been regularly surveyed as part of Rijk-
swaterstaat’s Vaklodingen monitoring program.

A geomorphic transition in morphodynamics occurred around 1926, as the main ebb-
channel migrated from an updrift to a downdrift position in the inlet gorge. The change
in channel position and stability fundamentally changed the ebb-tidal delta dynamics and
sediment bypassing behaviour. The sediment bypassing process changed from outer chan-
nel shifting to main ebb-channel switching, as the Westgat took prominence over the Akke-
pollegat.

The large influence of the ebb-tidal delta dynamics on the shoreline response of the
updrift and downdrift sides of the inlet is clearly identified. Growth and decay (net erosion)
of the island tip of the updrift island (Terschelling) occurs, while sequences of sediment
bypassing result in shoal attachment to the downdrift coastline of Ameland.

No clear evidence exists that a long-term morphodynamic cycle occurs on the scale of
Ameland Inlet. Instead, morphodynamic changes start with the accumulation of sediment
in various places until tipping points are reached. The mechanisms pushing the ebb-tidal
delta towards these tipping points are repetitive. These accumulations tend to repeat in
similar areas but are never exactly the same, so we never get a true cycle.

Shoal instabilities are initially small morphodynamic changes and would not be consid-
ered to affect the ebb-tidal delta and inlet dynamics as a whole, but as shown in Figures 2.5
and 2.6, they can trigger a new sediment bypassing cycle and result in complete reloca-
tion of ebb-tidal delta scale channels and shoals. Such subtle dynamics are difficult to cap-
ture in the existing conceptual models and empirical relationships. These differences are
however essential for understanding tidal inlet and channel morphodynamics and hence
coastal management.

The morphodynamic behaviour of Ameland Inlet is described extensively by Elias et al.
(2019) and Elias et al. (2022), and is interpreted in greater depth in Chapter 3 of this disser-
tation.
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Figure 2.3: Bathymetric charts of Ameland Inlet for the period 1831-1940. See Beckering Vinckers (1943) for a
detailed description of the charts. Source: Elias et al. (2019).
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Figure 2.4: Bathymetric charts of Ameland Inlet for the period 1950-1982/85. Based on digitized contour lines of
the bathymetric charts (Verhoeff, 2018). Major channels and shoals are indicated with numbers. Source: Elias
etal. (2019).
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Figure 2.5: Complete digital elevation models of the ebb-tidal delta based on measurements from 1989-2017.
Numbers corresponding to major channels and shoals are indicated in Figure 2.4. Source: Elias et al. (2019).
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Figure 2.6: Complete digital elevation models of the ebb-tidal delta based on measurements from 2017-2021, fea-
turing the ebb-tidal delta nourishment. The approximate mean low water level (MLW) contour of the z;eqn at
-1.4 m NAP (Normaal Amsterdams Peil, approximately mean sea level) is represented with a thick grey line, and
the -6 m NAP depth contour is indicated with a thin dashed line. Modified from Elias et al. (2022).
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2.3. SEDIMENT CHARACTERISTICS

2.3.1. EARLY SEDIMENT SAMPLES

Ameland Inlet has been subject to several grain size measurement surveys in the past three
decades (Rijkswaterstaat, 1999; Leopold and Baptist, 2016; Compton et al., 2013), which to-
gether paint a fairly consistent picture of the site’s sediment composition.

The surface sediment of Ameland ebb-tidal delta is overwhelmingly composed of fine
sand (126 < d < 250um); the same is true for much of the nearby Wadden Sea and area im-
mediately offshore. The seabed of the main channel (Borndiep) and the Boschplaat region
largely consist of medium sand (250 < d < 500um). This is reflective of the higher energy
conditions observed there. A landward fining trend is observed, with the ds¢ decreasing
towards the rear of the basin, where calmer conditions prevail.

The presence of mud (silt and clay, d < 63um) influences the erodibility of seabed sedi-
ment. Mud content is highest in intertidal areas along the mainland coast of Friesland and
Groningen, as well as along tidal divides. However, mud can also be found in deeper regions
offshore and at the distal edge of the ebb-tidal delta where conditions are less energetic.

Observable differences in the median grain size between 1995 (Rijkswaterstaat, 1999)
and 2001 (Leopold and Baptist, 2016) surveys may be related to bathymetric changes dur-
ing the intervening period. The ebb-tidal delta is a highly dynamic region, and as it evolves,
so too will the processes acting on a given location and its sedimentological response. Sea-
sonal trends were not possible to discern because of low temporal resolution and inconsis-
tencies in sample locations between datasets.

2.3.2. KUSTGENESE 2.0 SEDIMENT SAMPLES
In order to have an updated map of sediment characteristics coinciding with field measure-
ments for the Kustgenese 2.0 project, additional samples were taken in September 2017.
To determine seabed sediment composition and benthic ecological communities, boxcores
were taken across the inlet and ebb-tidal delta. The locations were chosen based on a se-
ries of sixteen morphological units, defined by depth, slope, orientation and morphological
activity (Holzhauer et al., 2021). In such a way, morphologically representative coverage of
the entire site was obtained, using a relatively limited (165) number of cores. Sampling of
shallower locations took place with a circular Reineck box corer from September 4 — 57",
and deeper locations from September 20" — 2157, 2017. Sediment samples were taken from
the surface of the box core and their grain size distribution analyzed with a Malvern Mas-
tersizer, resulting in a sediment distribution with 67 bins ranging from 0.01pm —2000um.
As in earlier surveys, the median grain size (ds9) of Ameland ebb-tidal delta is very ho-
mogeneous, with 79% of samples between 170 —230um (Figure 2.7a). When plotted on a
polar grid (See Chapter 3), it becomes apparent that sediment fines in a clockwise direction
(0) and away from the inlet (p). The variance and envelope of ds also decrease steadily
in a clockwise direction and with distance from the inlet. The coarsest samples tend to be
found in deeper channel areas near the inlet, where tidal currents are persistently strong
(> 1m/s). The mud content is < 1% for 81% of samples, and the only samples with > 1%
mud content are located in deeper channel areas and the distal edge of the ebb-tidal delta
(Figure 2.7b). Visual inspection of boxcores suggests that the mud within samples from the
channel consists of lumps of consolidated clay that were eroded from older deposits and
transported as bed load. Conversely, mud in the distal samples was likely freshly deposited
after Storm Sebastian (September 12-16, 2017), several days prior to their collection.
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Figure 2.7: (a-c) Overview of the median grain size (dsg), (d-f) sediment sorting and (g-i) fraction of mud in the bed
(fimud> defined as sediment with dsg < 631m). The right two columns indicate relation of the sediment parameter
with clockwise direction relative to north (8) and distance from inlet (p). Modified from Elias et al. (2022).
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There is no trend in sorting with either p or 8 (Figure 2.7ac), but 80% of samples are well-
sorted (0.35 < 0 < 0.5 based on the Logarithmic Folk and Ward graphical measure (Blort and
Pye, 2001). Moderately sorted samples (0.5 < o < 1) tend to be located on the distal edge of
the delta, while the most poorly sorted samples (o > 1) are mainly found in the channels.
The body of the ebb-tidal delta is overwhelmingly well-sorted fine sand.

These observations may be explained by breaking waves, which promote sorting of the
sand by the continuous resuspension, resulting in well-sorted deposits on the distal (wave-
dominated) portion of the ebb-delta. In channels, all sizes are transported, from clay flocs
to stones, and finer fractions settle on slack tide. These may get buried under new deposits,
resulting in poor sorting there.

2.4. HYDROMETEOROLOGICAL CHARACTERISTICS

2.4.1. TIDE

Semi-diurnal tidal motion is the main driving force behind the water flow through Ameland
Inlet (Figure 2.8). Long-term observations of water levels at the nearby West Terschelling
station show that the semi-diurnal tide has a dominant M2 constituent with an amplitude
of 0.77 m. Distortion of the M2 tide due to shallow water effects results in a significant
asymmetry and faster rise than fall of the tide (flood dominance). A considerable spring-
neap variation results from an S2 amplitude of 0.20 m. At the nearby Terschelling Noordzee
station (Figure 2.1), the tidal range varies from 1.2 m at neap to 2.5 m at spring (Figure 2.8b).
The tide is amplified within the Wadden Sea, increasing the maximum range to nearly 3 m
at Nes.

The tidal signal represents only part of the measured water levels. Meteorological dis-
tortion due to air pressure variations and wind-generated setup or set-down can reach sig-
nificant heights along the Dutch coast (Figure 2.8c). Setup gradients can drive complicated
residual flow fields over the complex bathymetry of the Wadden Sea, generate shore-parallel
velocities and throughflow between adjacent basins (Duran-Matute et al., 2014; Van Weer-
denburg et al., 2021). In addition, the increased volume of water stored in the Wadden Sea
due to the larger setup can considerably enhance the outflow velocities in the inlets fol-
lowing the storm events, thereby affecting channel dimensions, the ebb-tidal delta devel-
opment and adjacent beaches (Koch and Niemeyer, 1978; Krogel, 1995; Elias et al., 2006).
Measurements of the mean sea level over the last 150 years reveal an increase of around
0.20 m at the nearby tidal gauge of West Terschelling.

Tidal motions drive a significant flow through the inlet gorge. Measurements of dis-
charge have been taken frequently in transects across the inlet gorge by roving 13-hour
ship measurements, and on average, ebb- and flood volumes through the inlet are approxi-
mately 400 —500 x 108m3 (Elias et al., 2019). The two most recent measurements have small
ebb residuals that are less than 10 % of the gross ebb and flood volumes. The observed peak
ebb- and flood-tidal velocities are around 1 m/s in the central Borndiep channel.

2.4.2. WAVE & WIND CLIMATE

The wave climate at Ameland Inlet is relatively mild, based on 10 years of measurements
from a buoy located just northwest of the ebb-tidal delta (Figure 2.9b, see Figure 2.1 for
location). Typically, significant wave heights (Hs) are below 2 m (83% of the record), and
only during severe storms can wind-generated significant wave heights occasionally reach
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Figure 2.8: (a) Water surface elevation due to astronomic tide, (b) astronomic tidal range, and (c) non-tidal residual
water levels in September 2017 near Ameland Inlet. Terschelling Noordzee is located 16 km west of the inlet on the
North Sea coast of Terschelling, while Nes stations is located 15-20 km east of the inlet within the Wadden Sea (see
Figure 2.1 for exact locations). All water levels are referenced with respect to NAP, approximately mean sea level.
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values between 4.5 and 9.1 m (less than 1% of the record). The mean significant wave height
is 1.37 m with a corresponding peak wave period of 7.2 s.

Figure 2.9: (a) Wind rose for AWG Platform based on data from 2007-2017. (b) Wave rose for Ameland Offshore
station (AME) based on data from 2007-2017. See Figure 2.1 for measurement locations. Modified from Elias et al.
(2019, 2022).

The dominant wind and wave directions differ considerably (Figure 2.9). The largest
and most frequent winds occur from the southwest, a direction hardly present in the wave
record due to the sheltering of the mainland and the barrier islands. Roughly 33% of the
wave directions lie between west-southwest and north-northwest (2359 —305°). Most waves
(62%) are from directions between north-northwest and east (305° — 90°). The remaining
4% is offshore directed and do not significantly contribute to sediment transport. Wave
periods (T7/3) typically vary between 3 to 6 seconds for lower wave conditions (89% of the
measurements). For typical storm waves (Hs = 2-3 m) a mean wave period of 6.0 s occurs,
increasing to 7.6 s for severe storms (H; > 4m). Contributions of swell are minor. Wave
periods over 9 seconds are only measured occasionally (0.1 % of the record). The short-
wave periods indicate that the wave climate is dominated by wind waves generated in the
North Sea basin.

In general, the shallow ebb-tidal delta is considered to act as a natural breakwater for the
adjacent shorelines and effectively prohibits wave propagation from the North Sea into the
basin. Refraction and wave breaking on the shoals (especially during the high wave-energy
events with large morphodynamic impact) and wave blocking by the supra-tidal shoal ar-
eas modify and distort the nearshore wave climate (Hine, 1975; FitzGerald, 1988; Elias and
Hansen, 2013). Elias et al. (2022) show that wave heights measured at the distal region of
the ebb-tidal delta are noticeably reduced compared with offshore waves. Furthermore,
they observe a strong tidal modulation in wave height associated with wave-current inter-
action (waves tend to be amplified by opposing ebb-currents (Elias et al., 2012b; Dodet et al.,
2013)). Larger waves on the delta generally coincide with higher water levels.
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2.4.3. FRESHWATER INFLOW

Owing to along history of anthropogenic intervention, Ameland Inlet has been almost com-
pletely cut off from direct fresh water input. Several small sluices discharge water from
polders on the Wadden Islands and mainland, but as a consequence of widespread dike
construction (van der Spek, 1995) and tidal basin closures de Jonge et al. (1993), most nearby
land drains into either Lake IJssel or Lauwersmeer. The Rhine River plume travels along
the coast and is the primary, albeit indirect, contributer of fresh water to the Wadden Sea
(de Jonge et al., 1993).

Early research on discharge from Lake IJssel to the Wadden Sea concluded that most of
the freshwater travels out via the Vlie and Marsdiep inlets (Zimmerman, 1976). However,
numerical modelling studies by Duran-Matute et al. (2014, 2016a) suggest that there are ac-
tually significant wind-induced flows across these watersheds, leading to exchange of water
between adjacent sub-basins.

Salinity was measured in 2017 at AZG Frame 3, 14 m deep in the main inlet channel (Fig-
ure 2.10a). Salinity typically varies between 25 to 33 PSU at the inlet, which is similar to the
range of 22 to 35 PSU observed by van Aken (2008a) on the Dutch coast at Texel from 1976
to 2003. Semidiurnal (M2) variations in salinity were captured, corresponding with advec-
tion of slightly fresher water from the Wadden Sea to the saltier North Sea. This variation
approximately doubles at spring tide. Salinity on the ebb-tidal delta (at AZG Frame 4, 8 m
deep) varies much less, between 30 to 33 PSU.

Between September 11 to 14, there is a pronounced drop in salinity at the inlet to almost
20 PSU (Figure 2.10a). This decrease is uncorrelated with local rainfall or discharge from the
nearest sluice at Kornwerderzand, 45 km away (Figure 2.10b,c). However, in the days before
and during the salinity drop, it is spring tide (Figure 2.8b) and there is a sustained wind from
the southwest (Figure 2.10c,d). This leads to a steady net flux of water over the Terschelling
tidal divide towards Ameland (Figure 2.10e). On September 13, Storm Sebastian peaks and
there is an abrupt increase in flux over the tidal divide, associated with a high storm surge
(Figure 2.8c). At this point, the discharge sluices are shut, and much of the freshwater lin-
gering in the Ameland basin appears to be flushed out. After September 14, salinity in the
inlet resumes its oscillation between approximately 28-32 PSU.

Seawater temperature was also measured during this period at Frames 3 and 4 (Fig-
ure 2.10a). Over the month of September 2017, there is a steady decline in the average tem-
perature from 19°C to 16°C, which is consistent with typical observations for September at
the nearby Marsdiep (van Aken, 2008b). Superimposed on this is a semidiurnal (M2) varia-
tion in temperature associated with colder water from the Wadden Sea moving out and in of
the inlet. The shallower Wadden Sea is much quicker to respond to changes in the ambient
air temperature than the North Sea, so it tends to be relatively cooler at this time of year.
There is almost no variation in the inlet for the first week of the deployment, but later tem-
peratures varied semidiurnally by as much as 2°C on a single tide. The observed variation
nearly doubled at spring tide. Temperature on the ebb-tidal delta varies much less than in
the inlet, seldom changing by more than 1°C on a given tide.

To examine the potential for baroclinic conditions, the horizontal buoyancy gradient
0b/0x was calculated as per Becherer et al. (2015) from the time-varying difference between
buoyancy b = —g(p . —po)/ po measured at Frame 3 in the inlet and Frame 4 on the ebb-tidal
delta (approximately 5.8 km apart). pg is the reference density estimated as 1000kg/m?, and
seawater density (p,,) was calculated from salinity, temperature, and pressure observations
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Figure 2.10: Relationship between salinity and meteorological forcing at Ameland Inlet. (a) Salinity (S) at AZG
Frames 3 (14 m deep, on the west side of the main inlet channel) and 4 (on the ebb-tidal delta), Figure 2.1). (b)
Water temperature (T) at AZG Frames F3 & F4 and air temperature at West Terschelling. (c) Horizontal buoyancy
gradient 0b/0x between F3 and F4. Positive values indicate a “classical” estuarine configuration with less dense
water on the landward side of the system. (d) Freshwater discharge from the sluices at Kornwerderzand, 45 km
southwest of Ameland Inlet. (c) Windspeed and precipitation at West Terschelling. (d) Wind direction at West
Terschelling. (e) Cumulative water flux g (depth x velocity) in principle flow direction (NW) over the Terschelling
tidal divide, measured by Watershed ADCP 3 (Figure 2.1).
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using the Gibbs Seawater Oceanographic Toolbox (McDougall and Barker, 2017). There is
generally a positive gradient, which corresponds to “classical” estuarine conditions, where
density is greater over the ebb-tidal delta than within the inlet. However, sometimes this
gradient is reversed at flood tide.

0b/0x is strongest during the period of freshwater inflow between September 11-13, but
shows semidiurnal variations of up to 5572 in the weeks that follow. These values are com-
parable in magnitude with horizontal buoyancy gradients observed at other tidal inlets in
the German and Danish Wadden Seas (Becherer et al., 2011; Purkiani et al., 2016). During
the deployment period, 0b/0x largely responds to changes in salinity rather than temper-
ature. However, this sensitivity may be seasonal, as the similar Otzumer Balje inlet in the
German Wadden Sea showed a stronger dependency on temperature (Becherer et al., 2016).

These data support the numerical simulations of Duran-Matute et al. (2014, 2016a), sug-
gesting that the presence of freshwater is relatively minor at Ameland Inlet and strongly in-
fluenced by wind conditions. The exchange of fresh water with the Wadden Sea may lead
to baroclinic exchange processes within the inlet. This hypothesis is supported by the pres-
ence of estuarine fronts, which are ubiquitous in aerial imagery (e.g., Figure 4.5) and ap-
pear as abrupt jumps in salinity on the ebb-tidal delta (Figure 2.10a). These fronts mark
the transition between water masses with different properties (i.e., salinity, temperature,
turbidity), and are symptomatic of processes that could modify sediment transport path-
ways through Ameland Inlet and across its ebb-tidal delta. However, measurements taken
during the Kustgenese 2.0 campaign were insufficient to fully quantify these patterns, so
investigating this remains a task for future research.

2.4.4, CIRCULATION PATTERNS

Lagrangian surface currents were measured using drifters equipped with GPS trackers. Po-
sitioning of the drifters were recorded at 1 Hz intervals using an internal logger. The drifters
were designed as floating devices that follow the top layer velocities but are minimally in-
fluenced by wind. The main experiments were carried out in a series of experiments around
Frame 4 and 5, at the location of the planned nourishment (de Wit et al., 2018). In this sec-
tion, we will consider the results of a single large-scale experiment conducted during spring
tide on September 9, 2017. The goal of this experiment was to better understand the spatial
variations in velocity on the ebb-tidal delta scale circulation patterns and flow pathways.
During this experiment drifters were released at flood tide and retrieved after a full tidal cy-
cle at ebb (Figure 2.11). From these experiments, velocity magnitudes and directions were
determined.

Based on a series of numerical tracer experiments, Elias (2017) hypothesize that Westgat
forms a transition area on the ebb-tidal delta. Particles located landward of Westgat mostly
exchange with the southern part of the domain, while particles to the north exchange with
Borndiep and are transported back onto the ebb-tidal delta. The drifter experiment con-
firms this hypothesis for surface currents (Figure 2.11). All drifters deployed along the Ter-
schelling coast follow the Boschgat channels into the basin. Drifters that reach Borndiep are
transported seaward into the ebb chutes or through Akkepollegat onto the ebb-tidal delta.
These patterns may differ for sediment travelling along or near the bed, but still provide an
additional line of evidence to explain likely suspended sediment pathways.
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Figure 2.11: Lagrangian flow (drifter) measurements. (a) GPS tracks of the large-scale deployment on September
9th, 2017 during spring tide. Drifters were deployed in a 3 km long line north of Terschelling at flood tide (circles)
and retrieved at different locations around the inlet at ebb tide (triangles). Small dots along the drifter paths indi-
cate position every hour from 9:00 until it was retrieved. (b) Flow velocity magnitude of each drifter through time
(5 minute moving average).
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2.5. SEAWAD & KUSTGENESE 2 PROJECTS

The Kustgenese (Coastal Genesis) 2.0 and SEAWAD projects spawned numerous PhD and
MSc research studies, covering a range of physical and ecological processes. Collectively,
they enhance our understanding of ebb-tidal delta systems and how to nourish them.

Part of the challenge of predicting ebb-tidal delta morphodynamics stems from the non-
linearity of waves as they evolve across the convoluted bathymetry. In addition, strong tidal
currents modify the wave field and interact with wave-generated currents to produce com-
plex sediment transport patterns. Using the array of pressure sensors mounted at the sea-
ward edge of Ameland ebb-tidal delta (Figure 2.1), de Wit et al. (2019) investigated the evo-
lution of near-bed velocity skewness and asymmetry. They determined that due to spatial
variations in wave breaking, energy transfer, and tidal currents, wave shape varies signif-
icantly across the ebb-tidal delta. This means that accounting for the history of a given
wave may be necessary for successful predictions of wave shape, instead of just relying on
local parameters. Expanding on these findings, de Wit ef al. (2020) found a clear relation-
ship between bound superharmonic wave height and nonlinear wave shape. This presents
opportunities for better numerical predictions of bound wave height and nonlinear wave
shape. Since wave skewness and asymmetry are important determinants of wave-driven
sediment transport, this work marks an important step forward in our ability to simulate
the evolution of ebb-tidal deltas.

As the seabed is perturbed by waves and currents, it creates bedforms ranging in size
from ripples (G (1cm)) to shoals (G(1km)). In turn, these bedforms also feed back and influ-
ence the hydrodynamic conditions and sediment transport. Predicting the formation and
evolution of these bedforms is essential to making good predictions of sediment transport
there, so numerous small and large-scale measurements of them were undertaken as part
of the Kustgenese 2.0 and SEAWAD projects. Saw-tooth bars on the eastern side of Ameland
ETD are several metres high and several hundred metres long, and migrate rapidly in the
direction of littoral transport (Brakenhoff et al., 2019b). Similar bars are also identified on
most of the other Wadden ebb-tidal deltas, and seem to originate from instabilities forced
by tidal and wave-driven currents. At a much smaller scale, Brakenhoff et al. (2020b) found
that ripples were highly three dimensional and remarkably constant in size (~ 1.5¢m). In
numerical simulations of the ebb-tidal delta, Brakenhoff et al. (2020b) found that changes
in bedform-related roughness could modify current velocity by up to 20% and sediment
transport magnitude by over 100%. Her findings underscore the ubiquity and importance
of these features on the ebb-tidal delta.

In order to predict and mitigate the ecological impact of ebb-tidal delta nourishments,
a clear understanding of the present ecosystem is first necessary. The number and vari-
ety of organisms living on a given part of the seabed (benthic species) are closely linked
to the physical characteristics of that environment. In the nearshore zone of Ameland’s
central coast (20 km east of the ETD), Holzhauer et al. (2020) identified close relationships
between benthic species distribution and morphological feature (i.e., slopes and bar crests
or troughs). Extending this type of analysis to the more complex ebb-tidal delta, Holzhauer
ef al. (2021) classified the site into habitats based on the level, slope, orientation, and re-
cent erosion or accretion of the seabed, and compared this with benthic samples. Smaller
and more mobile burrowing organisms live fast and die young in the sites that are more
exposed to strong waves and currents. Conversely, larger filter-feeding organisms tend to
live out their days in more sheltered areas. Based on these traits, Holzhauer et al. (2021) ex-
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pect that creatures living in the more exposed regions will recover from sand nourishments
more quickly than those living in sheltered areas. This is essential guidance for avoiding
more severe nourishment impacts on the ebb-tidal delta and its surroundings.

Nourishment dynamics were also explored in many KG2-affiliated projects. When the
placement of hypothetical nourishments on the ebb-tidal delta was simulated, Bak (2017)
determined that nourishment fate is highly dependent on its initial location and sediment
composition. Lenstra (2020) demonstrated via idealized modelling that the placement tim-
ing with respect to channel configuration determined how a nourishment would develop
and influence an ebb-tidal delta. When the Ameland pilot nourishment was constructed in
2018, frequent multibeam bathymetric surveys indicated that its initial development was
largely shaped by waves (van Rhijn, 2019). This analysis was further extended by Lam-
bregts (2021), who identified the shoreward and eastward dispersal of the nourished sand
via a combination of modelling and bathymetry analysis. Harlequin (2021) successfully
modelled the pre- and post-nourishment evolution of the ebb-tidal delta over a period of
months to years. Their simulations showed that the 2018 nourishment behaved passively,
remaining within the Coastal Foundation and having little effect on the overall develop-
ment of the delta. Depending on their locations, hypothetical alternative nourishments
either actively changed the natural dynamics of the ebb-tidal delta or merely contributed
passively to its overall sediment budget (Harlequin, 2021). However, the model was un-
able to capture the initial formation of new ebb shoals or their longer-term development in
wave-dominated areas. The goal of decadal-scale morphodynamic simulation of ebb-tidal
deltas remains elusive.

Although Ameland Inlet features one of the most well-monitored and studied ebb-tidal
deltas in the world, there are still gaps in our understanding of the pathways that sediment
takes across it. The research summarized above provides a solid foundation on which the
present dissertation builds. Via the example of Ameland, we can thus reach our goal of
filling those gaps to better understand ebb-tidal delta dynamics.









A NOVEL APPROACH TO MAPPING
EBB-TIDAL DELTA
MORPHODYNAMICS AND
STRATIGRAPHY

KEY POINTS:

* Conformal (polar) mapping of Ameland ebb-tidal delta improves the quan-
tification and visualization of its morphodynamics.

* A stratigraphic model generated from bathymetry showcases the delta’s de-
positional behaviour through time.

* These approaches provide new perspectives on ebb-tidal delta dynamics and
preservation potential.

This chapter has been accepted for publication in Geomorphology pending minor revisions:

Pearson, S.G., Elias, E.P, van Prooijen, B.C., van der Vegt, H., van der Spek, A. & Wang, Z.B. A Novel Approach to
Mapping Ebb-Tidal Delta Morphodynamics and Stratigraphy.
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N this chapter, we continue to investigate how ebb-tidal delta morphology varies in space
I and time in order to learn more about sediment pathways there. Part of the problem
with understanding ebb-tidal delta evolution is compressing massive amounts of spatial
and temporal data into pictures and metrics that are easier to understand and pick out im-
portant patterns from. In this chapter, we show two new mapping techniques that collapse
the dozens of individual maps in Figures 2.4 to 2.6 into a single figure. The first technique
makes it easier to track the motion of shoals and channels as they migrate across the ebb-
tidal delta. The second is used to create a stratigraphic model that shows how sand deposits
in layers through time. These techniques are useful for planning nourishments because
they give us clues about sediment pathways and tell us where sediment is better preserved.
This is even helpful for interpreting ancient ebb-tidal deltas that are preserved in the rock,
making it a useful approach across many space and time scales.

ABSTRACT

Ebb tidal deltas (ETDs) are highly dynamic features of sandy coastal systems, and coastal
management concerns (e.g., nourishment and navigation) present a pressing need to bet-
ter describe and quantify their evolution. Here we propose two techniques for leverag-
ing the availability of high-resolution bathymetric surveys to generate new insights into
the dynamics and preservation potential of ebb-tidal deltas. The first technique is con-
formal mapping to polar coordinates, using Ameland ebb-tidal delta in the Netherlands
as a case study. Since the delta tends to evolve in a clockwise direction around the in-
let, this approach provides an improved quantification and visualization of the morphody-
namic behaviour as a timestack. We clearly illustrate the sediment bypassing process and
repeated rotational migration of channels and shoals across the inlet from updrift to down-
drift coasts. Secondly, we generate a decadal scale (1975-2021) stratigraphic model from the
differences between successive bathymetries. This stratigraphy showcases the delta’s depo-
sitional behaviour through space and time, and provides a modern analogue for prehistoric
ebb-tidal deltas. During the surveyed period, inlet fills form the largest and most stable
deposits, while the downdrift swash platform is the most stable structure over longer peri-
ods. Together, these approaches provide new perspectives on ebb-tidal delta dynamics and
preservation potential which are readily applicable to other sites with detailed bathymetric
data. These findings are valuable at annual to decadal timescales for coastal management
(e.g., for planning sand nourishments) and also at much longer timescales for interpreting
stratigraphy in ancient rock records.
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3.1. INTRODUCTION

EASELESSLY shaped, shifted, and shuffled around by the complex interaction of waves
C and tides, ebb-tidal deltas (ETDs) are dynamic morphological features whose behaviour
affects navigation, coastal safety, and ecosystems. They form an essential, connected part
of the regional sediment budget for tidal inlets, basins, estuaries, and barrier coasts (Rosafi,
2005; Gelfenbaum and Kaminsky, 2010). Due to the large volumes of sand contained within
them, ETDs are commonly viewed as a resource to be mined (Hicks and Hume, 1997; Fontolan
et al., 2007). However, it has been recognized in the Netherlands that preserving ETDs (in
part via sand nourishments) to maintain coastal sediment budgets is a potentially viable
strategy for mitigating sea level rise and coastal erosion (Elias et al.,, 2012a; Lodder and
Slinger, 2021). Estimating the preservation potential of modern ETD and tidal inlet de-
posits is thus essential for present-day coastal management. However, the possible fate of
nourishments placed in such a dynamic environment is still largely unknown. The stochas-
tic nature of meteorological forcing, highly nonlinear character of sediment transport, and
complex morphodynamic feedbacks make predicting ebb-tidal delta evolution an ongoing
challenge (Lenstra et al., 2019a; Zhu et al., 2019a). Mapping the evolution and preservation
of ebb-tidal deltas and tidal inlets in order to better understand and predict their behaviour
across multiple space and time scales is therefore a key research priority in coastal engi-
neering and geoscience (Power et al., 2021).

Rising to meet such challenges demands new tools and techniques for interpreting ETD
morphodynamics. This is difficult because it requires quantification and analysis of com-
plex patterns in ever-changing bathymetry, which typically require numerical models, many
measurements, and lengthy narrative descriptions to elucidate (Elias et al., 2019, 2022; For-
tunato et al., 2021). Although the conceptual model of sediment bypassing around ebb-tidal
deltas has been well-established for several decades (FitzGerald, 1983; Kana et al., 1999a),
the pathways that sediment takes across ebb-tidal deltas are still poorly understood (Son
etal.,2011; Herrling and Winter, 2018). We thus need techniques to distil the 4D (three spa-
tial dimensions evolving through time) complexities of ETDs into more easily interpretable
and comparable metrics and visualizations.

Just as we need new ways to characterize the dynamics of ETDs, we also need new ap-
proaches to quantify the sediment that remains deposited there. Early research on sedi-
ment preservation or stratigraphy in tidal inlets and ebb-tidal deltas was carried out prin-
cipally in support of paleo-environmental reconstruction via modern analogues (Hubbard
et al., 1979; Hayes, 1980; FitzGerald, 1984; Moslow and Tye, 1985; Imperato et al., 1988; Sha
and De Boer, 1991; Tye and Moslow, 1993). In many of these cases, a key goal was to identify
the potential for large sand deposits like tidal inlets and ebb-tidal deltas to be preserved as
petroleum reservoirs. Sediment from ebb-tidal delta deposits typically survives in the an-
cient rock record as inlet channel fills (Mulhern et al., 2021). A perennial challenge in sedi-
mentology is that preserved stratigraphy is discontinuous and seldom completely matches
the initially-deposited stratigraphy due to distortion and “shredding” of the complete geo-
logical record by sediment transport (Jerolmack and Paola, 2010; Lazarus et al., 2019; Straub
etal., 2020). Amodel of modern sedimentary preservation potential in ETDs would thus aid
in the interpretation of the ancient rock record.

However, it is not just at geological timescales (& (> 10° years)) that preservation poten-
tial is relevant. ETDs form key components of barrier coastal sediment budgets (Kaminsky
et al., 2010; Elias et al., 2012a; Qost et al., 2012), so understanding the nature of sediment
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preservation there on approximately decadal timescales (& (10° — 102 years)) is essential for
managing these coastal systems. What is the potential of ETDs to store sediment rather than
bypassing it down the coast or importing it into the tidal basin? Which parts of the ETD are
actively evolving on decadal timescales as opposed to remaining passively buried? Devel-
oping detailed stratigraphic models of modern ebb-tidal deltas may yield valuable scientific
and coastal management insights into the nature of sediment storage there.

The age and preservation of ETD deposits can be estimated in numerous ways. Stratig-
raphy is preserved in the geological record and can be derived from cores or seismic data.
However, such data (e.g., seismic surveys (Sha, 1989b; Ronchi et al., 2019)) consider longer
timescales of structural morphodynamic change caused by changing boundary conditions,
and may not provide the temporal resolution required for coastal engineering and manage-
ment. To achieve the necessary resolution, process-based numerical models can be used to
develop synthetic stratigraphic models (Kleinhans, 2010; Nicholas et al., 2016; van der Vegt
et al., 2020). Alternatively, stratigraphic models can be constructed directly from repeated
bathymetric surveys (Bridge, 1993; Sylvester et al., 2011), if they are sufficiently accurate and
high in spatial and temporal resolution. Adopting a similar approach for ebb-tidal deltas
would provide valuable insights into the sediment dynamics and preservation there.

Ameland ebb-tidal delta in the Netherlands has a long and rich history of bathymetric
surveying, ranging from navigational charts made in the late 1500s to annual surveys in re-
cent years (Elias et al., 2019, 2022). This dataset thus makes Ameland an ideal candidate
for such an investigation of modern ETD architecture. In this chapter, we present a novel
analysis of high-resolution bathymetric surveys of Ameland ETD, constructing a decadal-
scale stratigraphic model and projecting the bathymetry into polar coordinates that align
with the dominant transport patterns. This technique can also be applied to bathymetric
datasets computed by morphodynamic models. With this approach, we simplify the spa-
tial and temporal complexity of ebb-tidal deltas and generate new perspectives on their
dynamics and preservation.

3.2. SITE BACKGROUND: AMELAND EBB-TIDAL DELTA

Ameland Inlet lies between the barrier islands of Ameland and Terschelling in the north-
ern part of the Netherlands (Figure 3.1). On the North Sea side of the inlet, there is a large
ebb-tidal delta characterized by a dynamic system of channels and shoals on its west side,
and a more stable swash platform to the east. The surface of the ebb-tidal delta consists
predominantly of well-sorted fine sand (mean ds¢ = 211pum) with limited mud content (Ri-
Jkswaterstaat (1999), Chapter 2). The 4km-wide inlet connects the North Sea to the shallow
Wadden Sea backbasin, and features a 30m deep main channel (Borndiep) on the down-
drift (east) side. On the updrift (west) side, the inlet consists of a shallow (approximately
5m deep) platform that is intersected by smaller, highly dynamic channels.

The tide propagates along the coast of Terschelling and Ameland in an easterly direc-
tion, and is predominantly semi-diurnal. Ameland is a mixed-energy tidal inlet with a tidal
range varying from 1.5m at neap tide to 3m at spring tide, and a tidal prism of 400 — 500 x
108m3 (Elias et al., 2022). This tidal prism did not vary substantially between 1968-2017,
and there has been no clear trend in residual ebb or flood dominance (Elias et al., 2022).
Although other Dutch inlets have been dramatically changed in the past century by clo-
sure dams and other engineering works, Ameland has remained comparatively untouched
during the 46-year period covered in this study. Although there are no major sources of
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Figure 3.1: Overview Ameland inlet and ebb tidal delta (circa 2021), located between the Dutch Wadden Islands of
Terschelling and Ameland, in the north of the Netherlands. Key morphological features like channels and shoals
are indicated, along with human interventions (e.g., nourishments and shore protection). Yellow dots on the time-
line beneath the map indicate the years in which the bathymetry of the delta was surveyed. Bathymetry source: Ri-
jkswaterstaat Vaklodingen. Elevation source: Actueel Hoogtebestand Nederland (AHN), Rijkswaterstaat. Basemap
sources: Esri, HERE, Garmin, ©OpenStreetMap contributors, and the GIS user community. Translation of selected
Dutch terms: “plaat” = shoal, “bankje” = (sand)bar, “gat” = channel or creek, “diep” = deep (channel), “strand’ =
beach, “haak” = hook, “nieuwe” = new, “oost” = east, “zeehond” = seal, “zeehondje” = baby seal.
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fresh water within Ameland basin, episodic wind-driven flows lead to residual transport of
fresh water from adjacent parts of the Wadden Sea into Ameland basin (Duran-Matute et al.,
2016a; Van Weerdenburg et al., 2021).

The North Sea in the vicinity of Ameland has a mild wave climate dominated by locally-
generated wind waves. The mean significant wave height H at the adjacent island of Schier-
monnikoog is 1.37m (peak period T}, of 7.25), and H; is less than 2m for 83% of the time
(Elias et al., 2022). Severe storms (4.5 < Hy < 9.1m) occur less than 1% of the time, and
generally take place in the winter months. Although the mean wind direction is from the
southwest, the dominant wave direction is from the northwest. This wave climate drives a
net eastward longshore sand transport estimated at between 0.3 and 1.2 x 106m3/year (Rid-
derinkhof et al., 2016; Elias et al., 2019).

3.3. METHODOLOGY & DATA

3.3.1. POLAR ANALYSIS

To analyze the morphodynamic evolution of the ETD, we create a conformal map, an angle-
preserving spatial transformation that allows complex geometries to be reprojected on a
rectangular grid (Schinzinger and Laura, 2003). Since the delta tends to evolve in a clock-
wise direction around the inlet (Elias et al., 2019), we plot the bathymetry in polar coordi-
nates centred at the inlet. We can then stretch out the bathymetry and re-map it on a rect-
angular grid that is aligned with the main directions of shoal and channel migration. This
approach enables the ebb-tidal delta’s morphodynamic behaviour to be quantified more
easily, since the grid can be further collapsed to a single spatial dimension. Although ETDs
have often been simulated in process-based morphodynamic models along curvilinear and
unstructured grids (Elias et al., 2006; Eelkema et al., 2012) and radial coordinates have been
used in some river delta models (e.g., Parker and Sequeiros (2006)), this type of gridding has
not yet been used in this way to analyze decadal-scale bathymetry.

First, the origin and properties of the polar grid were selected. For Ameland Inlet, 607
km N, 169.5 km E (RD coordinate system) was chosen subjectively as the origin based on
prior knowledge of the site’s dynamics (Elias ef al., 2019). This location is near the deepest
part of the Borndiep, the main inlet channel, and remains stable throughout the surveyed
period. A grid extent of 7 km from the origin was used because it lay within an area of con-
sistent coverage area by the available bathymetric surveys. A 180°-wide swath from 260°
(WSW) clockwise to 80° (ENE) was chosen as this extent was sufficient to capture the key
morphodynamic processes of interest but excluded the inland portions of Terschelling and
Ameland islands. Trial and error revealed that the dominant bathymetric migration pat-
terns coincided best with this origin and grid extent. This step could be further quantified
and optimized in future applications to minimize distortions and enable automated analy-
sis of e.g., global datasets of remote sensing-derived bathymetry.

Next, the radial grid was overlain on the raw bathymetric data. An angular resolution
(dO) of 1° and radial grid spacing of 40m were chosen, as this gave a good balance between
having sufficient resolution in the coarser distal cells (approximately 40 x 120 m) and en-
suring that there was at least one data point per cell in the proximal cells (approximately
40 x 20 m). To estimate the elevation of the polar grid cells (z,44r), all elevation points from
the original rectangularly-gridded bathymetry (z,..;) lying within a given polar cell were av-
eraged. Points within 1 km of the origin were neglected from the interpolation, since many
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of the polar grid cells within that radius were smaller than the 20 m resolution of the original
bathymetric datasets.

To monitor volumetric changes in the delta through time, the sediment volume anomaly
Van within a given cell was calculated by multiplying its surface area A with the difference
in elevation from the mean bathymetric surface z;,¢4,. Since the interval between surveys
was not equally spaced, each survey in the calculation of z,,.,, was weighted by the interval
preceding it.

This procedure was repeated for all available surveys to create a three-dimensional times-
tack of the delta’s bathymetry. The evolution of the inlet can be further analyzed by collaps-
ing the map along a single dimension, summing the volume anomalies ) V() along rows
(p, distance from the inlet) or columns (6, angular sector relative to 0° N). This permits the
creation of Hovmoller (Hovmoller, 1949) or timestack diagrams to illustrate the morphody-
namics of the entire ETD in a single plot. This approach has been used at shorter timescales
for specific regions of an ETD before (e.g., Harrison et al. (2017); Humberston et al. (2019)),
but not yet for a whole delta or at decadal timescales.

3.3.2. STRATIGRAPHY

To develop the stratigraphic model, we compare elevation (z) differences in the bathymetry
at sequential timesteps ¢ and ¢t +1 (e.g., Figure 3.2). At all grid cells i where z;41,; > z;,;, there
is deposition and z;41,; becomes the new surface elevation. The difference between z;,; ;
and z;; becomes labelled as a deposit with a date of ¢ + 1, and z;,; remains the same for all
previous values of ¢. At all grid cells i where z;,1,; < z;,;, there is erosion and z;,,; becomes
the new surface elevation. The elevation of z, for all previous t is retroactively reset to z;1,;
and no deposition is recorded. This process is then repeated for all grid cells at all available
timesteps.

The minimum bathymetric surface elevation across all surveys z;,;, defines the lower
envelope of morphodynamic change during the total surveyed interval, which corresponds
to the depth of reworking (e.g., van der Spek (1996); Vonhégen-Peeters et al. (2013)). Con-
versely, the maximum bathymetric surface elevation across all surveys z,,,, defines the up-
per envelope of morphodynamic change. The volume of sediment contained between z,,;;,
and z; can be considered the “active” ETD (on the timescale of available surveys) Vyc;ive,
while the volume of sediment beneath z,,;,, can be considered the “passive” ETD (Vj4ssive)-

To estimate the age of a given surface deposit sample of depth Azgg;pie, all deposit
dates are first converted to an age from the most recent timestep. The mean deposit age
across Azggmple is estimated, weighted by the thickness of each deposit in the sample. This
averaging is analogous to taking a surface core, but also reduces variability due to minor
(0(0.1m)) differences in survey elevations. Note that this calculation reveals the time since
the sediment was deposited, not the actual age of the sediment particles in that deposit.
This approach does not explicitly consider the influence of sub-grid scale bedforms on sed-
iment reworking. We also cannot say anything about grain size characteristics of the de-
posits, since we lack sediment size data in equivalent spatial and temporal resolution to the
bathymetry.

3.3.3. BATHYMETRY
The two analysis techniques proposed here exploit the opportunities presented by high spa-
tiotemporal resolution bathymetry. The earliest bathymetric surveys of Ameland Inlet were
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Figure 3.2: Schematic diagram indicating how the stratigraphy is computed from (a) bathymetry at three sequen-
tial timesteps, (fp, 1, £2). For example, at #1 (b), the channel migrates to the right and fills in slightly. The left part
of the shoal accretes, but the right part erodes slightly below the fg elevation, zyp. The areas deposited at #; are
shaded in teal. At f; (c), the channel continues to infill and migrate to the right, eroding into ty and #; deposits.
Sediment is also deposited on the shoal, as is indicated by yellow shading. This process is repeated for all grid
cells in the bathymetry at all available timesteps. Note that eroded and deposited volumes are not necessarily con-
served along the transect because it represents a 2D vertical slice of 3D stratigraphy
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conducted for navigational purposes in the 1500s, and the area has been closely monitored
in the centuries since then (Elias et al., 2019). These surveys were sporadic throughout the
20th century, but since 1989, Rijkswaterstaat (part of the Ministry of Infrastructure and Wa-
ter Management) has measured the site at 3 to 6-year intervals and stored the data digitally
as part of its Vaklodingen dataset (Figure 3.1). In 2007-2010 and 2016-2021, more frequent
surveys of the site (semi-annual to annual) were carried out as part of the SBW-Waddenzee
and Kustgenese2.0 projects, respectively (Zijderveld and Peters, 2009; Van Prooijen et al.,
2020; van der Werfet al., 2019a).

Subtidal areas of the study site were measured with a single-beam echo sounder in
transects with approximately 200m spacing. The data are reduced to 1m resolution along
transects after quality control is performed, after which the bathymetry is combined with
nearshore coastal profile measurements and LIDAR measurements of intertidal areas from
the Dutch national elevation model, Actueel Hoogtebestand Nederland (AHN). The inte-
grated digital elevation dataset is interpolated to a 20 x 20m grid (dx = 20m), which forms
the basis of the analysis presented here. Much more extensive descriptions of the Ameland
Inlet bathymetric dataset used in the present study are given in Elias et al. (2019) and Elias
etal. (2022).

3.4. RESULTS

3.4.1. BATHYMETRY

Nearly 50 years of high-resolution bathymetric surveys are available for Ameland ETD, which
provides a unique dataset that is well-suited to demonstrating our new analysis techniques.

To characterize the delta, we first examine its average shape and its range of variability. The

mean surface z,,.4, retains the key, persistent features of the ETD (e.g., Borndiep, Westgat,

and Akkepollegat channels; Bornrif platform), but smooths out unique ephemeral features

(Figure 3.3a). This surface can thus serve as a basis of comparison for investigating the vari-

ability of ETD morphology.

The minimum bathymetric surface is dominated by the wide and deep Westgat and
Borndiep channels (Figure 3.3b). The western side of the delta is relatively deep (< 6m),
since this region is repeatedly scoured down by migrating ebb-channels. Conversely, the
Bornrif platform on the eastern side of the delta is relatively shallow and stable without in-
tersections by deep channels.

The maximum bathymetric surface (Figure 3.3c) has a fairly uniform elevation of ap-
proximately —3m across much of the ebb-tidal delta. This depth is subtidal MLW = —1.4m)
but still well within the breaking wave depth threshold for average wave conditions.

By computing the difference between the maximum and minimum bathymetric sur-
faces, we obtain the full envelope of observed morphological change (Figure 3.3d). The
envelope is thickest in the channel areas, but also on the Boschplaat where erosion of the
island tip was substantial. The volume of the envelope between the maximum and mini-
mum surfaces is given by:

n
Venvelope = Z(Zmax,i — Zmin,i) dx* =440 x 10°m® (3.1)

i=1
where dx is the (fixed) rectangular grid cell width and 7 is the total number of rectan-
gular grid cells within the boundaries of the polar grid defined in Figure 22. The volume of
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Figure 3.3: Bathymetric surfaces derived from stratigraphic analysis. (a) Mean bathymetric elevation (zmean). (b)
Minimum bathymetric surface (z,;;5). (c) Maximum bathymetric surface (z;;4x). (d) The envelope of bathymetric
change (2max — Zmin)- () Active delta (preserved deposit) thickness in 2021 (22021 — 25 5)- (f) Surface anomaly in
2021 (24,2021 = 22021 — Zmean)- In (a,d,e,f), the approximate mean low water level (MLW) contour of the zyeqn at
-1.4 m NAP (Normaal Amsterdams Peil, approximately mean sea level) is represented with a thick black line, and
the -6 m NAP depth contour is indicated with a thin dashed line. The MLW and -6m contours in (b,c) correspond
to those of z,,,;, and zyax-
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sediment preserved in the active delta in 2021 is:

n
Vactive = Z (22021,i = Zmin,i) - dx* =236 x 10°m® (3.2)
i=1

This accounts for the volume of sediment that was deposited since 1975 and preserved
in its original location until 2021 (Figure 3.3e). Note that this is smaller than the volume of
the envelope, indicating that the volume deposited and volume that is actually preserved
differ by nearly a factor of 2. For comparison, (Elias et al., 2022) computed the total net vol-
ume change Vy,e; = Vap21 — Vooos and mean annual gross volume change Vgross = Veroded +
Vdepos,-ted of the delta from 2005 to 2021 as 18.3 x 108 m? and 47 x 108 m? /year, respectively.
These findings indicate that net changes in the size of the ETD are very small relative to
the gross changes and that the morphodynamics of the delta are characterized by extensive
reworking.

Lastly, we can compute the surface anomaly z,(;) = z; — Zean for each year, as indicated
for 2021 in Figure 3.3f. This corresponds to the height of the bed above or below the mean
bathymetry, which makes it easier to monitor the migration of shoals and channels across
the delta through time. In 2021, the most anomalous features are the shallower Borndiep
and Westgat channels, massively eroded tip of the island Terschelling, twin ebb spillover
lobes, nourishment, and Bornrif Bankje shoal.

3.4.2. POLAR ANALYSIS

Plotting the ETD bathymetry in polar coordinates (Figure 3.4) aligns the grid with the princi-
ple sediment transport pathways (Pearson et al., 2020; Lambregts, 2021): rotationally around
the inlet (9-axis), and radially out from the inlet (p-axis). The power of this conformal map-
ping approach arises when the complex geometry of the ETD (Elias et al., 2019, 2022) can be
collapsed to a single spatial dimension. To do so, we compute the volume of sediment above
and below the mean bathymetric surface (Figure 3.3f). The computed volume anomaly
Va(t) = Za(p - dx* is then summed across the 6 and p directions for each surveyed year to
produce a Hovmoller or timestack diagram (Figure 3.5¢,d). In doing so, the essential mor-
phological features of the ETD can be tracked in space and time.

Patterns in the volume anomaly with respect to 8 correspond to rotational motion around
the inlet (Figure 3.5¢). This makes it an ideal means of investigating sediment bypassing
from one side of the inlet to the other via shoals. Bright yellow ridges indicate the presence
of shoals, and dark blue troughs indicate channels or other deeper areas. All of the ridges
and troughs show a clear trend up and to the right, which corresponds to a mean clock-
wise rotation of between 14.4°/decade (see Appendix A for details). The migration of shoals
and channels appears to speed up in the northern quadrant of the ETD, then slows down
again as it approaches the downdrift coast. Several key patterns demonstrate this bypassing
phenomenon (Figure 3.5¢):

i - The persistent erosion of the Boschplaat at the tip of Terschelling (~ —90°), which
began around 1975.
ii - The infilling of the Westgat as its role changes from main ebb-channel to marginal
flood channel.
iii - A large volume of sediment migrates from the Boschplaat beginning in the 1990s,
and gradually moves around the inlet to approximately —22.5° in 2021. This corre-
sponds to the growth and migration of the Ebb Lobe 1 at 13.5°/decade (R? = 0.95).
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Figure 3.4: Bathymetry of the ebb-tidal delta in Cartesian space (top) and reprojected in polar space (bottom) for
the years 1975 (a,c) and 2021 (b,d). Both coordinate systems are centred at 169.5 km E, 607 km N (RD coordinates).
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Figure 3.5: The volume anomaly Vj(;) (volume of sediment in a given year (here 2021) above or below the mean
bathymetric surface z;;¢47) in Cartesian (a) and polar space (b). Hovmoller diagrams indicate the change in vol-
ume anomaly for each year summed along the 6 (c) and p axes (d), stacked in time. For example, the sum of each
column in (b) is the top row of (c), and the sum of each row in (b) is the right-most column of (d). In (c), thin
black lines denote the trajectory of shoals or depositional areas (yellow) and channels or eroded areas (blue) in
space and time. Red dashed lines indicate linear fits through those trajectories. Trends up and to the rightin 8 — ¢
space (c) indicate clockwise motion around the inlet. Trends up and to the right in p — ¢ space (d) indicate seaward
expansion of the delta, and are qualitatively shown by red arrows.
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iv

- In 2005 at ~ —55°, there is a bifurcation in this ridge, which corresponds to the out-
growth of Ebb Chute 2. The ebb delta nourishment in 2019 is visible as a small in-
crease at the end of this ridge. The average migration rate of this shoal complex is
17.2°/decade (R* = 0.94).

- The clockwise rotation of the Akkepollegat channel from 1989-2021 at 15.0°/decade
(R? = 0.97) and gradual infilling after 2015 as it loses its prominance as main ebb
channel.

- The migration of shoals across the Bornrif platform at 14.9°/decade (R% =0.95).

- The migration of the proximal and distal parts of the marginal Oostgat channel at
10.1°/decade (R? = 0.88) and 21.5°/decade (R? = 0.88), respectively.

- Attachment and migration of the Bornrif Strandhaak at 16.6°/decade (R? = 0.81).

- The gradual migration and attachment of the Bornrif Bankje shoal to the Ameland
coast at 6.0°/decade (R? = 0.80). The appearance of this shoal leads to an apparent
bifurcation of the Oostgat channel (vii), although this is just an artefact of the chosen
polar coordinate system.

- Erosion of the Ameland coastline associated with the westward migration and diffu-
sion of the attached Bornrif Strandhaak shoal.

Patterns in the volume anomaly with respect to p correspond to expansion and contrac-
tion of the ETD in a radial direction from the inlet (Figure 3.5d). We can divide the domain
into three regions: proximal (1-3km), medial (3—5km), and distal (5—7km). This behaviour
is exemplified by these notable patterns:

Xi

Xii

xiii

Xiv

- The proximal region reflects the migration of a shoal complex from the tip of the
Boschgat seawards, eventually becoming Ebb Lobe 1 and 2.

- The medial region has a large volume anomaly in 1975 associated with the Bornrif
shoal, which then attached to the Ameland coast and moved away from the inlet.

- The medial region increases in volume after 2010 due to seaward growth of Ebb Lobe
1 and 2 and attachment of Bornrif Bankje to the Ameland Coast

- The distal region has a large negative volume anomaly in 1975 because the Bornrif
platform is then located further westward and closer to the inlet than in later years.

- Prior to 1989, the distal region is dominated by the large volume of sand stored in
the ebb lobe of the Westgat, which was then the main channel. Between 1989-2010,
the distal region shows the landward contraction of the ETD associated with the mi-
gration of this mass of sediment from the distal lobe across the Bornrif.

- After 2010, the distal region grows seaward as Ebb Lobe 1 continues to develop and
migrate around the periphery of the delta. The addition of the ebb delta nourish-
ment in 2018 is also visible. This growth in the distal region also reflects the eastward
migration of sediment from the Bornrif Bankje and Strandhaak after attaching to the
Ameland coast.

Collectively, these patterns strongly suggest that sediment bypasses Ameland Inlet (at least
in part) via shoals that migrate around the medial and distal region of the ETD. In the 46
years encompassed by the present study, no individual shoal makes a complete cycle across
the entire inlet.
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3.4.3. STRATIGRAPHIC MODEL
To explore the stratigraphic model, we examine seven vertical cross-sections through the
ebb-tidal delta (Figures 3.6 & 3.7), chosen to best illustrate key morphodynamic behaviours:

* Section A-A’ spans the width of the inlet between the islands of Terschelling and Ame-

land. The Boschplaat (the eastern tip of the island Terschelling, X =2 —5km) eroded
nearly 3 km westward in the past 50 years (Elias et al., 2019). The shoal and chan-
nel complex left behind in its wake at the centre of the inlet (X = 3 —6km) is highly
dynamic. From X = 2 —4km, the active depth reaches around —4m, whereas east-
ward (X = 4 —6km) the active layer extends deeper to about —6 to —10m. This is
a result of the dynamic secondary channels that continuously rework the sediment.
Even though Zeehondjeplaat (X = 5 — 6km) retains its height, the deposit age indi-
cates that it has been heavily reworked (to a considerable depth — down to —10m).
This apparently stable shoal is actually highly morphodynamic.
There is a clear channel fill sequence as the main ebb-channel (Borndiep) migrates
westward at this location (X = 6 — 7km). Note, however, that south of this transect,
the channel migrates eastward into the island, necessitating shore protection works
and nourishments.

* Section O-B’ extends northwest from the inlet across the Kofmansbult platform. There
are extensive channel fills in the proximal part of the Borndiep (1 —2km), but the dis-
tal parts of the profile are characterized by extensive recent deposition in subtidal ebb
spillover lobes. The seaward growth of these lobes is evident from the steep lee slopes
of progressively newer deposits (at ~ 4km), whereas the rear slope (at 1.5 —3.5km) is
much milder and eroding into older deposits. The active deposits in this transect are
typically 4 —8m thick, since this cross-section roughly follows the former centreline of
the Akkepollegat ebb channel. The maximum shoal height appears to decrease with
distance, from —2m between 2 — 3km to almost —4m at 6—7km. In 2018, a 5 x 108m3
sand nourishment was placed at the seaward edge of the profile (6 — 7km).

* Section O-C’ extends due north of the inlet through the Akkepollegat ebb channel.
At the proximal end of the section there are deep deposits associated with infilling of
the Borndiep (0 — 2km) and the growth of the Oostwal shoal. Recent deposits in the
middle of the section are thin or non-existent, as in 2019 the Akkepollegat is migrating
laterally and eroding into older sediment (2 —5km). At the far end of the transect lies
the distal lobe deposits of the delta (5 - 7km).

* Section O-D’ cuts northeast past the tip of Ameland and across the Borndiep swash

platform. In 2019, the beach of Ameland was nourished (0.5 — 2km) to limit coastal
erosion there. This nourishment filled in part of a shallow marginal channel, the Oost-
gat, which persists in the middle of the transect (2.5 — 4.5km). The channel has been
gradually squeezed against the Ameland coast, so there is relatively little deposition
there. At the distal end of the profile lies the Bornrif Bankje, a large sandy shoal that
began attaching to the Ameland coast in about 2016 (Elias et al., 2019).
A crucial difference between the Oostgat and the main channels to the west (i.e.,
Borndiep, Westgat, and Akkepollegat before 2011) is that it does not scour beneath
the surface of the Bornrif platform. Its definition as a channel is mainly due to the
development of shoals on either side of it (see also Section F- F’) .

* Section E-F’ is a 6 km long arc spanning the proximal part of the delta at a radius of 2
km from the origin. Recent shallow channel fills at 0 — 1km are associated with shoal
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development at the tip of the Zeehondjeplaat. The much older and deeper channel
fills between 0.8—1.5km are connected with the infilling of the Westgat, which used to
be the primary ebb channel from the 1950s-1980s (Elias ef al., 2019). Channel fill be-
tween 1.5—3km corresponds to the switch of the main ebb-channel from the Westgat
to the Akkepollegat, beginning in the 1980s. The Akkepollegat migrated laterally with
a fairly persistent base of —19m until approximately 2007, at which point it began
to diminish in importance and accrete vertically. In contrast to the steeper-banked
active channels (e.g., A-A’ at 7km), infilling channels on the ETD tend to have more
gradual side slopes, and are deposited in much thinner layers (e.g., at 2.5km). At
3—-5km, the gradual progradation of the Oostwal shoal can be seen. At 5km, the 2019
beach nourishment fronts the Ameland coast, on which high dunes extend above the
intertidal zone.

Section F-F’ cuts across the medial part of the delta (4 km from the origin) and spans
from the Boschplaat to Ameland, clearly demonstrating the shoal bypassing process
illustrated in Figure 3.5. Between 1 —3km, the extensive channel fill of Westgat seen
in Section E-E’ continues. Westgat has continued to narrow in recent years as the
Nieuwe Akkepollegat channel (2—-3km) widened and encroached southward (~ 2km).
Ebb Lobe 2 emerged at the tip of Nieuwe Akkepollegat, outbuilding laterally on both
sides and migrating clockwise around the inlet, encroaching on Ebb Chute 1. Ebb
Chute 1 and Ebb Lobe 1 are migrating clockwise and encroaching on Akkepollegat,
the former main ebb channel. This migration tends to occur most rapidly during fall
and winter storms (Elias et al., 2022). Vividly illustrating this process, a measurement
frame placed at 168.46 km N, 610.44 km E (53.48° N 5.59°F) on September 19, 2017
was irretrievably buried beneath the migrating Ebb Lobe 1 during a large northwest-
erly storm on October 3-7, 2017.!

The minimum surface along F-F’ between approximately 4 —8km corresponds to the
former and current base of the Akkepollegat channel and Ebb Chute 1. Section F-F’
shows the fate of a former main ebb channel — as Akkepollegat migrated eastward,
more and more flow was diverted to the western channels (Elias er al., 2019). Akke-
pollegat still scours the main platform, but only a shallow channel forms - it does not
have the strength to carve a pronounced channel here (see also O-C’). The western
channel embankment only forms as Ebb Lobe 1 pushes eastward.

On the eastern bank of the Akkepollegat, a shallow shoal steadily accretes vertically

and migrates shoreward across the Bornrif platform, encroaching on the Oostgat marginal

channel (2 - 3km). The maximum surface elevation reveals that the ETD at this ra-
dius from the inlet has remained completely subtidal, at an average depth of 3 m. At
the coastline (11km), the remnants of the Bornrif Strandhaak (a shoal which attached
to Ameland in the 1990s) are visible, although it has been eroded and subsequently
re-deposited by the Oostgat.

Section G-G’ spans a 17 km transect along the distal end of the delta, 6km from the
origin. The shoreline of Terschelling has retreated by over 1km, encroached by West-
gat (0—2km). Between 2—3km, the vertical infilling of the formerly-dominant Westgat
is evident, and this area is now capped by an ebb-tidal shoal at the end of the present-

1Given the apparent migration rate of Ebb Chute 1, I suspect that the frame could re-emerge in as little as 5 years.
However, if the channel fills up (as Nieuwe Akkepollegat becomes the dominant ebb-channel), Ebb Chute 1 may
simply pass over top of the frame without uncovering it. In that case, it might be much longer before before it
resurfaces — hopefully by the time I retire...
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Figure 3.8: Surface deposit age, calculated using the average age of deposits in the top 1.0 m of the seabed. The
approximate mean low water level (MLW) contour at -1.4 m NAP (Normaal Amsterdams Peil, approximately mean
sea level) in 2021 is represented with a thick black line, and the -6 m NAP depth contour is indicated with a thin
dashed line.

day channel. The 2018 ETD nourishment sits between 4 —7km atop the seaward edge
of Ebb Lobe 1. The relatively recent distal lobe spans from 7 — 12km, and migrates in
a clockwise (locally, eastward) direction. The eastern edge of the delta (12 - 17km) is
characterized by a series of onshore-migrating sawtooth bars, discussed in greater de-
tail by Brakenhoffet al. (2019b). At the Ameland coast, the more recent Bornrif Bankje
(circa 2015) abuts against the older deposits of the Bornrif Strandhaak (circa 1989).

The stratigraphic model provides an additional perspective on the ebb-tidal delta dy-
namics revealed by the polar analysis. The arc transects of E-E’, F-F’, and G-G’ depict the
same clockwise migration patterns demonstrated in Figure 3.5c. Similarly, the radial tran-
sects O-B’, O-C’, and O-D’ indicate sedimentary structures that correspond to the seaward
growth of the delta observed in recent years (Figure 3.5d).

In addition to the delta’s dynamic behaviour, the stratigraphic model shows much about
the less mobile sedimentary deposits that remain preserved. The surface deposits of Ame-
land ebb tidal delta circa 2019 are generally young (< 5 years), which reflects the continuous
reworking of the system (Figure 3.8).

The oldest areas of exposed sediment correspond to channel incision and migration
in Ebb Chute 2, Westgat, the seaward tip of Akkepollegat, and Oostgat. Older material is
exposed on the shoreface west of the delta, whereas the shoreface east of the delta is more
freshly deposited. Bar migration on the upper shoreface of Terschelling reveals alternating
patterns of older and younger sediment.

Beneath the present-day surface, large portions of the ebb-tidal delta have remained
undisturbed for at least the last 46 years. These are indicated by the oldest, dark blue sed-
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iment in Figures 3.6 & 3.7 and the shallowest regions of the minimum bathymetric surface
in Figure 3.3b. The most stable parts of the ebb-tidal delta appear to be the Bornrif platform
to the east and the deeper parts of the Kofmansbult platform to the west. The majority of
shoals on the ETD are continuously reworked on timescales of less than 10 years.

3.5. DISCUSSION

In this study, we developed a combination of techniques for mapping and analyzing the
decadal scale morphodynamics and stratigraphy of a mixed-energy ebb-tidal delta. This
approach leverages bathymetric data in ways that provide new insights into the dynamics
of present-day ETDs or the strata left behind by ancient ETDs. The conformal mapping
(polar) analysis collapses large amounts of spatiotemporal bathymetric data into a single
figure that clearly shows key morphodynamic behaviour like ebb-tidal delta bypassing. The
combination of conformal mapping and stratigraphic modelling provides greater interpre-
tive value than either approach in isolation. Our approach also gives useful information for
dealing with contemporary coastal management issues like nourishment planning, by in-
dicating where deposited sediment is more likely to migrate or persist. This methodology is
generally applicable to any coastal or submarine landscape where high resolution (in space
and time) digital elevation models or numerical model output are available. We demon-
strated this technique by applying it to 46 years of bathymetric surveys from Ameland ebb-
tidal delta in the Netherlands. Together with the narrative explanation of morphological
evolution from studies like Elias et al. (2019, 2022), these techniques provide a powerful set
of tools for analyzing and interpreting ebb-tidal delta dynamics.

3.5.1. PRESERVATION POTENTIAL

The stratigraphic model developed here provides insight into the preservation potential of
Ameland ebb-tidal delta on yearly and decadal timescales. Deposits are eroded rapidly at
first, and then more gradually after several years. Surficial sediments are extensively re-
worked, indicative of the large gross but small net changes observed there (Elias et al., 2022).
The thickest deposits with the greatest preservation potential over the observed timescale
are channel fills (Figures 3.6, 3.7, and 3.3e). With the exception of some deeper channel
fills, the majority of sediment deposited in the 1970s to 1990s has already been reworked by
the 2021 (Figures 3.6 & 3.7).

Via this approach, we can clearly demarcate the active and passive parts of the ebb-tidal
delta on decadal timescales. The passive (blue) part and the ebb-tidal delta as a whole are
governed largely by the tidal prism (Walton and Adams, 1976). Conversely, we hypothesize
that the active (yellow) part fluctuates in response to the sediment bypassing process. This
distinction is particularly useful in the case of features that appear relatively stable but are
in fact continuously reworked (e.g., Zeehondjeplaat in Figure 3.6 Section A-A).

Our analysis does not consider regions which are stable over much longer periods than
the 46 years analyzed here. Elias et al. (2019) indicate that the Bornrif platform has been
very stable for the past two centuries with no major channel bisections since 1831, when a
channel extended northeast across it to depths greater than 7 m. The Bornrifis a remarkably
persistent feature, present in its familiar form as far back as the first available nautical charts
in 1585. Conversely, the main ebb-channel nearly always occupies the northwest quadrant
of the delta, and although deposits there tend to be thick, this area is subject to frequent
reworking. Ages of preserved deposits derived using our method could be further verified
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in the field with geochronological methods (e.g., Reimann et al. (2015); Fruergaard et al.
(2015)).

3.5.2. SEDIMENT DYNAMICS

Sediment bypassing across the delta in shoals can now be more accurately quantified with
the techniques shown here. The clockwise migration of shoals and channels around the
inlet is corroborated by both the polar analysis and stratigraphic model (e.g., Figure 3.5¢
and Cross Section F-F’ of Figure 3.7). Although this is perhaps unsurprising given that their
underlying datasets are the same, it demonstrates their combined usefulness for interpre-
tation of complex patterns.

The utility of the polar/conformal mapping approach extends to sediment properties
like grain size. Projecting sediment samples from Ameland ebb-tidal delta into polar co-
ordinates illuminates a clear decreasing trend and reduction of variability in median grain
size (dsg) clockwise around the inlet (Elias et al., 2022). This coincides with the direction
of shoal migration and channel rotation mapped in Figure 3.5c. van der Vegt (2018) also
demonstrated spatial variation in grain size of river deltas using polar mapping.

It is not possible to conclusively estimate the duration of a full bypassing sequence from
the present data, since the longest continuous ridges or troughs in Figure 3.5c traverse no
more than halfway around the inlet. Previous estimates of Ameland’s bypassing period es-
timated a cycle duration of 50 to 60 years (Israel and Dunsbergen, 1999; Ridderinkhof et al.,
2016; Cheung et al., 2007). The timescale of main ebb channel switching appears to be on
the order of 50 years, given that the primary ebb channel (Nieuwe Akkepollegat) in 2021
is west-aligned for the first time since 1975. Elias er al. (2019) suggest that multiple small
bypassing events may be necessary to create sufficient shoal volume on the downdrift plat-
form to trigger a major shoal bypassing event.

The results of Figure 3.5¢c make it apparent that the definition of a bypassing cycle needs
clarification: is it just the time between shoal attachments on the downdrift coast, or is it
about tracking a discrete plug of sand from one side of the inlet to the other? Multiple forms
of shoal bypassing can exist, with differently-sized shoals migrating along different path-
ways and at varying timescales. These shoal migrations may be due to the migration of the
main ebb channel (e.g., on the Bornrif Figure 3.5¢ (v)) or may arise from local instabilities
(e.g., the initial formation of ebb chutes Figure 3.5c¢ (iii)). We hence advocate for using the
term bypassing “sequence” (as per Elias et al. (2012a)) in lieu of “cycle” to better reflect the
often nonlinear, discontinuous, and aperiodic nature of the process.

Furthermore, bar migration is not completely representative of the sediment bypassing
process since part of the transport is in suspension. A recent tracer study at the Ameland
ETD nourishment site indicated that individual grains of sand can migrate several kilome-
ters in just a few tidal cycles (Chapter 6), which is more indicative of gross transports than
the net transport represented by shoal migration. The adoption of Lagrangian sediment
transport models (e.g., MacDonald and Davies (2007); Soulsby et al. (2011); Chapter 8) could
be used to identify the transport pathways connecting eroding and depositional regions of
the ETD.

3.5.3. COASTAL MANAGEMENT IMPLICATIONS
Coastal management and policy makers require new tools and approaches in order to make
informed decisions (Lodder and Slinger, 2021). Our new mapping approaches show the
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storage potential of ETDs for sediment on annual to decadal timescales. Understanding the
changes in the active volume of the ETD may lead to better estimates of when it is acting
as a net sediment source or sink. This knowledge can inform nourishment strategies by in-
dicating where and when to nourish, depending on the location and longevity of existing
deposits. Placing a nourishment in an (comparatively) inactive zone will lead to less disper-
sive behaviour than placing it a highly dynamic zone. The choice depends on the goal of
the nourishment (preserving volume versus increasing sand fluxes in a specific location).

For instance, the clockwise migration of shoals at approximately 15°/ decade (Figure 3.5c)
suggests that the bulk of the nourishment placed in 2018 will likely take several decades be-
fore reaching the downdrift Ameland coast. If the goal is to directly feed Ameland, it should
be placed closer to the shore (e.g., at the location of the beach nourishment in Figure 3.6
Section E-E’). However, for a goal of increasing the total sediment budget of the ebb-delta
on longer timescales, the location of the 2018 nourishment was likely a good choice.

Equilibrium models are frequently used to predict the evolution of ETDs at timescales of
10 to 100+ years (Stive and Wang, 2003; Lodder et al., 2019; Wang et al., 2020). These models
typically schematize ETDs as homogeneous deposits that directly exchange sediment with
neighbouring coasts and basins. Recent numerical modelling studies (Herrling and Winter
(2018); Chapter 7) reveal complex sediment pathways across ETDs and their surroundings,
which are also reflected by the patchiness of sediment deposition presented here (Figure 3.6
& 3.7). This calls into question the assumption of perfect, symmetric sediment connectivity
between the ebb-tidal delta and other components of the coastal system. Understanding
the actual spatial heterogeneity of ETD deposits and the resulting implications for sediment
connectivity is essential to making good long-term predictions of these systems.

In addition to planning nourishments, understanding where stable and unstable areas
of ETDs are located is important for protecting coastal and submarine infrastructure (e.g.,
cables and pipelines), as eroding coasts and nearshore regions pose hazards for these (Fide
et al., 1992; Pearson et al., 2016). In this regard, the minimum surface and envelope of mor-
phodynamic change (Figure 3.3b,c) provide valuable metrics for planning.

Ebb-tidal deltas are often perilous for navigation and frequently lead to shipwrecks (Mc-
Ninchetal., 2001, 2006; Wells and McNinch, 2003; Torres, 2015). Knowledge of the maximum
historic surface and envelope of morphodynamic change are thus valuable for safe naviga-
tion, since they indicate the shallowest and most dynamic regions of the ETD. In the event of
a shipwreck or other such maritime incident, the stratigraphic modelling approach demon-
strated here is also valuable for marine archaeology and salvage operations (e.g., the buried
measurement frame in Figure 3.7 F-F’). Our techniques are useful for any application where
it is necessary to understand the burial and re-emergence of objects and infrastructure on
ETDs.

3.5.4. COMPARISON WITH GEOLOGICAL MODELS

ETD stratigraphy has been well-explored and classified in previous studies, so here we present
a comparison with our own technique. Imperato et al. (1988) and FitzGerald et al. (2012)
identify three main elements of ebb-tidal delta architecture at mixed-energy tidal inlets:

1. Marginal flood channel deposits, characterized by steep, sharp erosional contact with
adjacent barrier sand and upper shoreface deposits (e.g., Figure 3.6 Cross Sections A-
A, E-E’), as well as infilled channels topped by swash bar deposits. Imperato et al.
(1988) notes that the shoreward migration of swash bars usually reworks deposits
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from previous bars, so that the complete sequence of a single bar is seldom preserved.
This reflects what we see on the Bornrif: thin layers sediment gliding over the under-
lying platform without substantial vertical accretion.

2. Proximal delta deposits, formed primarily by migration of the main ebb channel, thick
and with a sharp contact with underlying Pleistocene sediment. Ameland Inlet is un-
derlain by a highly resistant Pleistocene potclay layer between approximately —25 and
—-30mNAP (van der Spek, 1994). This layer restricts the inlet channel depth and thus
leads to a thinner inlet sequence compared to what would be expected in a com-
pletely sandy case. The thickest parts of the active delta are along the margins and
bed of the former and current main ebb-channels (Figure 3.3d). This is consistent
with Moslow and Tye (1985), Imperato et al. (1988), and Sha (1989b) who note that
ebb-channel deposits tend to be the thickest, most preservable ETD facies on longer
timescales. The repeating sigmoidal downdrift-dipping surfaces observed in Cross-
Section F-F’(Figure 3.7) are consistent with migrating inlet/spit systems (FitzGerald
etal., 2012).

3. Distal delta deposits, which are 1-4 m thick and interweave with seaward shoreface
sediment. These are evident in Cross Sections O-B’, O-C’, and G-G’ (Figure 3.6 & 3.7),
and have been confirmed with vibrocore samples offshore of the present study area
by van der Spek et al. (2021).

Our results thus provide a clear explanation of the layering and sedimentary structures that
are typically observed in the geological record. Previous studies mentioned above have
largely relied on core samples, numerical models, and sparse surveys to construct strati-
graphic models of ebb-tidal deltas, but the approach presented here provides a new way to
find this information, and provides a novel perspective on the genesis of these architectural
features. Future research should also consider relating the stratigraphy developed with this
approach to observations of bed sediment particle size (e.g., Elias et al. (2022)).

3.5.5. OUTLOOK

Having demonstrated our approach for Ameland ebb-tidal delta, the logical next steps for
future research are to apply and extend these techniques at other tidal inlet systems. For
instance, future studies could investigate more advanced techniques for optimizing the
choice of origin or even use a conformal mapping layout that better reflects a given site’s
morphology than a fixed polar grid. Ameland is a somewhat ideal case in that like many
stabilized tide-dominated inlets (FitzGerald, 1984; Sha and De Boer, 1991; Tye and Moslow,
1993; Smith and FitzGerald, 1994; Elias et al., 2006; Son et al., 2011; Eelkema et al., 2013),
it pivots around its inlet, so its dynamics map remarkably well to a polar grid. However,
a polar coordinate system may not be the best choice for analyzing all ETDs, particularly
multi-inlet systems or less stable wave-dominated inlets that migrate rapidly or close inter-
mittently (Morales et al., 2001; Nienhuis and Ashton, 2016).

Our method for developing a stratigraphic model from bathymetric surveys is applica-
ble regardless of a system’s dynamics, though. The main requirement is sufficiently high
temporal resolution to capture the true reworking of sediment (Vonhdogen-Peeters et al.,
2013). For shallower ETDs, the necessary frequency of measurement could be obtained
via remote sensing (e.g., Pianca et al. (2014); Harrison et al. (2017); Ford and Dickson (2018);
Humberston et al. (2019); Zhang et al. (2020a); Heimhuber et al. (2021)). Together, polar
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and stratigraphic analyses give researchers new means of simplifying and quantifying ETD
dynamics, which could be used to quantitatively generalize ETD behaviour by examining
other sites.

Although the temporal resolution of the Ameland dataset is high enough to resolve most
decadal-scale morphodynamic changes, it is not sufficient to resolve seasonal patterns or
the influence of specific storm events. To shed more light on these matters, the stratigraphic
modelling approach could be further extended to process-based numerical model output.
There are still many unresolved challenges in morphodynamic modelling of ebb-tidal deltas
(Elias et al., 2015a; Lenstra et al., 2019a), and the results of this study can help in their analy-
sis and interpretation by providing new types of information to validate against. Numerical
models could also conceptually extend the present approach to look at the role of grain size,
sorting, and provenance in depositional processes, similarly to van der Vegt et al. (2020).

The approach demonstrated here is also likely to be applicable on other diverging sed-
imentary systems, such as alluvial fans, submarine fans, river-dominated deltas, or fan
deltas. Distributary channels in these systems tend to radiate from a single outlet, which
suggests that a radial collapse of the data could be an effective way to represent major mor-
phodynamic trends.

3.6. CONCLUSIONS

We demonstrated the development and application of new approaches to mapping and
analyzing ebb-tidal delta (ETD) dynamics, using the high resolution, frequent bathymetric
surveys of Ameland Inlet in the Netherlands. Conformal mapping (polar) analysis provides
a novel perspective on the analysis of ETD bypassing, by aligning the coordinates of anal-
ysis with the principle directions of sediment transport and morphodynamic evolution. In
doing so, we transform the complex geometry of the ETD into a more convenient format for
analyzing the morphologic patterns and sediment transport pathways that are of interest to
coastal scientists and managers. With this approach, the bypassing behaviour described by
Elias et al. (2019) and Elias et al. (2022) can be collapsed into fewer dimensions and the pat-
terns expressed more simply as a timestack. This enables the concept of ETD shoal bypass-
ing and the rotational migration of ebb-tidal deltas to be investigated more continuously
and quantitatively than previous efforts on the topic. There is a clear clockwise motion of
shoals and channels of approximately 14°/decade, which corresponds to the dominant di-
rection of longshore drift and offshore tidal dominance.

The interpretation made from the polar analysis is complemented by a decadal-scale
stratigraphic model of Ameland ETD that we produced from the differences between re-
peated bathymetric surveys from 1975-2021. This approach permits the detailed analysis
of deposit thickness, spatial distribution, age, and preservation potential. The majority of
shoals in the active part of the ETD are continuously reworked on timescales of less than
10 years. These findings provide insight into the most stable regions of the ebb-tidal delta,
which is important information for predicting how these features are likely to evolve in the
future. This also provides a new and valuable approach for interpreting modern and ancient
ETD stratigraphy:.

Our analyses are permitted by the wealth of frequent, high-resolution bathymetric sur-
veys conducted at Ameland Inlet. This method can be applied to any coastal system, but
is best used where the data spans the dominant timescale of morphological change for the
site, and with sufficiently high resolution in space and time to capture detailed phenomena.
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As such, the approach can also be applied to numerical model output. Together, the tech-
niques presented here give researchers a new means of simplifying and quantifying ETD
dynamics, and can lead to more generalized depictions of ETD behaviour. Furthermore,
the approach can be applied to validate and interpret outcomes from numerical models.
The improved understanding and practical techniques provide coastal managers with use-
ful tools for sediment management and optimizing nourishment strategies in such complex
environments. This will better prepare them to tackle future challenges posed by climate
change and human interventions.
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OBSERVATIONS OF SUSPENDED
PARTICLE SIZE DISTRIBUTION ON
AN ENERGETIC EBB-TIDAL DELTA

KEY POINTS:

e In situ suspended particle size distributions and hydrodynamics were mea-
sured on Ameland ebb-tidal delta

e There are two distinct populations of suspended sediment: locally resus-
pended fine sand and mud exported from the Wadden Sea.

* Additional techniques are needed to distinguish suspended sand from mud
in mixed sediment environments.
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N the previous two chapters, we examined snapshots of Ameland ebb-tidal delta as it
I evolved over the decades. Millions of cubic metres of sand shift between each map, but
we did not measure the physical processes leading to these changes, only the effects. In this
chapter, we begin to examine how sediment transport in suspension across the ebb-tidal
delta varies as a function of grain size and under the influence of different wave and tidal
conditions. We focus on the particle size distributions of suspended sediment (obtained
using a device called a LISST) during a period of several weeks. We then compare these
measurements with the particle size characteristics of the seabed. The aim of this chapter
is to quantify the details of sediment transport processes on the scale of individual particles,
in order to inform the larger-scale analyses elsewhere in this dissertation.

ABSTRACT

Sustainable management of barrier islands and tidal inlet systems requires a knowledge of
sediment transport pathways throughout the system. this chapter places in situ suspended
sediment observations (obtained using a LISST) in context with seabed sediment samples
and hydrodynamic measurements to identify such pathways. The results indicate two dis-
tinct populations of sediment in suspension on the ebb-tidal delta: locally resuspended fine
sand and (largely flocculated) mud exported from the Wadden Sea on ebb tide. This rein-
forces the notion of the strong dependence of sediment pathways on particle size. Future
work will combine additional lines of evidence to better distinguish suspended sand from
sand-sized flocs and provide a more robust definition of these pathways.
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4.1. INTRODUCTION

USTAINABLE management strategies for barrier island coasts and tidal inlets require ro-

bust predictions of their morphological evolution. These systems play a key role in flood
safety, navigation, fisheries, and form a living environment for numerous mammals, birds,
fish, and benthic species. To predict the response of such systems to human interventions
(e.g., dredging or nourishments) or sea level rise and other climate change effects, it is nec-
essary to quantify the pathways that sediment takes as it moves through the system. Sedi-
ment transport pathways at tidal inlets are governed by complex interactions between tides,
waves, wind, and density-driven forcing, and may vary significantly as a function of particle
size.

The current coastal safety policy of the Netherlands hinges around maintaining suffi-
cient sediment supplies in the coastal zone. Understanding and predicting the long-term
infilling trends of the Wadden Sea and the consequent source or sink from the adjacent
coastline is thus of critical importance (Wang et al., 2018). Furthermore, it is necessary to
quantify this net import and export behaviour of sediment as a function of grain size.

This chapter links in situ observations of suspended sediment particle size to the com-
position of the seabed and concurrent hydrodynamic conditions in order to estimate sedi-
ment sources, pathways, and receptors across the Ameland Inlet system.

4,2, METHODOLOGY

From August to October 2017, an extensive field measurement campaign was carried out
at Ameland Inlet in the Dutch Wadden Sea (Figure 4.1). Hydrodynamics, suspended sedi-
ment, and water quality were measured at 11 stations across the inlet, ebb-tidal delta, and
tidal watersheds of the basin. This chapter focuses on the measurements obtained by a
frame located on the distal end of the ebb-tidal delta (AZG Frame 4, Figure 2.1). Suspended
particle measurements were contextualized with in situ measurements of hydrodynamic
conditions and seabed sediment.

4.,2.1. HYDRODYNAMIC ANALYSIS

Near-bed current velocities, water level, and wave heights during the monitoring period
were measured using a downward-facing Nortek Aquadopp HR, a high-resolution Acoustic
Doppler Current Profiler (ADCP). It was mounted 0.5m from the base of the frame, although
actual height above the seabed varied due to field conditions. The ADCP sampled at a rate
of 4 Hz in 30 minute bursts. These measurements were first depth-averaged and then aver-
aged over the 30 min burst intervals. Each burst was classified into four tidal stages (flood,
high water slack (HWS), ebb, and low water slack (LWS)) using the velocity measurements
(Figure 4.2). At the measurement frame, the mean flood current is approximately eastward-
directed, and the mean ebb current approximately westward.

4.2.2. BED SEDIMENT ANALYSIS

In addition, 165 box cores were obtained from the seabed in order to characterize the bed
sediment composition (Figure 4.3). To obtain a sedimentologically representative coverage
of the entire ebb-tidal delta, the locations of these cores were chosen based on a series of
16 benthic habitat zones, defined by their depth, slope, orientation, and degree of recent
morphological change (Holzhauer et al., 2021). Subsamples of 8cm depth were taken from
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Figure 4.1: Site overview of Ameland Inlet, the Netherlands. The inlet sits between the islands of Ameland and
Terschelling, and connects the North Sea with the shallow Wadden Sea. The yellow triangle indicates the location
of the measurement frame on the western part of the ebb-tidal delta (8m depth).
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Figure 4.2: In situ measurements of 30 min burst-averaged (a) water level (1), near-bed velocity (U is positive
eastward and V is positive northward) and (b) significant wave height (H,;(). Vertical stripes in (a-b) correspond
to stages of the tidal cycle. (c) Maximum bed shear stress under waves and currents is calculated using the method
of Soulsby (1997). The dashed black line in indicates the critical bed shear stress threshold for mobility of fine
sand (125 pm) as calculated using Soulsby (1997). Coloured dots in (a-c) indicate sample times for S1 and S2 in
Figure 4.4d.
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the surface of the box cores and analyzed using a Malvern Mastersizer to obtain particle size
distributions. This dataset was supplemented with additional samples from the Wadden
Sea Sediment Atlas (Rijkswaterstaat, 1999; TNO, 2017) to provide additional context and
greater spatial coverage (i.e., within the Wadden Sea).

Figure 4.3: (a) Median bed sediment grain size (dsp). Ebb-tidal delta sediment was obtained from box cores for
this study, and basin/offshore areas were obtained from the Wadden Sea Sediment Atlas (Rijkswaterstaat, 1999).
The yellow triangle indicates the measurement frame. (b) Particle size distribution in the bed at key locations.
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4,2.3. SUSPENDED PARTICLE ANALYSIS

Particle size distributions (PSD) of suspended sediment were obtained using a Laser In-Situ
Scattering and Transmissometry (LISST-100X) instrument (Sequoia Scientific, 2015) mounted
0.6m above the seabed on Frame FED. Differently-sized spherical particles scatter laser light
in characteristic patterns across 32 detector rings, enabling the calculation of volumetric
particle concentration (¢L/L) for 32 unique particle sizes ranging logarithmically from 2.5
to 500 um. Bulk particle size statistics (i.e. dso and sorting) were calculated using the Loga-
rithmic Folk and Ward graphical measures (Blott and Pye, 2001).

The quality of the LISST measurements is highly dependent on the strength of the trans-
mitted laser beam through the water column. If the optical transmission dropped beneath
10% (indicating extremely turbid water) or exceeded 99.5% (indicating extremely clear wa-
ter), then the measurements were removed from consideration, as per Sequoia Scientific
(2015). This amounted to 3% of the time series at the measurement frame. The LISST sam-
pled at 1 Hz for 15 seconds every minute; these samples were also averaged over the same
30 minute intervals as the ADCP.

4.3. RESULTS

4.3.1. HYDRODYNAMIC FORCING

The tide at Ameland Inlet is semidiurnal with a spring tidal range of approximately 2.3m at
Frame FED (Figure 4.2a). During the monitoring period, three storms were observed; two
on August 31/ and September 7'" with significant wave height H,o > 1.5m, and the much
larger Storm Sebastian on September 14" with H,,o of approximately 5m (Figure 4.2b). The
storms also had a significant influence on the water level and flow velocities. For instance, a
significantly longer flood period is found during Sebastian. Bed shear stress due to the com-
bined influence of waves and currents was calculated using the method of Sou/sby (1997) to
give an indication of the potential for local bed material to be resuspended at the measure-
ment frame (Figure 4.2c). The critical motion threshold for the fine sand composing much
of the local sediment is exceeded during all three storms and at spring tide, which suggests
that the seabed of the ebb-tidal delta is highly mobile.

4.3.2. BED SEDIMENT CHARACTERISTICS

The bed of the ebb-tidal delta primarily consists of well-sorted fine sand (mean dso =211um,
standard deviation dsy = 30um, n = 165), while the deeper parts of the inlet channel bed
consist of medium sand (mean dsy = 289um) and shell lags (Figure 4.3a). Mud content
(< 63um) of the ebb-tidal delta areas is typically < 1% by volume, although a slightly mud-
dier patch exists at its northeastern edge. Conversely, the mud content is up to 20% in the
bed at the landward edge of the Wadden Sea and along the tidal watersheds separating Ame-
land Inlet from its neighbouring basins.

4.3.3. SUSPENDED SEDIMENT CHARACTERISTICS

The total volumetric suspended particle concentration measured by the LISST varies by
several orders of magnitude during the measurement period, from a base level of approx-
imately 50 L/ L during calmer periods to approximately 1700uL/ L following Storm Sebas-
tian (Figure 4.4). During periods with wave heights < 1m, a clear semidiurnal tidal signature
is visible in the concentrations. Under calm conditions at LWS, total concentrations can ex-
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ceed 1000uL/L.

The size of suspended sediment particles varies with ebb and flood currents, spring-
neap cycles, and the impact of storms. The median suspended particle size (dso) typically
increases towards the end of flood, suggesting a dominance of sand-sized particles. The dsg
then decreases during ebb, reaching a minimum at LWS, suggesting a greater contribution
by mud-sized particles. Particles are generally best-sorted at the end of flood under calm
conditions, whereas they tend to be poorly sorted after ebb or during storms.

Bed sediment closest to the measurement frame is mainly composed of fine sand (dsg
= 186um), and a sediment tracer study carried out on the site confirmed the transport of
such sand particles in suspension across the ebb tidal delta (Chapter 6). The high concen-
trations of sand-sized suspended particles (63 —500um) observed by the LISST would seem
to reflect this; however, many of these particles appear at times when the bed shear stress is
insufficient to suspend sand particles (Figure 4.4a), or beyond expected settling timescales
for sand. However, such particle size distributions could be explained by the additional
presence of flocculated mud and organic particles advected from a remote location, rather
than solely locally-resuspended sand.

Suspended sand tends to be lognormally distributed and unimodal (Sengupra, 1979),
whereas flocculated fine sediment and sand/silt/clay mixtures are often characterized by
multimodal PSDs (Lee ef al., 2012). Suspended sediment in the inlet and on the ebb-tidal
delta are usually multimodal (89% of 30 minute sample bursts, n = 1035), with peaks sug-
gesting a combination of fine and medium sand, silt and clay particles (e.g., Figure 4.4d).
Changes in the median particle size and sorting reflect the hydrodynamic forcing, but the
multimodal nature of the PSDs mean that these statistics alone are insufficient to describe
sediment dynamics on Ameland ebb-tidal delta.

Flocs can be distinguished by examining concurrent hydrodynamic measurements. High-
concentration bursts of sediment (e.g., S1 in Figure 4.4d) frequently coincide with calm
conditions at LWS. This suggests that the fine sediment has been ejected from the Wad-
den Sea during ebb tide past the measurement frame (e.g., Figure 4.5). Conversely, PSDs
corresponding to flood tide and under high waves are more likely to contain higher propor-
tions of sand (e.g., S2 in Figure 4.4d). Thus, there are two distinct populations of sediment
in suspension on Ameland ebb-tidal delta: locally-resuspended sand, and mud originating
from within the Wadden Sea. Both may be present simultaneously, but the dominance of a
particular type depends on the hydrodynamic conditions.
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Figure 4.4: In situ measurements of (a) suspended particle size distribution and concentration measured using
LISST at the measurement frame. (b) Median particle size (dsg) and (c) sorting coefficient (standard deviation)
from 0.5 (well-sorted) to 2.0 (poor) using the Logarithmic Folk and Ward graphical measures (Blott and Pye, 2001).
Vertical stripes in (b-c) correspond to stages of tidal cycle, see Figure 4.3 for legend. (d) Example particle size
distributions at key moments. Coloured dots in (a-c) indicate sample times for S1 and S2 in (d)
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Figure 4.5: Satellite image of Ameland Inlet on October 15th, 2017 (outside the measurement period). Taken to-
wards the end of low water slack (10:40am, a highly turbid plume of suspended matter is ejected from the Wadden
Sea, across the ebb-tidal delta and several km into the North Sea. Fronts are visible as white lines of foam and zones
with sharp colour contrast, suggesting abrupt spatial gradients in suspended sediment composition. The yellow
triangle indicates the measurement frame used in this chapter. Sentinel-2 image courtesy of satellietbeeld.nl:
©NEO B.V. Amersfoort, ©ESA 2015-2018.

4.4, DISCUSSION

There are two distinct populations of sediment in suspension on Ameland ebb-tidal delta,
and their presence depends on the hydrodynamic conditions. Locally resuspended sand at
flood tide reflects the predominantly fine sand of the ebb-tidal delta, whereas the presence
of flocculated mud at ebb and LWS reflects the Wadden Sea’s much higher mud content.
This reinforces the notion of different pathways and connectivity as a function of grain size.
This study uses a unique set of field observations of suspended sediment transport on an
energetic ebb-tidal delta in a mixed sediment environment. These findings demonstrate
the challenge of measuring and interpreting suspended sediment mixed sand/mud envi-
ronments.

Although we can derive detailed PSDs from the LISST data, the simultaneous presence
of both sand and sand-sized flocs makes it impossible to confidently describe sand and
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mud transport using the LISST alone.' Furthermore, a spherical particle inversion method
was used to interpret the LISST results, and the anisotropy of flocs or other suspended or-
ganic matter may influence the measured PSDs. Furthermore, the LISST’s accuracy may be
affected by variations in particle composition (e.g., solid grains of sand vs. flocs).

The measurements used in this study are limited in their scope, both temporally and
spatially. The 21 day period captured here encompasses a full spring-neap tidal cycle with
a mix of calm and stormy conditions (including the largest storm of 2017), but do not cap-
ture seasonal variations which may affect suspended organic matter. Furthermore, here we
measured a single point in a highly dynamic area, and as such may not be completely rep-
resentative of the entire ebb-tidal delta. In addition, the results from this study can be used
to calibrate and validate a multi-fraction sediment transport model and extend the analysis
over larger spatial extents and periods of time.

4.5. OUTLOOK

To increase confidence in the classification of suspended sediment, additional support is re-
quired. Ambiguity in the composition of sand-sized particles may be resolved by analyzing
the differential response of acoustic and optical signals from ADCP and OBS measurements
on the ebb-tidal delta as per (Fugate and Friedrichs, 2002). Multimodal PSDs can also be
broken down into constituent distributions using Gaussian Mixture Models (e.g., Lee ef al.
(2012)), and measured chlorophyll levels can be used to estimate the effect of suspended
organic matter on flocculation (e.g., Shen et al. (2018)).

Antecedent wind conditions may also be a predictor for high mud concentrations on
the ebb tidal delta, if mud is resuspended from intertidal areas in the Wadden Sea by wind-
driven waves and currents, then discharged on the ebb tide. For instance, the turbid plume
captured in Figure 4.5 was preceded by 5 days of persistent wind from S/SW directions
(KNMI, 2019). Such trends in local versus remote sources of suspended sediment may
also be revealed by examining hysteresis behaviour of sediment concentrations (e.g., Jalon-
Rojas et al. (2015)).

1 And now a poem about the LISST:
It is a great solution
To measure stuff that’s floating
And its grain size distribution

“We have an awful lot of sand!”

Is this hallucination?

There’s no bed shear! We should have guessed:
A muddy concentration

When processing your measurements
You must beware the floc!

Since if you don’t account for it

You're in for quite a shock

The grains of sand in Ameland
Are pretty much the size

Of sticky, silty clumps of goo
That daily twice whiz by

So from the depths of the North Sea,
Alesson that does matter:

When working with a fancy LISST
Don't blindly trust your data!
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Data collected from other instruments located around Ameland Inlet during the field
campaign should be used in the interpretation of the particle size distributions to provide
greater spatial context for the behaviour observed at this measurement frame (AZG Frame 4,
Figure 2.1). The results of a sediment tracer study carried out on the ebb-tidal delta (Chap-
ter 6) can also be incorporated to shed light on the transport of sand particles there.

The last step will be to examine these measurements in the context of a numerical
model. This allows us to expand the scope of the present study from limited observations
at a single point to larger spatial and temporal scales. The suspended particle size distri-
bution data obtained here can also be used to improve the schematization of sediment in
multi-fraction numerical models. By combining additional lines of evidence, we will obtain
a more robust description of sediment pathways in Ameland Inlet.

4.6. CONCLUSIONS

Suspended particles on Ameland ebb-tidal delta are mainly fine sediment and flocs during
calm conditions, but locally resuspended sand dominates during more energetic condi-
tions. The western part of the ebb tidal delta functions as a source, pathway, and receptor
for fine sand, but merely as a pathway for mud. Although there are large quantities of mud
in suspension, they do not persist in the seabed there. The results suggest a variation in
sediment connectivity between the ebb-tidal delta and other sources or receptors in the
Ameland system as a function of grain size and hydrodynamic forcing.

These findings are essential for the development of numerical models with multiple
sediment fractions, for predicting the evolution of nearby sand nourishments, and for the
description of ecological habitats. Future research will focus on integrating additional mea-
surements into the present analysis, numerical modelling of sediment transport in Ameland
Inlet, and predicting the potential effects of nourishments and climate change on sediment
pathways there.
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CHARACTERIZING THE
COMPOSITION OF SAND AND MUD
SUSPENSIONS IN COASTAL &
ESTUARINE ENVIRONMENTS USING
COMBINED OPTICAL AND ACOUSTIC
MEASUREMENTS

KEY POINTS:

* Suspended sand and mud can be distinguished by their different optical and
acoustic backscatter signatures

* We define a sediment composition index (SCI) from relative optical and acous-
tic backscatter and verify it with lab and field measurements

* SCI can be used to estimate the fraction of suspended sand, adding interpre-
tive value to measurements in mixed sediment environments
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AND and mud particles are the building blocks of our coastlines. Counting and describ-
S ing sand and mud particles floating through the water is essential to managing coasts. In
the previous chapter, we tried to investigate how does sediment transport on the ebb-tidal
delta varies as a function of grain size using a single instrument that measures suspended
particle size. However, it was too difficult to tell the sand or mud apart from its particle size
alone, since the mud at our site tended to stick together in sand-sized clumps. We also com-
monly measure sediment in the water with devices that send out a sound (acoustic) or light
(optical) signal into the water. The sensors measure the strength of the signal reflecting back
off of any sand and mud particles passing by. Optical instruments are better at “seeing” mud
than sand, and acoustic instruments are better at “hearing” sand than mud. If both sand
and mud are present, a single instrument will not accurately estimate the total amount of
sediment because of these different sensitivities. Instead, we can use both types of instru-
ment together and compare what we “see” with what we “hear”. This comparison allows
us to estimate whether there are more sand or mud particles floating through the water.
The relationship between “seeing” and “hearing” can be described in a single number, the
sediment composition index (SCI). We successfully tested this approach in laboratory ex-
periments and then applied it to Ameland. This approach gives us a new way to understand
environments that are both sandy and muddy, which provides valuable understanding of
the small-scale processes shaping the ebb-tidal delta.

ABSTRACT

Quantifying and characterizing suspended sediment is essential to successful monitoring
and management of estuaries and coastal environments. To quantify suspended sediment,
optical and acoustic backscatter instruments are often used. Optical backscatter systems
are more sensitive to mud particles (< 63um) and flocs, whereas acoustic backscatter sys-
tems are more responsive to larger sand grains (> 63um). It is thus challenging to estimate
the relative proportion of sand or mud in environments where both types of sediment are
present. The suspended sediment concentration measured by these devices depends on the
composition of that sediment, thus it is also difficult to confidently measure concentration
with a single instrument when the composition varies and extensive calibration is not possi-
ble. The objective of this chapter is to develop a methodology for characterizing the relative
proportions of sand and mud in mixed sediment suspensions by comparing the response
of simultaneous optical and acoustic measurements. We derive a sediment composition in-
dex (SCI) that is used to directly predict the relative fraction of sand in suspension. Here we
verify the theoretical response of these optical and acoustic instruments in laboratory ex-
periments, and successfully apply this approach to field measurements from Ameland ebb-
tidal delta (the Netherlands). Increasing sand content decreases SCI, which was verified
in laboratory experiments. A reduction in SCI appears during more energetic conditions
when sand resuspension is expected. Conversely, the SCI increases in calmer conditions
when sand settles out, leaving behind mud. This approach provides crucial knowledge of
suspended sediment composition in mixed sediment environments.
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5.1. INTRODUCTION

5.1.1. BACKGROUND

STUARIES and coastal seas are characterized by strong morphological and sedimen-

tary gradients, from shallow beaches and intertidal shoals or flats, to deeper foreshore
and channel areas or other subtidal features. Furthermore, the sediment composition at
a given site may vary widely in both particle size and mineralogy (Winkelmolen and Veen-
stra, 1974; Flemming and Ziegler, 1995; Son et al., 2011). The size and material proper-
ties of mud (a.k.a. “fines” or “fine sediment”) and sand are different: sand particles are
individual quasi-spherical grains (with typical density ps = 2,650kg/m® for quartz parti-
cles), between 63 and 2,000um in diameter, d. Muddy sediments, especially clay parti-
cles (d < 2um), have the ability to flocculate and often bond with organic matter. The
resulting flocs vary widely in diameter (from 10 to 1,000um) and have relatively low den-
sities (0 f1oc = O(1,100 — 2,000kg/m®)) with irregular shapes and lower settling velocities
than sand (McCave, 1984; Eisma, 1993; Milligan and Hill, 1998; Hill et al., 2000; Fugate
and Friedrichs, 2002; Khelifa and Hill, 2006; Manning et al., 2006; Dankers and Winterwerp,
2007; Chapalain et al., 2019; Many et al., 2019). The spatial distribution of these different
types of sediment is a function of morphology, supply, and hydrodynamic conditions.

Due to episodic (storms and floods) and persistent (tides) hydro-meteorological forcing
and human influences, estuarine and coastal sediment are highly dynamic. Bed sediments
are mobilized and transported, through bed load (rolling, sliding, and saltating near the sur-
face of the seabed) or suspended load (held aloft in the water column by turbulence). In this
chapter we focus on transport in suspension, dealing with mud (d < 63um) and very fine to
medium sand d = 63 — 500um, the latter being found in suspension (relatively close to the
bed) during energetic conditions. Depending on local and remote bed composition and hy-
drodynamic forcing, the concentration, characteristics, and fluxes of suspended particulate
matter (SPM) will drastically change.

The morphological changes resulting from these fluxes may threaten or enhance coastal
infrastructure and ecosystems. Quantifying these sediment fluxes is critical for sustainable
coastal management (Mulder et al., 2011; Hanley et al., 2014; Hendriks et al., 2020). Mea-
surements of these fluxes can be used to derive sediment budgets (Wang et al., 2018), better
understand the physical processes underlying sediment transport (White, 1998), and quan-
tify sediment pathways and connectivity (Chapter 7). They also allow us to calibrate and
improve numerical sediment transport models (Amoudry and Souza, 2011; Roelvink and
Reniers, 2012). Of critical importance is not just quantifying total sediment fluxes, but also
sediment fluxes as a function of particle size. For example, overestimating sand concentra-
tion could lead to underestimates of an estuary’s ability to import sediment and evolve in
equilibrium with accelerating sea level rise (e.g., Lodder et al. (2019).

The main challenge faced in understanding coastal sediment dynamics and quantifying
associated fluxes is to make continuous observations of total (sand and mud) suspended
sediment and their related mass concentration (SSC). Continuous in situ measurements
are possible with acoustic or optical instruments (Fetfweis et al., 2019). Optical backscatter
sensors have been used successfully to measure suspended sediment in a wide range of en-
vironments, from estuaries and embayments (Lunven and Gentien, 2000; Green et al., 2000;
Bass et al., 2002; Fugate and Friedrichs, 2002; Bass et al., 2007; Li et al., 2018; Fettweis et al.,
2019; Lin et al., 2020) to mud flats and salt marshes (Voulgaris and Meyers, 2004; Guo et al.,
2018) to sandy beaches (Downing et al., 1981; Aagaard et al., 2002). Acoustic backscatter
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sensors have also been successfully used to measure suspended sediment in many different
coastal and estuarine settings (7horne et al., 1993; Green et al., 2000; Fugate and Friedrichs,
2002; Voulgaris and Meyers, 2004; Hoitink and Hoekstra, 2005; Bass et al., 2007; Chanson
etal., 2008; Li et al., 2018; Lin et al., 2020) and beyond (Hill et al., 2003; Hawley, 2004).

The measurement capabilities of optical and acoustic backscatter instruments are in-
extricably tied to the material properties of the sediment they observe. Each type of in-
strument responds with different sensitivity to muddy or sandy sediment because of a de-
pendence on particle size and density. Hence, in practice, empirical calibration models for
optical or acoustic sensors are built via regression against laboratory or in situ samples, the
latter providing reference gravimetric concentrations (Gray and Elliott, 2009; Fettweis et al.,
2019). Once the calibration for a given instrument has been developed, the calibrated rela-
tionship can be applied to the recorded signal from the field (e.g., voltage, NTU, counts, or
SNR) and translated into a time series of mass concentration. This concentration can then
be interpreted in light of other measurements such as velocity.

However, these calibration models are representative of a given condition (e.g., calm,
moderate tidal flows with SPM dominated by mud), and may not be well-adapted for ob-
serving a succession of low- and high-energy conditions when the SPM sand and mud con-
tent (fsana and fi,,4) can vary strongly in time (Bass et al., 2007). The most appropriate
methodology would require sampling and re-calibrating sensors as fast as SPM composi-
tion changes, but this is neither easily predictable nor realistic. A library of population-
adapted calibration models could be built following Green and Boon (1993), but knowledge
about SPM composition dynamics is a prerequisite for their application.

In this chapter, we develop an original sediment composition index (SCI) derived from
optical and acoustic measurements to quantitatively and dynamically evaluate the relative
fraction of sand or mud in suspension. The concept is first validated using laboratory mea-
surements, and then applied to field measurements. SCI provides researchers with a way to
more accurately quantify SSC, especially during high energy events when calibration with
physical samples is not possible.

5.1.2. OPTICAL BACKSCATTER MEASUREMENTS

Optical Backscatter (OBS) sensors are widely used to indirectly measure suspended sedi-
ment concentration. Near-infrared light (typical wavelength A = 0.780—0.865um) is emitted
from the instrument, backscattered by suspended particles, and then recorded by photore-
ceptors. In a Mie scattering regime, backscatter is strongest when the light wavelength and
particle size are similar, so OBS are more sensitive to mud particles O(1pm) than sand par-
ticles O(100um) (Green and Boon, 1993; Conner and De Visser, 1992; Voulgaris and Meyers,
2004). According to Sutherland et al. (2000), the photon flux received by the sensor is given
as:

nd?

Where F is photon flux [W], V is scattering volume [cm?3], N is the number concentra-
tion of scatters [cm 3], E emitted irradiance [W/cm?], d is the particle diameter [um], Q;
the (back)scattering efficiency of the particles [—]. Relating the number concentration to the
mass concentration SSC [mg/L], this relationship can be modified as follows (Sutherland
etal., 2000):
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P 3 V(SSC)EQ 5.2)
"2 pd '
Where pj is the particle (dry) density [kg/m?®]. This flux is then translated to a voltage
output by the sensor.
Equation 5.2 can then be reworked as:

Qs

OBS = aoas dSSC (5.3)

N

Where OBS is the optical backscatter signal [V] and agps is approximated as a constant
for the range of SSC investigated.

Due to the dependency on 1/(p;d), for the same concentration of sediment, the flux
observed for 200um sand (pg = 2600kg/m?>) will be 10 times smaller than for muddy flocs
of the same size (p foc = 1100kg/ m?®), and even smaller in presence of microflocs. However,
this sensitivity to size may be as low as a factor of 2 when intercomparing floc particles with
a continuous size distribution from micro to macroflocs, rather than the sandy and muddy
end members considered in this study (Boss et al., 2009a,b; Hill et al., 2011).

5.1.3. ACOUSTIC BACKSCATTER MEASUREMENTS

Analogously to OBS devices, an acoustic signal is emitted and backscattered by particles in
suspension, then recorded by transducers. The estimation of SSC from acoustic measure-
ments depends on the properties of sediment in suspension. For well-characterized parti-
cles (e.g., a well-sorted sand population) and electronically/acoustically calibrated sensors,
backscattering models and representative diameters can be used to evaluate SSC from the
theory (Thorne and Hanes, 2002). Otherwise, similarly to optical sensors, the acoustic re-
sponse can be calibrated against samples from field or laboratory experiments, with similar
limitations regarding calibration representativity.

Acoustic devices typically used in coastal sediment studies can loosely be grouped into
(i) single-frequency Acoustic Doppler Velocimeters (ADVs) which measure at a single point;
(i) single-frequency Acoustic Doppler Current Profilers (ADCPs) which measure over multi-
ple points in the water column; and (iii) multi-frequency acoustic backscatter devices. Only
the latter is specifically designed to measure suspended sediment concentration; ADCPs
and ADVs were originally intended to measure velocity, but their operating principles mean
that inferring sediment concentration from acoustic backscatter is a useful side benefit. In
this study, we mainly consider acoustic backscatter from ADVs, which are widely used to
measure suspended sediment concentrations (Fugate and Friedrichs, 2002; Oztiirk, 2017;
Lin et al., 2020).

We can mathematically describe acoustic backscatter using the sonar equation, which
balances the difference between energy emitted and received by the sensor with energy lost
on the return trip of an acoustic pulse (Hoitink and Hoekstra, 2005). The sonar equation
is presented here in form similar to (Hoitink and Hoekstra, 2005; Salehi and Strom, 2011;
Chmiel et al., 2018):
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R
SNR=C- 2()10g10(1//R2) —f (aw(r)+ag(r)dr+BI (5.4)
—_— 0

Spherical Spreading Atten;ation

SNR [dB] is the Signal-to-Noise Ratio recorded directly by the ADV, which indicates the
intensity of acoustic backscatter. C [dB] is a constant including instrument-related and ge-
ometrical terms. The spherical spreading term (Zologw(sz)) is a function of R [m], the
one-way distance that the acoustic pulse travels from the transmitter to the measurement
volume. The attenuation of the acoustic pulse can be decomposed into absorption by the
water a,, [dB/m] and attenuation by sediment a; [dB/m], integrated over the travel dis-
tance. BI is the volume backscatter strength [dB] and is a function of SSC and particle
characteristics:

S§SCo
BI=10log;o(—=) (5.5)
psV,

SVs

Where & is the mean backscattering cross section [m?], p; is the dry particle density
[kg/m?], and Vj is the scattering volume [m®].

The attenuation terms (a; and a,,) are higher at larger concentrations and greater dis-
tances (Thorne et al.,, 1993), but can be neglected below 1,000mg/L (Chmiel et al., 2018)
and O(10cm) from the sensor (Pomdzi and Baranya, 2020). In this study we thus neglect
attenuation, given the small distance between source and measuring volume (15 cm) and
low concentrations expected at our study site in Ameland (< 1,000mg/L). All terms except
BI can be reorganized and set in a global constant C’ [dB]. Equation 5.5 then becomes:

SNR = 10log,((SSC) +10log; (L +cC (5.6)
PsVs
Equation 5.6 can be further simplified as:
SNR =10log;,(SSC) +b' + ¢’ (5.7)

where ¢’ is a constant depending on instrument characteristics and b’ is a variable de-
pending on suspended particle properties (e.g., size, shape, density, elasticity). The log-
linear relation between SNR and SSC is only valid for concentrations less than 1,000mg/L
(Salehi and Strom, 2011; Chmiel et al., 2018); beyond this threshold particle absorption
losses reduce the recorded backscattering signal.

The interaction between an acoustic pulse and particles (scattering) is optimal for coarser
individual (unflocculated) particles, with a dependency on the acoustic frequency such as
kd/2 =1 (or < d) where k is the wave number (27/A, and A is the wavelength) and d the
diameter of the particle (Salehi and Strom, 2011). Hence for a 1 M hz acoustic signal, the op-
timal backscattering size (diameter) is around 480um, while for a 6 M hz signal, the optimal
size is around 80um. Flocculated particles are characterized by lower backscattering effi-
ciency (1 to 2 order of magnitude lower) (Thorne and Hurther, 2014). Acoustic instruments
are thus more sensitive to fine to coarse sands than flocculated mud particles (Salehi and
Strom, 2011): for similar concentrations, the SNR will be stronger for sand than for mud.
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5.1.4. COMBINING OPTICAL AND ACOUSTIC MEASUREMENTS: TOWARDS THE

SEDIMENT COMPOSITION INDEX (SCI)

In coastal and estuarine environments where suspended particles are often characterized
by a mixture of mud (including flocs) and sand particles, SSC measurements relying on a
single technique (optical or acoustic) are ambiguous with respect to sediment composition.
This can lead to misestimates of particle size and concentration (Thorne et al., 2021), and
limits the interpretability and representativeness of the recorded signal. The objective of the
present paper is to combine the use of optical and acoustic backscatter sensors to estimate
the relative fraction of sand in suspension.

Bass et al. (2007) note that although optical and acoustic backscatter systems are rou-
tinely used together, few studies have taken advantage of using them together to estimate
suspended sediment composition in mixed environments. There is a salient difference in
the response of optical and acoustic instruments to changes in suspended particle size (Ha
et al., 2009), which may be exploited to resolve ambiguities.

In some cases, it has been assumed that optical or acoustic instruments only observe a
single class of sediment. Bass ef al. (2002) disregard locally resuspended sand in their OBS
measurements of mud. In studies of tidal channels flanked by intertidal mud flats, both
Green et al. (2000) and van de Kreeke and Hibma (2005) assumed that optical sensors de-
tected only silt, while acoustic sensors detected only sand. The interpretation of a single
instrument depends on the assumptions behind its calibration (e.g., an OBS calibrated to
sandy sediment will overestimate total SSC when mud is also present). However, instead of
ignoring the presence of sand in optical measurements or the presence of mud in acoustic
measurements, paired instruments can more beneficially be used concurrently and com-
pared (Conner and De Visser, 1992; Green and Boon, 1993; Hawley, 2004). In this study, we
take advantage of these paired instruments to derive a Sediment Composition Index (SCI)
that quantitatively discriminates the presence of suspended sand from mud.

This relative optical-acoustic backscatter response can be analyzed by combining Equa-
tions 5.3 and 5.7 to obtain:

SNR=10log,;((OBS) + bparticle + Cinstr (5.8)

where bparricie is a variable parameter function of SPM characteristics and ¢;ps;r is a
global (optical/acoustic) instrument-related constant. In our study, as instruments were
not calibrated, byaricle + Cinstr are considered as a single constant, the Sediment Compo-
sition Index (SCI). SCI is therefore dependent on the characteristics of the sediment parti-
cles being measured and of the instruments being used. Equation 5.8 can be rearranged to
present SCI:

SCI=10log,,(OBS) -~ SNR (5.9)

Considering the high sensitivity of the acoustic sensor to sand and of the optical sensor
to mud, SCI is relatively smaller when suspended sand particles dominate, and relatively
larger when mud dominates suspensions. SCI can thus be used as an indicator of sand or
mud dominance.

5.2. METHODS

Laboratory measurements were used as a proof of concept for the SCI, and to quantify the
relationship between SCI and the fraction of sand in suspension (fs;n4). The fraction of




88 5. CHARACTERIZING THE COMPOSITION OF SAND AND MUD SUSPENSIONS

mud in suspension can also be directly calculated via f;,,,4 = 100% — fsqanq. We then analyze
in situ measurements to demonstrate the added value of SCI for investigating the dynam-
ics of mixed-sediment environments. We compared optical/acoustic signals measured on
Ameland ebb-tidal delta in the Netherlands during a 40 day period featuring storms and
calm conditions. From these signals we calculated SCI and f;4,4, and put them into con-
text with other simultaneous measurements (tidal stage) and derived parameters (bed shear
stress due to waves and currents). By interpreting these measurements, we can test whether
SCI is avalid and useful indicator of relative suspended sand or mud dominance in estuar-
ine environments.

5.2.1. LABORATORY EXPERIMENTS

We used the DEXMES (Dispositif EXpérimental de quantification des Matieres En Suspen-
sion) tank for our experiments. DEXMES is operated by Ifremer and managed together with
Géosciences Océan, Géosciences Rennes, and SHOM (French Hydrographic Service). The
glass-walled tank has a volume of approximately 13 and internal diameter of 0.97m (Fig-
ure 5.1), and was filled with fresh water.

Figure 5.1: Overview of the DEXMES tank used in the laboratory experiments. (a) Schematic of instrument setup.
During the experiments, the tank contained an Acoustic Doppler Velocimeter (ADV) and an Optical Backscat-
ter Sensor (OBS) mounted just below the surface. An external pump was connected to the tank to extract sus-
pended sediment samples. (b) Frame used to conduct field measurements (AZG F4), featuring ADVs, OBSs, and an
downward-facing Acoustic Doppler Current Profiler (ADCP) sensors. The ADV and OBS measured sample volumes
50 cm above the base of the frame, and the ADCP measured a 50 cm profile between the instrument and the bed.

Two sets of similar experiments were conducted to evaluate SCI at various total sedi-
ment concentration ranges and sand/mud contents. In Experiment 1, pure bentonite (dsg =
17um) and two classes of well-sorted pure quartz sand (p; = 2,650kg/m?3) with median
grain sizes dsg = 100um and 220um were used. Conversely, Experiment 2 used estuarine
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mud (ds¢ = 15um) instead of bentonite, and the same sources of sand but without further
sieving (dso = 93um and 210um). The estuarine mud contained organic matter, but this
was not quantified. For simplicity, we hereafter refer to dso = 100p.m and dso = 200um sand
for both experiments. In the context of these experiments, “mud” refers to bentonite and
estuarine mud (ds¢ < 63um), while “coarse sediment” or “sand” refers to both size classes
of sand (dso > 63um).

Five sediment composition conditions were investigated for both 100 and 200um sand
in Experiment 1: pure bentonite, pure sand, and 3 intermediate mixtures: 25%, 50% and
75% sand content (fs4,4). For each condition, 6 total concentrations were tested stepwise
from 15mg/I to 200mg/l (See Appendix A). In Experiment 2, the (estuarine mud) con-
centration was held constant at approximately 130m g/l and sand concentration (100 or
200um) incrementally varied between 0 and 1,460mg/! (See Appendix A), in order to ap-
proximate an estuarine environment with a sandy local bed composition and steady back-
ground presence of mud (e.g., Green et al. (2000); van de Kreeke and Hibma (2005)). Concen-
trations of both classes of sediment were kept within the linear range of response for each
instrument (< 5,000mg/L of mud and < 50,000mg/L of sand for the OBS (Downing, 2006)
and < 5,000mg/ L for the ADV (Salehi and Strom, 2011)) to avoid ambiguity in the readings.
Precise details of the suspended sediment concentrations and sand fractions in each exper-
iment are provided at the end of this chapter and experimental protocols are outlined in
Appendix B.

Vertical concentration gradients were observed within the tank for 200um sand, but all
instruments and samples measured within 10 cm of the same elevation, leading to compa-
rable sample and sensor data. The propeller at the bottom of the tank was set to a speed of
175r pm to provide high turbulent shear between G = 30 and 1005}, maximizing resuspen-
sion and mixture homogeneity while minimizing the formation of bubbles.

In Experiments 1 and 2, acoustic backscatter was measured using a Nortek Vector Acous-
tic Doppler Velocimeter (Nortek AS, 2005), operating at a frequency of 6 MHz, and sampling
at 32 Hz (8 Hz in Experiment 2), 20 cm beneath the water surface (25 cm in Experiment 2).
Optical backscatter was measured in Experiment 1 using a Wetlabs FLNTU WET Labs Inc
(2019), sampling at 1 Hz, 20 cm beneath the water surface. In order to exclude data points
below the sensor’s detection limits for coarser particles, turbidity data below 0.9NTU are
discarded from the study. In Experiment 2, a Campbell OBS 3+ (Campbell Scientific Inc.,
2014) was used instead, with similar properties to the Wetlabs FLNTU. To calibrate the op-
tical and acoustic measurements, an external pump was connected to the tank 30 cm be-
neath the surface to extract suspended sediment samples. The instruments were arranged
to avoid mutual interference but while sampling a similar elevation and hence similar sed-
iment concentrations. All sensors were operated in continuous recording mode for the du-
ration of each experiment, and statistics were computed over a 10-11 min period at each
sediment concentration level. The median signal-to-noise ratio (SNR) of the three ADV
beams and median OBS output were then used to calculate the relative optical-acoustic
backscatter index SCI from Equation 5.9.

5.2.2. In Situ MEASUREMENTS

Ameland Inletislocated in the Netherlands between the sandy barrier islands of Terschelling
and Ameland, connecting the North Sea with the Dutch Wadden Sea (Figure 5.2). The in-

let is characterized by a 30 m deep main channel (the “Borndiep") on its eastern side, and a
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shifting complex of shoals and channels on its west side. There is a large and highly dynamic
ebb-tidal delta complex on the seaward side of the inlet, and a shallow backbarrier basin en-
vironment of intertidal shoals and flats on the landward side (the Wadden Sea) (Elias et al.,
2019; Lenstra et al., 2019a). The seabed of the ebb-tidal delta of the inlet is mainly well-
sorted sand (mean dso = 211um, n = 165) with mud content generally < 1%, whereas the
Wadden Sea has a mud content up to 20% at its landward edge and on the intertidal flats
separating Ameland Inlet from adjacent tidal basins (Rijkswaterstaat, 1999; Pearson et al.,
2019). Samples with mud content of ~ 5% can also be found on the North Sea bed beyond
the distal end of the ebb-tidal delta.

Figure 5.2: Overview of measurements during the September 2017 field measurement campaign at Ameland Inlet,
including the frame (AZG-F4) bearing the instruments used in this study. Bathymetry source: Rijkswaterstaat
Vaklodingen. Elevation source: Actueel Hoogtebestand Nederland (AHN), Rijkswaterstaat. Basemap sources: Esri,
HERE, Garmin, ©OpenStreetMap contributors, and the GIS user community.

A field measurement campaign was carried out from August 29th to October 9th 2017,
with the goal of characterizing hydrodynamic and sediment transport processes in the inlet
and on its ebb-tidal delta (de Wit et al., 2019; Reniers et al., 2019; Brakenhoff et al., 2019b;
van der Werf et al., 2019a; Van Prooijen et al., 2020). Measurements of flow, waves, sus-
pended particulate matter, bedform dynamics, and water quality were made at 4 locations
across the site. Measurements considered in this study were obtained at frame AZG-F4 (Fig-
ure 5.2), at the distal end of the ebb-tidal delta, approximately 8m deep.

As with the laboratory experiments in Section 5.2.1, acoustic backscatter was measured
using three Nortek Vector Acoustic Doppler Velocimeters (ADVs) (Nortek AS, 2005), operat-
ing at a frequency of 6 MHz, and sampling at 16 Hz, 20, 50, and 78 cm above the seabed.
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The median SNR of acoustic backscatter was taken over 30 minute bursts for the deploy-
ment period as per Ha et al. (2009).

Optical backscatter was measured using four Campbell OBS 3+ (Campbell Scientific Inc.,
2014), sampling at 16 Hz, 20, 30, 50, and 78cm above the seabed. The OBS was initially
calibrated using sandy sediment obtained from the seabed adjacent to the measurement
frame, as is frequently done in practice (Paphitis and Collins, 2005; Fettweis et al., 2019).
However, there is still concern that calibration using bed material can be inappropriate and
error-prone if there are significant differences between the bed sediment and material in
suspension (Kineke and Sternberg, 1992; Beamsley et al., 2001; Bass et al., 2007; Su et al.,
2016; Oztiirk, 2017), as expected at our field site. On this basis, the original calibration was
discarded when it was recognized that the additional presence of suspended sediment sig-
nificantly finer than the bed sediment made interpretation ambiguous. Thus, the uncali-
brated OBS signal is presented here in volts. The median OBS signal over 30 minute bursts
was used.

Near-bed hydrodynamic conditions during the monitoring period were measured us-
ing a high-resolution downward-looking Nortek Aquadopp Acoustic Doppler Current Pro-
filer (ADCP-HR) (Nortek AS, 2008). The ADCP sampled at a rate of 4 Hz in 30 minute bursts.
These measurements were averaged over the water column between the sensor and the bed
(approximately 0.5 m, depending on field conditions) and then median velocities were cal-
culated for each 30 min burst interval. Bed shear stresses due to the influence of waves and
currents were calculated separately using the method of Sou/sby (1997) (with default param-
eter settings) to give an indication of the potential for local bed material to be resuspended
at the frame. For simplicity, we do not consider the effect of combined wave-current bed
shear stresses here, which likely underestimates the frequency of sediment resuspension.

To assess the intratidal variation of the field measurements, we classified each 30 minute
burst into flood tide, high water slack (HWS), ebb tide, and low water slack (LWS) based on
an analysis of tidal currents (Pearson et al., 2019). At the measurement site, the major axis
of flow is almost exactly in an east-west direction. Thus, eastward (0 — 179deg) currents
exceeding 0.1m/s were classified as flood, and westward (180 — 359 deg) currents exceeding
that threshold as ebb. Velocities below that threshold with positive water surface elevations
(with respect to MWL) were classified as HWS, and with negative water surface elevations
as LWS.

5.3. RESULTS

5.3.1. LABORATORY EXPERIMENTS
OPTICAL AND ACOUSTIC BACKSCATTER
We consider the joint response of the optical and acoustic sensors to various sand/fine sedi-
ment mixtures: from purely mud suspensions to purely sand suspensions, and with varying
total concentrations (Figure 5.3). Optical turbidity values are recorded in NTU or Volts (Ex-
periment 1 and 2, respectively) depending on the instrument deployed. Readings in Volts
are first normalized in equivalent NTU using an offset value in log space (constant for all
Experiment 2 OBS data), so that their values are aligned in Experiments 1 and 2 for purely
mud suspension conditions.

Results from Experiment 1 for 100um sand (Figure 5.3a,c) show that the sensors’ re-
sponse is linear in log10(OBS)/ ADV SNR space. This is valid for a range of total sediment
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Figure 5.3: Median acoustic (ADV SNR) and optical backscatter (OBS) as a function of total suspended sediment
concentration (a,b) and suspended sand fraction (f,,4) in the laboratory experiments (c,d). (a,c) Experiments
with 100um sand. (b,d) Experiments with 200um sand. Data from Experiment 1 (E1) measured with a Wetlabs
FLNTU, are marked with circles (n = 30), while data from Experiment 2 (E2), measured with an OBS3+, are marked
with triangles (n = 7). Black and coloured lines indicate constant f,,; contours.

concentration (from 15mg/I to 200mg/1), such that 10/0g,o(OBS) = SNR + SCI, confirm-
ing the theoretical relationship (Equation 5.9). Increasing the sand fraction (fs4,4) leads
to a shift in the data alignment for the different conditions, but lines are still parallel (Fig-
ure 5.3c). That is, for a given ADV SNR value, the optical turbidity value increases as SPM
becomes finer. Conversely, for a given optical turbidity value, ADVSNR increases as SPM
become sandier. Experiment 2 independently tested a larger total SSC gradient, increas-
ing the sand content from 0 to 100% and total sediment concentration from 135mg/! to
1603mg/1, while progressively adding sand (Figure 5.3a,c). These results are in full agree-
ment with Experiment 1, with their data points matching the corresponding sand/mud ra-
tio contours as sand content increases.

Similar results are observed for 200um sands: log10(OBS)/ ADV pairs are aligned for
a given sand content, and these lines are organized parallel to each other (Figure 5.3b,d).
For similar turbidity values, the SINR signal is stronger for 200um sand than for 100um
sand (Figure 5.3a,b). However, deviations from alignment are observed when sand content
dominates (i.e., fsanqg > 50%) and total concentration is low (i.e., SSC <= 50mg/l) (Fig-
ure 5.3b,d). This bias corresponds to the poor sensitivity of the optical sensor to detect low
200um particle concentrations, when there are few scatterers in suspension. In such con-
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ditions, recorded NTU values range from 0.1 to 0.9NTU, close to the sensor resolution and
lower detection limit.

The measurements in Figure 3 are time-averaged values (see Supporting Information
for full protocols), and we describe signal variability using the coefficient of variation (CV =
o/p). In Experiment 1, Wetlabs FLNTU signals are more variable when sand particles get
coarser (from CV = 2 —3% for pure mud to 3 — 16% for pure 100um sand and 5 —22% for
pure 200um sand), and 2 —9% for sand-mud mixtures. ADV SNR variability is less (CV < 6%
for mud, 100um sand, and 100um sand-mud mixtures), and generally decreases with in-
creasing concentration. The highest ADV SNR variability was seen for low concentrations
of pure 200pum sand (CV up to 20%). 200um sand-mud mixtures have CV ranging from
5—13% in Experiment 1 . For sand-mud mixtures in Experiment 2, OBS signal variability
is between 6 — 12% and ADV SNR variability is between 2 — 5%. As with Experiment 1, mix-
tures with 200um sand showed higher signal variability than mixtures with 100um sand in
Experiment 2.

SEDIMENT COMPOSITION INDEX (SCI)

We derived the sediment composition index SCI for the laboratory measurements using
Equation 5.9, and it is shown to be an appropriate proxy for evaluating the sand content
(Figure 5.4a). As a first step towards a generic SC1, we propose to normalize SCI such that
SCI =0 in purely muddy conditions.

Figure 5.4: Fraction of sand in total suspended sediment (f;,,4), calculated from the sediment composition index
(SCI). (@) fsqna as a function of SCI, with Equation 5.10 fit to both grain sizes in bulk (SCI5y = —8.58). Blue

bands indicate the envelope of uncertainty in f,, 4, varying SCl5gy by £25%. Experiments 1 and 2 (E1 and E2,

respectively) are indicated, along with the sand grain size used in each experiment (R%()o =0.957; R%oo = 0.806;

R% . =0.884). (b) Comparison of experimentally measured fsand,meas With fsana cq1c determined using Equa-
tion 5.110. (c) Cumulative distribution function (CDF) of sand fraction estimation error (fsund,meas = fsand,calc)
for each sand grain size class and for all classes combined in bulk.

To understand the relationship between the derived SCI and the actual sediment com-
position, we compare f;,4 with SCI from both experiments and grain size classes, and
find a negative correlation (Figure 5.4a). A hyperbolic tangent was fit to the data (Equation
5.10) because f;,,4 should asymptotically reach 0% for maximum SCI (minimum acoustic
response, maximum optical response, no sand, only mud), and should tend asymptotically
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towards 100% for minimum SCI (maximum acoustic response, minimum optical response,
only sand, no mud).

1

1
= |-+ —tanh
fsand (2 2

(8CI-SCI50%)
ASCI

)~100% (5.10)

Where SCIsgy is a constant corresponding to a mixture of 50% sand and 50% mud.

It is equal to -8.03 when fitting only 100um sand (R%oo,um = 0.954), -9.63 for 200um sand

(R%OO#m =0.848), and -8.58 when both grain sizes are fit in bulk (Rlzmlk = 0.884). For the anal-
yses in the rest of this study, we consider SCI5g% = —8.58. ASCI = 3.85, and indicates the
width in variation. Equation 5.10 allows us to deepen the interpretation of SCI by directly
predicting fsqnq4 (and by extension, fi,,,q =1 — fsand). It shows good predictive skill when
compared with measured f;,;,4 for both experiments and grain size classes (Rfoo =0.957;
R%oo =0.806; Rlzm = 0.884) (Figure 5.4b). The bulk prediction is accurate for 200um sands,
as 70% of the calculated sand fractions are associated with an absolute error lower than
+10%. Results are the best for 100um sand, with more than 85% of the samples estimated
with an absolute error below +10%. In case the sand distribution is not known, we also
investigated the SCI response to sand content when merging all experimental data (Fig-
ure 5.4¢). This bulk index still performs well, with 70% of the calculations with errors within

+10%, although the error range is slightly larger, between —30% and +20%.

5.3.2. IN SITU MEASUREMENTS

HYDRODYNAMIC CONDITIONS

The measurements from Ameland ebb-tidal delta span 40 days (August 29 to October 8,
2017), or approximately 2.5 spring-neap cycles (Figure 5.5a). There are two minor storms
(Hs = 1m) on August 30th and September 7th, and two major storms (H > 4m), Sebastian
(September 14th, during neap tide) and Xavier (October 6th, during spring tide).

Spring tide occurs around September 10th, 20th, and October 7th (corresponding to the
larger tidal range in Figure 5.5a). Under calmer conditions, bed shear stresses due to cur-
rents (7,.) exceed the critical threshold for local sand (7 ¢r211um = 0.18Pa, derived using
Soulsby (1997)) only during spring flood tides (Figure 5.5¢ and Figure 5.6f). These peri-
ods with currents strong enough to resuspend or advect sand correspond to flood and ebb
stages of the tidal cycle (Figure 5.5a and Figure 5.6b).

Wave-induced bed shear stress 7y, is greatest during the storms (Figure 5.5b and Fig-
ure 5.6¢), exceeding Tcr211um. High bed shear stresses due to currents (75 ) are also ob-
served during the two major storms, likely due to wind-induced storm surge and wave-
driven currents (Figure 5.5b). During Storm Sebastian on September 14th, eastward cur-
rents during the peak of the storm were so strong and persistent that the tide did not reverse
(no ebb occurred for nearly 24 hours). During storm periods, 75, is greatest at low tide.

OPTICAL AND ACOUSTIC BACKSCATTER

Over the total deployment period, OBS measurements show strong tidal variation and a
response to individual storm events (Figure 5.5d and Figure 5.6h). The largest ADV read-
ings occur during spring tide and the peaks of the two largest storms (Figure 5.5e and Fig-
ure 5.61,j), while the lowest ADV SNR readings tend to correspond to calmer periods with
low wave stress (Figure 5.5e and Figure 5.6j).
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Figure 5.5: Time series of hydrodynamic conditions and backscatter at Ameland ebb-tidal delta Frame 4, with
dot colour indicating relative optical-acoustic backscatter index SCI. Higher SCI (lighter yellow colours) suggest
relatively higher mud content, and lower SCI (darker blue colours) suggest relatively higher sand content. (a)
Water level relative to the mean depth during the deployment period (8.3m). The tidal range (indicated with a
solid black line) shows spring tide (high values) and neap tide (low values). (b) Bed shear stress due to waves
(Thuw)- The critical shear stress for local sand (77211 um =0.18Pa) is indicated with a solid red line. (c) Bed shear
stress due to currents (7p, ). (d) Log of optical backscatter measured 50 cm above the bed. (e) Acoustic backscatter
(signal-to-noise ratio, SNR) measured 50 cm above the bed. (f) Relative optical-acoustic backscatter index SCI. (g)
Fraction of sand in total suspended sediment (f;,,4), calculated from SCI using Equation 5.10.
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Figure 5.6: Time series of hydrodynamic conditions and backscatter at Ameland ebb-tidal delta Frame 4, focusing
on Storm Sebastian (Sept 12-16) and a calmer period during spring tide (Sept 21-25). Dot colour indicates relative
optical-acoustic backscatter index SCI. Higher SCI (lighter yellow colours) suggest relatively higher mud content,
and lower SCI (darker blue colours) suggest relatively higher sand content. (a,b) Water level () relative to the
mean depth during the deployment period (8.3m). The tidal range (indicated with a solid black line) shows spring
tide (high values) and neap tide (low values). (c,d) Bed shear stress due to waves (7 bw)- The critical shear stress
for local sand (7¢r,211um = 0.18Pa) is indicated with a solid red line. (e,f) Bed shear stress due to currents (7p ¢).
(g,h) Log of optical backscatter. (i,j) Acoustic backscatter (signal-to-noise ratio, SNR). (k,1) Relative optical-acoustic
backscatter index SCI. (m,n) Fraction of sand in total suspended sediment (f;,;;4), calculated from SCI using
Equation 5.10.
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During Storm Sebastian on September 12th-16th, both SNR and OBS signals strongly
increase and tidal variation is weak for the next 2 tidal cycles (Figure 5.6g,i). Both signals
remain relatively high but noisy, and higher background (minimum) readings persist for
about a week after the storm.

During the calm spring tidal period from September 21st-25th, the influence of waves is
minimal and the intratidal dynamics are clear (Figure 5.6h,j). The OBS signal shows strong
M2 (semi-diurnal) tidal oscillations peaking around low water slack. Conversely, ADV SNR
shows mixed M2 and M4 (quarter-diurnal) tidal variation, peaking at flood tide and to a
lesser degree at ebb. ADV SNR is lowest at high water slack. The calm period from Septem-
ber 28th to October 2nd coincides with neap tide and exhibits similar dynamics to the pre-
storm period at the beginning of the monitoring period, albeit with lower background OBS
and ADV SNR levels and reduced intratidal variability.

SEDIMENT COMPOSITION INDEX (SCI) AND fsana

Suspended sediment composition was estimated from the optical and acoustic backscatter
readings. SCI was calculated with Equation 5.9, using the OBS and ADV SNR measurements
50 cm above the bed. SCI was offset to zero by subtracting its 99/ percentile value. As in
the laboratory experiments, this corresponds to a condition when sand is not likely present.
This assumption is corroborated by the calm hydrodynamic conditions during moments of
high SCI. We then applied Equation 5.10 with SCI5¢% = —8.58 (fit to both 100 and 200um
sand) to the SCI time series including the confidence bands to approximate the fraction of
sand in suspension (fsznq)-

At subtidal timescales, SCI is lower during storms and spring tides (e.g., Figure 5.6k,l).
SCI reaches its lowest observed values during spring tide, during both calm and stormy
periods (Figure 5.5b). By contrast, it is highest during calm conditions and neap tide (e.g.,
Figure 5.5f from Sep 28 to Oct 2). SCI is much more dynamic at spring tide, its standard
deviation nearly doubling when compared to neap tide.

Over the course of a tidal cycle, SCI typically followed a mixed M2 and M4 pattern. The
M4 signal has minima at flood and ebb tide, and is especially pronounced during spring
tidal conditions. Superimposed on this is an M2 variation with its peak centred at ebb tide.
The combination of these two signals results in minimal SCI at flood tide when 7, is high,
then a peak at high water slack when 7, . is low (Figure 5.61). This is followed by a sharp
drop to a secondary minimum at ebb tide (when 7} . increases again), and then a gradual
rise to another peak at low water slack. The cycle completes with another rapid decline in
SCI at flood tide as currents strengthen. Although SCI nearly always peaks at slack water,
the maximum varies between low water slack (e.g., Sep 8-10) and high water slack (e.g., Sep
21-25).

SPM composition varied throughout the tidal cycle, with distinct differences observed
between periods of higher flow (i.e., ebb and flood) and periods of lower flow (i.e., slack
water). SPM is dominated by sand at ebb and flood tide, when f;,4 > 75% (Figure 5.6n).
Conversely, the suspension consists primarily of mud at high and low water slack (4,4 <
25%). fsana follows an M4 signal, with only weak M2 variations compared to SCI.

The presence of waves (indicated by higher wave-induced bed shear stress 74, ,,) was of-
ten associated with lower SCI (Figure 5.5b). During Storm Sebastian on September 13th,
SCI drops during the peak in the storm, and loses its characteristic M2-M4 tidal variation
for several days (Figure 5.6k). This corresponds to a period of mainly sand in suspension
(fsana > 75%), with fs4,q4 approaching 100% at the peak of the storm (Figure 5.6m). The
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proportion of mud in suspension increases towards the end of the storm, and tidal varia-
tions in f;4,4 begin to return.

To further explore the influence of waves on tidal variations in relative optical-acoustic
response, SCI is plotted as a function of wave (7,,,) and current-related bed shear stresses
(Tp,c) at each stage of the tidal cycle (Figure 5.7). We summarize the variability of SCI rela-
tive to wave and current forcings (shear stresses), separating results into flood and ebb tidal
phases. In this shear stress space, the dynamics of SCI are clearly structured. During calm
flood tides (Tp,w < Tcr211um), SCI ranges from 0dB during weak currents to —22dB dur-
ing stronger currents. A similar pattern is observed during ebb, although generally SCI >
—15dB. This can be explained by the weaker 7, during maximum ebb compared with
during maximum flood. Both high and low water slack are characterized by relatively high
SCI (> —10dB). SCI reaches < —12d B during slack periods during wavy conditions. Larger
wave-induced stresses are generally associated with SCI < —5dB, although brief peaks in
SCI can sometimes be observed during storms (Figure 5.5).
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Figure 5.7: Sediment composition index SCI (in color) as a function of wave shear stress (vertical axes) and current
shear stress (horizontal axes), at four different stages of the tidal cycle. (a) Flood tide (z > 0.1m/s and to the east);
(b) high water slack (z < 0.1m/s and at high water); (c) ebb tide (> 0.1m/s and to the west); (d) low water slack
(u <0.1m/s and at low water). The critical shear stress for local 211um sand (0.18Pa) is plotted for reference as a
solid red line. Bed shear stresses were computed using Soulsby (1997).
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5.4. DISCUSSION

5.4.1. INTERPRETING THE DYNAMICS OF THE SEDIMENT COMPOSITION IN-
DEX (SCI)

The sediment composition index (SCI) is a useful indicator of the relative fractions of sand
and mud in suspension, as validated in laboratory experiments. Application of this index
was demonstrated by interpreting the sediment dynamics on Ameland ebb-tidal delta in
light of two main processes: resuspension of local sandy bed material by waves and strong
tides, and tidal advection of mud from locations outside the ebb-tidal delta. These pro-
cesses explain the response of optical and acoustic backscatter measurements, and hence
the corresponding dynamics of SCI.

At subtidal timescales (> 24 hours), the dynamics of SCI can be explained in part by a
fortnightly spring-neap cycle. The larger intratidal variation of SCI at spring tide is likely
due to the increased resuspension of sand by stronger currents (Figure 5.5¢) and to the
greater advection of mud from nearby intertidal flats at late ebb and IWS, similarly to the
observations of Weeks ef al. (1993) and Fettweis et al. (1998) at other sites. Conversely, high
SCI (and thus higher relative proportions of mud in suspension) coincides with the neap
tide (e.g., Sep 28-Oct 1) and with lower values of 7}, ,, and 7, .. Without sufficiently strong
forcing to resuspend local sand (7, < T¢,211m = 0.18Pa, derived using Soulsby (1997)), only
mud can remain in suspension (Figure 5.5c).

The observed intratidal variation in SCI (Figure 5.6]) can be explained by the local hy-
drodynamics and sedimentary environment, and is summarized conceptually for a generic
sandy tidal inlet or ebb-tidal delta with a muddy inner basin in Figure 5.8. At flood and ebb
tide, strong currents are capable of resuspending sand from the local seabed or advecting it
from elsewhere nearby, so the corresponding SC1I values decrease. Conversely, when sand
settles out at slack water, only the suspended mud remains in the water column, explain-
ing the increase in SCI value at that time. The result is an M4 signal with minima at flood
and ebb tide. This relationship between local resuspension and local current velocities is
also observed by (Lavelle et al., 1984; Weeks et al., 1993; Bass et al., 2002; van de Kreeke and
Hibma, 2005).

Modulating the M4 SCI signal is an M2 signal with its maximum centred at ebb tide.
This M2 signal can be explained by the semidiurnal migration of a strong landward mud
concentration gradient in the channels of Ameland basin (Postma, 1961). Remote sensing
indicates that this turbid water mass can be ejected several kilometres seaward of the inlet
and across the ebb-tidal delta at ebb (Pearson et al., 2019), which causes the correspond-
ing SCI to increase. This muddy water mass is then displaced by less turbid oceanic water
on the flood tide, so SCI decreases again. This semidiurnal transport pattern is widely ob-
served at other sites where there is a persistent gradient in suspended mud concentration
(Weeks et al., 1993; Green et al., 2000; Bass et al., 2002; van de Kreeke and Hibma, 2005).

To fully explain the SCI dynamics at Ameland, the episodic influence of storms must
also be accounted for. If waves are sufficiently large (7p,,y > T¢r,211um), then the majority of
local sand can be mobilized, which can result in low values of SCI regardless of the tidal
stage. Conversely, the periods with the lowest SCI (suggesting lower proportions of sand in
suspension and relatively more mud) coincide mainly with periods of low wave action (e.g.,
Sep 28-Oct 1).

During periods with large waves, SCI may be influenced not just by an increased capac-
ity for local resuspension of sand, but also by wind and wave-induced mud resuspension.
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Figure 5.8: Conceptual model of tidally-driven mixed sand-mud sediment transport at a sandy tidal inlet or ebb-
tidal delta with a muddy inner basin. A normalized example time series of sediment composition index (SCI),
bed shear stress due to currents (7, ¢), and fraction of sand in suspension (fs4,4) over a tidal cycle are indicated
below. (a) At flood tide, strong currents locally resuspend sand, but carry few mud particles from the sea, so SCI is
low. (b) At high water slack, currents are too weak to mobilize sand, so total concentrations are relatively low and
consist only of mud, so SCI is higher. (c) At ebb tide, strong currents locally resuspend sand, though less than at
flood tide, so SCI decreases again. These ebb currents also carry with them mud particles from the muddy and
biologically productive inner basin. (d) At low water slack, currents are too weak to mobilize sand, leaving only the
mud advected from the inner basin at ebb, which begins to settle, resulting in higher SCI.

This is reflected in the SC1I signal during Storm Sebastian (Figure 5.6). Even when bed shear
stresses due to waves and currents greatly exceed 7 cy,211m, SCI seldom drops below —15d B
and f,,4 remains between 50 — 90% for most of the storm. In the latter half of the storm,
fsana decreases as sand settles out, while mud remains in suspension. This mud can orig-
inate from two locations: the Wadden Sea tidal basin or the bed of the North Sea. During
storms, tidal flats in Ameland basin may easily lose the surface layers of sediment deposited
in calm periods (Postma, 1961). In a similar case study, Green et al. (2000) found that wave
activity on nearby intertidal flats was the principal determinant of suspended mud load
advected through a tidal channel. However, storms may also remobilize mud which accu-
mulates in the bed of the North Sea (van der Hout et al., 2017; Flores et al., 2017; Hendriks
etal., 2020). Instantaneous bed shear stress does not tell the whole story of suspended sedi-
ment composition: it is also necessary to account for spatial and temporal variations in the
supply of mud.

Our interpretation of SCI based on theoretical considerations and the laboratory results
are fully supported by the local hydrodynamics and sedimentological context. SCI thus
provides a novel and valuable characterization of the suspended sediment dynamics on
Ameland ebb-tidal delta. This metric is especially useful for mixed-sediment environments
like Ameland where optical and acoustic measurements are otherwise ambiguous when
viewed in isolation.
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5.4.2. LIMITATIONS & OUTLOOK

Having been conceptually validated by laboratory and field measurements, there are many
opportunities for further developing the SCI and improving its applicability. The next steps
towards a more quantitative evaluation of sediment composition lie in the accumulation of
larger datasets and in quantifying the component of SCI specific to the instruments being
used (the c;jjs¢r term of Equation 5.8, which is invariant with SPM).

For a more generic SCI, we propose a reference calibration of optical and acoustic
sensors to evaluate the instrument constant c;,s; (Equation 5.8), using NTU/BTU (for-
mazin calibration) for optical systems, and monodispersed glass beads for acoustic par-
ticles, similarly to the calibration procedure for an ABS system (e.g., Thorne and Meral
(2008)). With calibrated scatterers, the sonar equation (Equation 5.4) can be fully evalu-
ated, the instrument constant ¢;, s is the only unknown. Acoustic backscatter is sensitive
to the acoustic frequency of the transducers: the SCI dynamics will be different from 1
MHz to 6 MHz sensors, because each sensor will respond differently to sediment of a given
grain size and concentration. Similarly, optical sensors will provide different NTU values
depending on whether the optical sensor is based on backscatter (e.g., OBS 3+ (Campbell
Scientific Inc., 2014), Seapoint Seapoint Sensors Incorporated (2013), or Wetlabs (WETLabs,
2010)) or sidescattering (e.g., YSI 6600 (YS! Incorporated, 2012)). Many additional laboratory
experiments would be required in order to determine c;;s; and make a full set of conver-
sion factors for each type of instrument. By applying these calibrations, SCI could become
generic, at least for similar instruments. However, even without quantifying c; s directly,
SCI provides useful information on suspended sediment composition when its dynamics
are considered in the context of local hydrodynamic and sedimentological conditions.

Additional laboratory experiments must be carried out with a wider variety of sediment
mixtures and concentrations. We expect that most of the variability of SCI is caused to
first order by the presence of sand in suspension, because sand has a relatively stronger in-
fluence on acoustic backscatter than flocs of comparable size (Thorne and Hurther, 2014).
However, the influence of flocculation on the variability of SCI requires further investiga-
tion. Estimating how SCI would change in response to organic matter also remains an open
question. Organic matter has different optical and acoustic backscatter characteristics from
inorganic sediment (Hoitink and Hoekstra, 2005; Boss et al., 2018), so its presence will po-
tentially affect SCI.

Field measurements should also be collected from sites with different sedimentary char-
acteristics under a range of hydrodynamic conditions in order to generalize the conclusions
of the present study and SCI — f;,,4 relationships like Equation 5.10. Samples pumped at
regular intervals (e.g., Beamsley et al. (2001)) or better yet, at moments triggered by spe-
cific turbidity levels, would provide a more representative basis for calibrating optical and
acoustic measurements. Fortunately, analyzing SCI dynamics of additional field sites is al-
ready possible, since optical and acoustic instruments are frequently paired together in the
field (e.g., Fugate and Friedrichs (2002); Voulgaris and Meyers (2004); Moura et al. (2011);
Flores et al. (2018); Zhu et al. (2019b); Lin et al. (2020); de Vet et al. (2020); Colosimo et al.
(2020); Pomeroy et al. (2021)). Our approach thus gives added value to existing datasets by
providing an additional, simple-to-calculate metric for interpreting sediment dynamics.

These additional efforts to make SCI more general and to better understand the under-
lying physics will strengthen the usefulness and applicability of the metric. This will lead
to new insights into the dynamics of mixed sediment environments where ambiguity due
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to suspended sediment composition previously limited the information that could be ob-
tained from optical and acoustic measurements.

This approach is most valuable in settings where it cannot be assumed that suspended
sediment always has the same properties as the seabed. The majority of the world’s coasts
are heterogeneous sedimentary environments where these conditions may be found (Hol-
land and Elmore, 2008). Even if ADV and OBS measurements are not available, the gen-
eral principle of using differential optical and acoustic backscatter to disambiguate mixed
sediment suspensions should still apply to pairs of other similar instruments. This would
however require SCI-specific calibration experiments with the dedicated pair, similar to
those performed in the present study. If applied in conjunction with instruments using dif-
ferent measurement principles (e.g., Laser In-Situ Scattering and Transmissometry (LISST)
(Agrawal and Pottsmith, 2000; Mikkelsen and Pejrup, 2001; Hill et al., 2011; Chapalain et al.,
2019) or multifrequency acoustic backscatter sensors (Gray and Gartner, 2009; Moate and
Thorne, 2009, 2012; Wilson and Hay, 2015)), SCI could yield even more insight into sus-
pended sediment composition.

5.5. CONCLUSIONS

The sediment composition index (SCI) derived in this study quantifies the suspended sed-
iment composition in mixed-sediment environments. It does so using the relative intensity
of optical and acoustic backscatter signals, as these two measurement techniques have dif-
ferent sensitivities to sand and mud (Equation 5.9). SCI can be used to estimate the frac-
tion of sand and mud in suspension (fs4,4 and fy;,4) in marine environments. Here, we
verify the theoretical response of these optical and acoustic instruments in laboratory ex-
periments. SCI is negatively correlated with the fraction of sand in suspension (Equation
5.10).

The SCI approach was successfully applied to in sifu measurements on the ebb-tidal
delta of Ameland Inlet in the Netherlands. SCI shows a clear M4 variation associated with
suspension of local sand, modulated by an M2 variation associated with suspended mud
advected from the nearby Wadden Sea. Lower values of SCI (indicating a stronger acoustic
response) and higher f;,,; are observed under more energetic conditions when sand is ex-
pected to dominate the suspension (e.g., spring flood tide or strong wave conditions). Con-
versely, SCI increases (indicating a stronger optical response) and f;4,4 reduces in calmer
conditions and at slack water, when the suspended sediment consists mainly of mud.

This approach reduces the ambiguity of suspended sediment composition in mixed
sediment environments. Furthermore, it adds value to existing sets of measurements since
simultaneous optical/acoustic measurements have frequently been carried out together in
sediment transport studies. Being able to discern between different types of sediment in
suspension will increase confidence in the interpretation of suspended sediment concen-
tration measurements. This can ultimately improve estimates of sediment fluxes, leading to
deeper understanding of coastal systems and enable better-informed coastal management
decision-making.
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TRACKING FLUORESCENT AND
FERRIMAGNETIC SEDIMENT TRACERS
ON AN ENERGETIC EBB-TIDAL DELTA
TO MONITOR GRAIN SIZE-SELECTIVE
DISPERSAL

KEY POINTS:

 Large-scale sediment tracer study conducted on a highly dynamic ebb-tidal
delta, and despite the challenges presented by such an energetic setting, tracer
was recovered

* Tracer recovery and processing were enhanced by its fluorescence and ferri-
magnetism

* Tracking grain size of recovered tracers is essential for interpretation

* Tracers prove to be useful tool for sand nourishment planning and monitor-
ing
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N the previous chapters, we examined sediment transport processes in an Eulerian frame
I of reference, considering only measurements at a fixed point on the ebb-tidal delta over
a period of several weeks. However, such measurements provide an incomplete picture of
how sediment moves across the ETD (€ (100m — 1km)), so an alternative approach to mon-
itoring sediment transport is necessary. In contrast, a Lagrangian frame of reference is one
that moves with the thing being measured. For example, we measure the velocity at a fixed
point in Chapters 4 & 5, but follow drifters around the entire inlet in Chapter 2.11. In this
chapter, we do something similar, using fluorescent and magnetic tracers to follow grains
of sand around the delta. These measurements complement the Eulerian sediment trans-
port measurements in Chapters 4 & 5, and yield useful insights into the sorting behavior
of sand on the ebb-tidal delta. Furthermore, the tracer experiment acts as a proxy for sand
nourishments and provides guidance on nourishment strategies for ebb-tidal deltas.

ABSTRACT

Sediment tracer studies use uniquely identifiable particles to track the pathways and fate
of individual sand or silt grains in marine environments. These techniques are best applied
to assess connectivity between potential sediment sources and sinks, such as between a
sand nourishment and an ecologically sensitive area. Significant challenges exist when ap-
plying sediment tracing techniques to further understanding of systems with complicated
hydrodynamic, sediment, and morphological regimes. Ebb-tidal deltas are highly dynamic
coastal environments shaped by the complex interplay of waves and tides, but have been
under-explored. In this study, we use dual signature (fluorescent and ferrimagnetic) sedi-
ment tracers to simulate the dispersal of dredged sediment placed as a sand nourishment
on an energetic ebb-tidal delta (at Ameland Inlet, the Netherlands). After deployment, sedi-
ment dispersal and grain size sorting behaviour were monitored via the collection of seabed
grab samples and magnetic sampling of sediment transported in suspension. The tracer
content within collected samples were put in context with hydrodynamic conditions ob-
served during the study period. Here we show that the use of such dual signature tracers, in
addition to novel tracer recovery and analysis techniques, enables the dispersal of sediment
to be monitored even in such complex settings and energetic conditions as an ebb-tidal
delta. Our observations show that tracers transported in suspension are significantly finer
than tracers that accumulated in the seabed. These suggest that preferential transport as
a function of grain size is a key process in shaping the morphology of ebb-tidal deltas and
thus governing the dispersal of sand nourishments there. The findings of this study and the
approach used here provide valuable tools for assessing the baseline conditions of complex
coastal environments today, and for planning the interventions which may be necessary in
future responses to climate change. Lessons learned from the application of sediment trac-
ers in this study are provided to assist future researchers and practitioners in the application
of this technique in dynamic coastal environments.
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6.1. INTRODUCTION

AND nourishments have proven to be an effective management strategy for reducing
S coastal erosion and are widely positioned as a means of coping with sea level rise (de Schip-
peretal., 2021; Lodder et al., 2019). While they are most common at beaches and foreshores
(Hanley et al., 2014; Hanson et al., 2002; Liu et al., 2019; Stive et al., 2013), they are now
also applied in other coastal settings like tidal flats (Bapfist et al., 2019; van der Werf et al.,
2019b).

Existing tools to predict and monitor the processes influencing the fate of a nourish-
ment are however not yet sufficient. Seemingly trivial questions like: "Where, how much,
when, and how to nourish?”, or “Where does the nourished sediment go?” are challeng-
ing to answer, but crucial for effective and efficient coastal management. This is especially
the case for nourishments in complex settings like ebb-tidal deltas. Only a few examples
of nourishments on ebb-tidal deltas are known (Bishop et al., 2006; Foster et al., 1994); on
the contrary, ebb-tidal deltas have often historically been viewed instead as a source for
nourishments (Fontolan et al., 2007; Hicks and Hume, 1997). However, nourishing ebb-tidal
deltas is now being proposed as a key component of the Dutch coastal management strat-
egy (Lodder et al., 2019; Wang et al., 2018). There is thus a pressing need to answer these
basic questions.

A large-scale research program (Kustgenese2.0/SEAWAD) was initiated in the Nether-
lands to provide insights for designing nourishment on ebb-tidal deltas. The project in-
cluded numerical modelling (Brakenhoff et al., 2020a; de Wit et al., 2019; Reniers et al.,
2019) and field measurement campaigns (Van Prooijen et al., 2020). Point measurements of
hydrodynamics and suspended sediment characteristics were carried out at five locations
across the delta. Bathymetric mapping provided snapshots of the ebb-tidal delta’s morpho-
logical evolution in high spatial and temporal resolution (Elias et al., 2022). However, none
of these methods tell us anything about the dispersal of sediment from a specific location,
as in a nourishment. These methods also do not reveal sediment transport pathways, nor
do they differentiate between pathways of different grain sizes. This type of information is
necessary to predict the longevity of a nourishment, as well as its ecological impact.

Particle tracking or tracing is a method that can be used to obtain more insights into
the pathways that sediment particles take. The former involves taking uniquely identifiable
"tracer" particles, injecting a known quantity at a particular location, and then monitoring
the dispersal of this tracer across space and through time (Black et al., 2007). This approach
has been successfully employed to monitor nourishments by Smith et al. (2007). Unlike Eu-
lerian measurements (at a fixed point in space), Lagrangian techniques like particle tracking
can provide information about the fate and provenance of sediment. Most previous tracer
studies have focused on using tracers to quantify transport rates and directions. For exam-
ple, Ciavola et al. (1998); Oliveira et al. (2017); Silva et al. (2007) used tracers to monitor
alongshore transport rates. Komar (1978) and Wilson (2018) have used tracers to examine
the relative degree of bed load and suspended load transport in coastal settings. By examin-
ing core samples of the seabed, Kraus (1985) and Sunamura and Kraus (1984) used tracers
to monitor burial depths and quantify the mixing depth or "active layer" thickness.

Tracers can also be used to quantify grain size-dependent sediment transport and sort-
ing processes. Allison et al. (2017) tracked the fate of tracer with multiple grain sizes, using
differently-coloured tracers to represent different particle sizes. Robin et al. (2009) assumed
that tracer particle size was uniform, and most previous studies focused only on match-
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ing the particle size distribution of the initial tracer to the native sediment, not how that
distribution changes after being transported. A few studies have challenged this assump-
tion and examined grain-size selective transport using tracers on straight, sandy beaches
(Blackley and Heathershaw, 1982; Duane and James, 1980; Ribeiro, 2017). However, the po-
tential of tracers to better understand sediment sorting and grain size-selective transport
on ebb-tidal deltas is relatively under-explored, even though knowledge of such processes
is essential to the design of effective nourishments there.

Execution of tracer studies in coastal settings is challenging due to the variety of phys-
ical processes influencing sediment transport and the numerous potential pathways that
the tracer can take. Unlike in rivers where transport is driven mainly by unidirectional cur-
rents, the influence of waves or wind-induced currents must also be considered on open
coasts (Hanes, 1988; Wilson, 2018). Even in relatively well-constrained coastal settings (e.g.,
straight, sandy beaches), there may be bidirectional tidal currents, stirring by waves, and
wave-induced alongshore or cross-shore currents (Duane and James, 1980; Komar, 1978;
Oliveira et al., 2017; Silva et al., 2007). Tracer studies have also been carried out at other
coastal sites such as tidal flats (Kato et al., 2014), harbours (Khalfani and Boutiba, 2019;
McComb and Black, 2005; Vila-Concejo et al., 2003), and navigation channels (Smith et al.,
2007). The challenges of conducting and interpreting tracer studies are perhaps greatest in
estuaries and tidal inlets, where complex interactions between waves, tides, and rivers may
act in multiple directions.

Few studies have considered sediment tracers at coastal locations as dynamic and com-
plex as tidal inlets (e.g., Moritz et al. (2011); Li et al. (2019)). Most tracer studies conducted
at tidal inlets have focused on intertidal shoals and beaches, where it is easier to deploy
and sample the tracer material at low tide (Balouin et al., 2001; Oertel, 1972; Robin et al.,
2009; Vila-Concejo et al., 2004). These studies were principally concerned with the migra-
tion of shoals and swash bars or sediment transport at the margins of the inlet. However,
to the authors’ knowledge, no tracer studies have considered transport on the distal lobe of
an ebb-tidal delta. Sediment pathways here may be extremely convoluted and grain size-
dependent (Elias et al., 2019; Herrling and Winter, 2018; Pearson et al., 2020; Son et al., 2011),
which greatly increases the uncertainty involved in designing a sampling plan to recover
tracer placed there. Effectively monitoring the dispersal of sediment tracer on the outer
limits of a highly energetic ebb-tidal delta at subtidal depths thus presents a daunting chal-
lenge and requires the use of new recovery and analysis techniques.

There are numerous techniques available to uniquely "tag" sediment to make it distin-
guishable from native background sediment. Natural geochemical properties of the sedi-
ment can be used (Clemens and Komar, 1988). Radioactive tracers were commonly used
in the 1960s, but have since fallen out of favour due to their environmental impact (Cour-
tois and Monaco, 1969; Duane and James, 1980; White, 1998). Radio frequency identifica-
tion (RFID) tags can be used for larger gravel and cobble-sized particles (Miller and War-
rick, 2012), although this approach is not feasible for sand-sized grains. Luminescence is
also frequently used to trace sediment in geomorphological applications (Gray et al., 2019;
Reimann et al., 2015). The most popular approach in recent years has been to apply a flu-
orescent coating to grains of sand, as the tracer can be identified visually or through auto-
mated image analysis (Gallaway et al., 2012; Komar, 1978; Kraus et al., 1982; McComb and
Black, 2005; Miller and Warrick, 2012; Oliveira et al., 2017; Robin et al., 2009; Silva et al.,
2007; Smith et al., 2007; Sunamura and Kraus, 1984). It may also be possible to trace parti-
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cles via a comparative measure of the relative ease with which a material can acquire a mag-
netic field (i.e., the magnetic susceptibility of grains (Gallaway et al., 2012)). However, the
risk of using tracer with a single unique identifying characteristic (termed a mono-signature
tracer) is that it can limit the techniques which can be applied to sample tracer in the field
and determine tracer content within samples in the laboratory. The solution to these issues
may be the use of tracers that can be detected and distinguished via multiple properties.

In this chapter, we explore the potential of particle tracking in energetic marine areas
for monitoring the dispersal of nourishments. We aim to answer questions such as: “Is it
possible to recover tracer particles in such dynamic environments?”; “What are efficient and
effective ways to collect the particles?”; and finally: “What can we conclude from a particle
tracking experiment that we cannot conclude from other monitoring techniques?”. To sim-
ulate and predict the potential dispersal of sand from an ebb-tidal delta nourishment, we
conducted a sediment tracer study at Ameland Inlet in 2017. Such a dynamic environment
necessitated novel techniques for recovery and analysis of the tracer. A dual-signature (flu-
orescent and ferrimagnetic) tracer (manufactured by Partrac Ltd) was used, enabling sam-
ples to be collected from both the water column and seabed via a combination of suspended
high-field magnets and seabed grab samples. Our approach afforded the opportunity to
sample tracer deposited on the bed and transported as suspended load. The characteristics
and location of recovered tracer provide useful information for understanding sediment
sorting processes and differential transport as a function of grain size on ebb-tidal deltas
from strategically placed sediment, as from a nourishment.

6.2. BACKGROUND

6.2.1. REGIONAL SETTING

Flood safety and vital ecosystems in the northern Netherlands depend on the fate of the
Wadden Sea and Islands. Their morphodynamic response to sea level rise and sand nour-
ishments is closely tied to the evolution of the ebb-tidal deltas between them. To under-
stand the fate of these ebb-tidal deltas and effectively plan nourishments there, we must
quantify the transport and dispersal of sediment as it moves across them.

The tracer study was conducted as part of a larger field measurement campaign which
included simultaneous measurements of hydrodynamics, suspended sediment, bed sedi-
ment, seabed morphology, and benthic ecology across Ameland ebb-tidal delta, inlet, and
Wadden Sea (Figure 6.1). The location was chosen because it was the proposed site of a
future sand nourishment project. Prior to this study in 2017, human interventions to the
inlet had been relatively minor compared to other inlets on the Dutch coast (Elias et al.,
2003; Wang et al., 2015). Ameland Inlet has been widely studied before (Cheung et al., 2007,
Lenstra et al., 2019a; van der Spek, 1996; Wang et al., 2016), and there are over 400 years of
historical bathymetric data available (Elias et al., 2019). The abundance of both historic and
present-day data makes Ameland Inlet the ideal location for such a study.

Historical bathymetry analysis by Elias et al. (2019) indicates that the recent evolution
of Ameland ebb-tidal delta has been dominated by a pattern where the main ebb channel
alternates positions and rotates in a clockwise direction. As the ebb-channel moves, shoals
develop on the delta’s periphery, and gradually move eastward where they eventually merge
with the island of Ameland. The position of the ebb-tidal delta and main ebb-channel also
determines the position of the eastern tip of the island of Terschelling. This morphody-
namic evolution suggests the existence of eastward sediment transport pathways across
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Figure 6.1: Location of project site at Ameland Inlet, the Netherlands. The deployment site or source of the tracer
is denoted by a green star. Orange diamonds indicate the location of suspended magnets, and yellow dots indi-
cate seabed Van Veen grab sampling locations. The magenta triangle corresponds to Frame 4 of the Kustgenese2
measurement campaign (Van Prooijen et al., 2020), with which measurements of hydrodynamic conditions were
made during the field experiment.
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the inlet and ebb-tidal delta. Mapping out these pathways and quantifying rates of sedi-
ment transport is essential to the design of nourishments on the ebb-tidal delta.

6.2.2. HYDRODYNAMIC CONDITIONS

To provide context for the tracer measurements, we examine measurements of hydrody-
namics and suspended matter carried out simultaneously during the deployment period.
Van Prooijen et al. (2020) and van der Werf et al. (2019a) provide a general overview of the
field campaign at Ameland Inlet, which took place over 41 days from August 29 to October
9, 2017. Henceforth, dates in this chapter are given as T + n, where n is the number of days
since the tracer release on August 29, 2017 (Section 6.3.2).

Water level, wave height, and near-bed current velocities were measured using a downward-
facing high resolution Nortek Acoustic Doppler Current Profiler (ADCP-HR) mounted 0.50m
above the seabed (Norrek, 2008). From the wave characteristics and near-bed velocity, the
maximum bed shear stress under combined wave and currents was computed using the
method of Soulsby (1997). Changes in seabed level and acoustic backscatter were moni-
tored using the altimeter on Nortek Acoustic Doppler Velocimeters (ADV) (Nortek AS, 2005)
mounted 0.35 and 0.50m above the bed. Together, these measurements provide additional
information to assist in the interpretation of the observed behaviour of the tracer.

Hydrodynamic conditions at the outer lobe of the Ameland ebb-tidal delta during the
measurement period were highly energetic, featuring two major (H; > 4m) and three minor
(Hs > 1.5m) storms (Figure 6.2b). The spring tidal range at the measurement frame is ap-
proximately 2.3 m, and current velocities can reach 0.5 m/s, predominantly flowing along an
axis oriented east — west. The net displacement at the measurement frame was computed
by integrating the measured velocities over time (Figure 6.2f). These show a net eastward
displacement from the vicinity of the tracer deployment site during the measurement pe-
riod. In the 24 hours after release, maximum tidal excursion from the measurement site is
approximately 2 km westward and 4 km eastward (Figure 6.2f). There is generally a strong
eastward net displacement, with north or southward currents only dominating during the
storms on T +15 and T + 40 days.

Acoustic backscatter is frequently used as a proxy for suspended sand concentration
(Green et al., 2000; van de Kreeke and Hibma, 2005). Although fine sediment is abundant
in suspension on Ameland ebb-tidal delta, acoustic backscatter measurements here show
stronger correspondence with sand (Chapter 5). The acoustic backscatter signal (measured
with the ADV) shows clear semidiurnal peaks during ebb and flood currents, with higher
peaks during flood and greater variability during spring tides. This corresponds to resus-
pension of local sand from the seabed. Relatively higher backscatter is also observed during
the storms (e.g., T+ 16 and T + 35 to 40).

Regular fluctuations of the seabed between August 31 (T+02) and September 5th (7'+06)
are on the order of 1 —3cm Figure 6.2d, which matches the findings of Brakenhoff et al.
(2020b), who found that wave-current ripples on Ameland ebb-tidal delta are consistently
between 1 —2cm in height. The bed then continues to accrete episodically but erodes grad-
ually during the intervening periods. The frame was repositioned following servicing on
T+21, and the bed altimetry measurements become sparse thereafter.

These findings demonstrate that the seabed around the tracer deployment site is highly
dynamic, even on the timescale of days to weeks. Combined with the energetic hydrody-
namic conditions observed during the measurement period, there is strong potential for
widespread tracer dispersal and/or burial.
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Figure 6.2: Overview of hydrodynamic and seabed conditions measured near the tracer deployment site (AZG-F4)
during the field campaign. (a) Water level with respect to mean sea level. Vertical yellow lines indicate days when
tracer sampling occurred, and the green dashed line on day T + 21 indicates when the frame was serviced. (b)
Near-bed current velocity measured with a downward-facing ADCP-HR and averaged over a 0.5m profile to the
bed; (c) significant wave height (H;;,0); (d) Bed level measured with ADV mounted 0.35m above the bed. Note
that position of frame shifts after being serviced on T+21, and bed level readings are sparse thereafter; (e) Acoustic
backscatter measured using an ADV mounted at 0.5m from the bed. Acoustic backscatter is given here as a proxy
for suspended sediment concentration, with greater sensitivity to sand than fine sediment (Pearson et al., 2021a);
(f) Progressive vector diagram indicating total tidal excursion during the deployment period based on the near-bed
current velocity measured by ADCP-HR during the 40-day deployment period. The red inset zooms in on the first
5days (T +00 to T +05) after tracer release (August 29, 2017). Circles indicate the displacement at a given number
of days after release, with larger markers indicating every fifth day.
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6.3. METHODS

To investigate sand transport processes on ebb-tidal deltas using sediment tracers, we broadly
followed the methodological framework described by Black et al. (2017). This includes
seven key steps:

Manufacture an appropriate tracer to match local sediment characteristics.
Perform a background survey of the site.

Release tracer in the field.

Recover tracer via sampling of the seabed and water column.

Separate tracer from background sediment in the laboratory.

Determine tracer content within samples.

Determine particle size of recovered tracer and background sediment.

N e wh =

6.3.1. TRACER PREPARATION

A dual signature sediment tracer was manufactured by Partrac Ltd. for use in this study (Fig-
ure 6.3). The coated mineral tracers have two signatures (fluorescent colour and ferrimag-
netic character) applied as part of the coating process. These signatures are used to identify
the particle unequivocally following introduction into the environment. In this study, each
natural minerogenic kernel within the tracer batch was coated using a green fluorescent
dye pigment with magnetic inclusions. The dye pigment is characterized by specific excita-
tion and emission wavelengths, which facilitates a targeted sample analysis procedure. The
tracer is consistently reactive upon exposure to ultraviolet (UV-A, ~ 400nm) or blue light
(~ 395nm). The tracer grain will also adhere to any strong permanent or electro-magnet
that comes into close proximity with it. This enables a simple separation of tracer within
environmental (water, sediment) samples, a process which can also be exploited in situ
through the use of submerged magnets (e.g., Guymer et al. (2010)).

Figure 6.3: (a) Tracer sediment particles with fluorescent and ferrimagnetic coating under normal lighting. (b)
Seabed sample illuminated under 395nm blue light. The fluorescent green tracer particles are unequivocally dis-
tinguishable from native sand grains and other types of particle in this lighting. Photos obtained using a Keyence
VHX-5000 digital microscope (Keyence Corporation, 2014).

A key requirement of tracer studies is that the tracer sediment needs to have similar
physical and hydraulic properties to the native sediment it is intended to mimic (White,
1998), and that the properties of the tracer do not significantly change through time (Foster,
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2000). This ensures that the tracer will be eroded, transported, and deposited in a simi-
lar manner to native sediments. A historic sample from the nearest available point to the
proposed tracer release site served as a basis for the tracer (Rijkswaterstaat, 1999). Typi-
cally, differences of 10-15% from the native grain size have been deemed acceptable in the
peer-reviewed literature (Black et al., 2007; Robin et al., 2009; Vila-Concejo et al., 2004).

The sediment of Ameland ebb-tidal delta is largely composed of fine to medium sand
(125 to 500um), grain size characteristics reflected by the available sample (dso,narive =
271um) (Figure 6.4). Sediment composition on the nearby beaches of Ameland is approxi-
mately 84% quartz, 10% feldspar, 6% heavy minerals, and has specific gravity (grain density)
of ps native = 2700kg/m3 (Veenstra and Winkelmolen, 1976). An assessment of the physical
and hydraulic equivalence between the manufactured sediment tracer and the native sedi-
ment on Ameland was performed. The tracer’s physical characteristics (dso,¢racer = 285um,
O1,tracer = 0.48®, pg tracer = 2628kg/ m3) closely matched those of the available pre-study
native sediment sample (dsg narive = 271um) (Figure 6.4). Approximately 60% of the de-
ployed tracer consisted of medium sand (250 < d < 500um), 35% of fine sand (125 < d <
250pum), and <5% of very fine sand (63 < d < 125um). Although particles < 63um were
present in the deployed tracer, they are not considered for particle size analysis in this study,
given the difficulty of optically identifying, counting, and sizing any recovered particles that
small, and the project’s overall focus on sand transport. Based on these data, it is reason-
able to conclude that the manufactured tracer will form an effective tracer for use within
the study.

Figure 6.4: Particle size distribution of deployed tracer sediment and native seabed sediment (from available pre-
study data (Rijkswaterstaat, 1999)). Deployed tracer and native sediment largely consist of fine (125-250 um) and
medium (250-500 pm) sand.

6.3.2. TRACER RELEASE

To simulate the dispersal of sand as part of an ebb-tidal delta nourishment, tracer was re-
leased below the water surface and monitored across the period from August to October
2017. Immediately prior to the release of the tracer in August 2017, a background survey of
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the seabed sediment was carried out in the vicinity of the placement site to determine the
presence and/or absence of particles with the same or similar characteristics as the tracer.
Subsequent laboratory analysis revealed no presence of tracer-like fluorescent, magnetic
particles in the bedded sediment prior to tracer deployment.

Based on the local grain size and typical local hydrodynamic conditions, it was expected
that sand would be partly transported in suspension through the water column. To sample
tracer particles travelling as suspended load, 8 arrays of suspended magnets were installed
across the monitoring site in the hours before releasing the tracer (orange diamonds in Fig-
ure 6.1). High field, Ne-Bn 11,000 Gauss bar magnets (30cm in length and 2.5¢m in diame-
ter) were covered in clear acrylic sheaths to facilitate the separation of recovered tracer from
the magnet surface (e.g., Guymer et al. (2010)). These magnets were affixed to mooring lines
at elevations of 1m, 2m, and 5m above the seabed.

On August 292017 (T+00), 2000kg of tracer was released at 14:52 CEST on the northwest
distal lobe of Ameland ebb-tidal delta (53.485° N, 5.5358° W, at the green star in Figure 6.1)
over a period of 14 minutes. A PVC pipe was affixed to the side of the ship (MS Schuiten-
gat) and tracer poured down in buckets, with water sprayed down it to ensure continuous
discharge and disaggregation of the tracer while in the release zone. The release technique
was also intended to, as best as possible, mimic the placement of nourishment sand from a
dredge hopper via a rapid release.

Successful tracer studies require that the tracer is introduced to the target site with min-
imal loss and redistribution. The timing was selected to correspond with high water slack
during a neap tide, which would minimize dispersal of the tracer by ambient currents be-
fore it reached the seabed. Offshore waves were small during the deployment procedure
(Hgo = 0.4m, Tpy02 = 2.8s, 0 = 270°), and thus offered fairly benign conditions for tracer
settling. The depth of the water at the time and location of deployment was 6.9m, which
means that 95% of the sand-sized tracer should have reached the bed within 11.2 minutes
of deployment (wy, gos=137um = 0.010m/s based on (Soulsby, 1997)). Current velocity mea-
surements did not begin until 2 hours after the release (Figure 6.2), but based on the drift
of the ship (MS Schuitengat) during the release period (< 100m, Figure 6.5a), currents were
minimal.

6.3.3. TRACER RECOVERY

The sampling scheme for recovering tracer was designed to maximize the chances of re-
trieving tracer particles in a dynamic environment where widespread dispersal was likely.
Over the next 41 days, the spatiotemporal distribution of the tracer was monitored via the
collection of 209 seabed grab samples. A sampling grid was initially defined in an approx-
imately radial pattern surrounding the proposed tracer source site, with higher sampling
density towards the point of tracer release and sparser coverage further away. The assess-
ment of tidal excursion indicates that after 5 days, tracer grains mobilized under tidal flows
could be dispersed on the order of 10km away (Figure 6.2f). This is beyond the bounds
of the area within which it is practically possible to focus sampling resources (~ 3km ra-
dius). If we assume that tracer with a dsy of 285um was uniformly distributed across this
area, sufficient tracer was released (€'(1010 grains)) to ensure an average of 22 grains per
grab sample. This suggests that a large enough quantity of tracer was placed to ensure a
meaningful prospect of recovery. Due to several practical issues (discussed in Section 5),
post-release sampling was limited.
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Seabed samples were obtained from the MS Siege using a Van Veen grab to a maximum
depth of 8cm, with an average mass of 1.7kg (n = 190). Once on deck, excess water was
slowly drained from the grab sampler, and handheld blue flashlights (~ 395nm) were used
to assess the initial presence or absence of tracer particles. Grab samples were double-
bagged in 2L plastic bags, labelled, and stored in plastic crates out of direct sunlight.

Suspended magnets were recovered on August 30" (T +01) by the MS Terschelling, al-
though adverse weather conditions meant that the recovery of two sets of magnets (K and
L) was delayed until September 2nd (T + 04). The 5m magnet at location I was lost during
recovery after it became attracted to the hull of the ship. Once lifted on deck, the mag-
nets were removed from their mooring lines and visually inspected with blue light to de-
termine the presence or absence of tracer. The plastic sheath was then carefully removed
and its contents washed through a funnel into a 1L sampling jar. Magnet samples typi-
cally weighed 0.1 —1g (n =21), but sample masses between 16 —27g were obtained in three
cases. All sampling equipment was carefully washed between samples to reduce the risk of
cross-contamination between samples.

6.3.4. QUANTIFYING TRACER CONTENT WITHIN ENVIRONMENTAL SAMPLES
To quantify the tracer content (particle counts) within environmental samples, each sample
was first processed. Each sample was dried in an oven at 180°C until no further change in
mass was observed. The material was smoothed to an approximately granular monolayer
on a large black board, and then a preliminary visual inspection for tracer particles was
performed using a handheld blue light (~ 395nm). Samples revealing fluorescent particles
were then magnetically screened to further distinguish tracers from other fluorescent mat-
ter (i.e., microplastics, which were commonly observed). A permanent, high field Ne-Bn
11,000 Gauss magnet was then passed across the sample at a distance of 2 — 3mm, facili-
tating separation of magnetic particles, or sifted through the sample where samples were
larger. This procedure was repeated, with intermittent cleaning and recovery of the parti-
cles from the surface of the magnet, until no further magnetic particles were extracted and
no further fluorescent particles were found within the sample.

Once separated, the number of tracer gains were counted by eye; the error from visual
counting should be below 5-10% (Carrasco et al., 2013). To do this, the samples were sys-
tematically scanned with the aid of a hand tally counter. Where high tracer counts were
observed, the sample was sub-sampled and the data extrapolated.

6.3.5. PARTICLE SIZE ANALYSIS

To investigate sorting behaviour of the tracer material as it dispersed in the environment,
we measured the particle size distributions of the recovered tracer and native background
sediment. Magnetically-separated samples containing visible tracer particles were exam-
ined using a Keyence VHX-5000 digital microscope (Keyence Corporation, 2014). Whilst il-
luminating the sample using blue light (395nm), high resolution photographs at 40 — 100 x
magnification were captured and stitched together into a mosaic of the entire sample. The
microscope’s automated image processing tools were used to obtain the equivalent circu-
lar diameter of each tracer particle in the sample (similarly to Ribeiro (2017)). Each grain
was visually checked to ensure that the particles were accurately identified. Under 100x
magnification, the bright green tracer particles were unequivocally distinguishable from
native sand grains and other types of particle (Figure 6.3b). Where there was a discrepancy
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in tracer count from the visual analysis, the count obtained via microscope prevailed. Af-
ter each analysis, the sample was shaken to redistribute the position of the grains, and the
procedure repeated to reduce potential biases in the image analysis.

The particle size distributions of native non-tracer sediment separated from the tracer
samples were measured using a Malvern Mastersizer 3000 (Malvern Instruments Limited,
2017). At least 4 measurements were made per sample and then averaged together to pro-
vide a representative distribution.

6.4. RESULTS

Tracer particles were recovered from 45 of 190 seabed grab samples (24%) and 23 of 23 re-
covered magnetic samples (100%), despite the occurrence of conditions capable of mobi-
lizing 99% of the deployed particles (Figure 6.10). Although hydrodynamic measurements
indicate an eastward tidal residual flow (Figure 6.2f), the spatial pattern of the recovered
tracer indicates that transport dispersed the tracer in all directions relative to the release
site, likely due to a combination of tidally driven transport and wave action.

Tracer material was recovered from the grab samples taken in the first week after deploy-
ment, up to 1325m away from the source (Figure 6.5). Although the majority of samples are
clustered within 500m of the release site, there is no distinct trend in their spatial distribu-
tion. Most of these samples were recovered between August 30’ (T+01) and September 4th
(T +06), but some tracer was even recovered from the tracer source on October 9th (T +41),
after two large storms had passed. In total, 14 of the tracer samples contained a single tracer
particle, 13 had 2 — 10 particles, 14 had 11 — 100 particles, 14 had 101 — 1000 particles, and
11 samples contained more than 1000 particles. All but one of the latter were obtained via
suspended magnets.

The tracer particles recovered from the seabed (mean dsg = 212.8um, 0450 = 74.3um,
o1 = 0.48®) were finer and better sorted on average than the original tracer (dsg = 274.4um,
o1 = 0.349) (Figure 6.6). The samples recovered by the magnets (mean dso = 81.9um,
0 450 = 6.0um) are significantly finer than both the original tracer sample and the samples
recovered from the bed (Figure 6.6).

On average, tracer particles are largest closer to the bed (ds5¢ = 83.9um at 1m above the
bed), decreasing slightly with elevation (dso = 80.6um at 2m above the bed) (Figure 6.7).
The particle size is negligibly different at 5m above the bed (dso = 81.0um). All suspended
samples are well sorted (0 < 0.5®) based on Folk & Ward Logarithmic Graphical measures
(Blott and Pye, 2001), where increased sorting corresponds to reduced spread around the
mean particle size. Sorting is poorest at 1 m above the bed (o; = 0.41), but improves slightly
at 2m and 5m above the bed (o = 0.38® and 0, = 0.399, respectively).

Although there is a marked difference between the original tracer and the material re-
covered in the water column, the particle size distributions of suspended tracer samples do
not vary substantially with elevation from the bed. This is consistent with Beamsley et al.
(2001), who observed that although median particle size decreases with height above the
bed, the modal peak of suspended sand grain size distributions stays relatively consistent.
They attribute upward fining to an inverse relationship between concentration profile gra-
dient and grain size, with finer particles being more dominant at higher elevations.

The particle size distribution of recovered tracer particles can also be considered spa-
tially (Figure 6.8). Among samples with more than one grain (it is not meaningful to com-
pute d50 and sorting from a single particle), there is a weak negative correlation between
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Figure 6.5: Spatial distribution of tracer recovered in the first 41 days after deployment, indicating the number of
tracer grains recovered from each sample. (a) Tracer samples obtained via seabed grab samples. (b) Tracer samples
obtained via seabed grab samples, zoomed in on central area with denser sampling. (c) Samples obtained using
suspended magnets. The tracer release location is indicated by a yellow star. X-symbols indicate samples in which
no tracer particles were found.



6.4. RESULTS 121

5 m above the seabed. Magnetically-recovered tracers were significantly finer than those acquired via grab sample
from the seabed.

Figure 6.6: Mean particle size distributions of tracer recovered from the seabed and suspended magnets at z=1, 2, m

Figure 6.7: Particle size statistics of tracer recovered from the seabed and suspended magnets at z = 1, 2, 5m. (a)
Median particle diameter (dsg); (b) Sorting coefficient. Thin lines correspond to individual magnet locations, and
thick black lines are averaged across all samples.
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median grain size (R?> = 0.224) and increasing distance from the source (Figure 6.9). Fur-
thermore, the mean ds( of the magnet samples is <100 um, with all seabed samples consis-
tently coarser. The envelope of grain size variability shrinks with distance from the source:
the variation in dso decreases further away. A very weak negative correlation is observed
between sediment sorting coefficients of multi-grain samples and distance from the source
(R?> = 0.082), which implies that the tracer become slightly better sorted with distance.
These patterns are consistent with the frequently-observed trend of fining and better sort-
ing along transport pathways in complex marine environments (Le Roux and Rojas, 2007,
Poizot et al., 2008).

Figure 6.8: Spatial distribution of tracer with pie charts indicating the relative fraction of a particular sediment
class. The yellow star denotes the tracer source location. The size of the pie chart is proportional to the number of
particles found in a given sample. X-symbols denote samples in which no tracer particles were found.

To better visualize the influence of the hydrodynamic conditions on the potential trans-
port modes of tracer particles and explain the observed differential transport, we computed
the inverse Rouse number (ku../wy) of four grain size classes using the method of Soulsby
(1997) (Figure 6.10). The medium sand (250 — 500tm) comprising most of the tracer travels
mainly as bed load, only moving into suspension during the two largest storms (September
13" & October 3"%). This could explain its absence on the suspended magnets, which were
all collected by September 2", Fine sand (125—2504m) travels in suspension during minor
storms and also at spring tide, whereas very fine sand grains (63 — 125um) are nearly always
travelling as suspended load.

These estimates are consistent with existing numerical model simulations of Ameland
Inlet (Reniers et al., 2019). Modelled daily averaged sediment transport of 200 um sand
near the tracer deployment site is principally tidal suspended transport in calm conditions,
whereas suspended transport due to wave skewness dominates during storms. Huisman
et al. (2016) found that grain size-selective sediment transport at a sand nourishment on
the Dutch coast was most prevalent during mild and moderate conditions when some but
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Figure 6.9: Comparison showing distance from the tracer source vs (a) d50 and (b) sorting of recovered tracer.
Triangular markers indicate single grains, whereas circles indicate samples with multiple grains. The size of the
symbol is proportional to the number of particles found in a given sample, and the colour of the markers indicates
sample elevation above the bed.

Figure 6.10: Inverse Rouse number (ku+«/ w;) and transport mode for each sediment class. Calculated using the
method of Soulsby (1997) from wave and near-bed velocity measurements taken by a downward-facing ADCP-HR
near the tracer source (mounted 0.5m above the seabed). Tracer sampling dates are indicated by grey bars.
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not all of the bed material is mobilized. Finer sand classes will thus be entrained more fre-
quently into the water column (Figure 6.10). In more intense conditions, sorting behavior
is still present but to a lesser degree, since all size classes are mobilized, including coarser
particles. However, it is mild and moderate conditions that prevail during the first 6 days of
tracer sampling

We can quantify the potential impact of a nourishment on the native grain size distribu-
tion by analogy using recovered tracers. We compared the grain size characteristics of each
tracer sample with the native sediment that it was recovered in. The native background
sediment samples containing tracer are overwhelmingly homogeneous, well-sorted fine (F)
sand, with a mean dso of 200.2um (o 450 = 21.7pm), and mean sorting coefficient of 0.509
(Figure 6.11). Conversely, the recovered tracer shows a wide variation in dso from 100 to
400um (mean dsg of 212.8um, o 450 = 74.3um), and is on average 12.6um coarser than the
native sediment in which it was recovered. The recovered tracer is negligibly better-sorted
on average, but shows more variation in sorting than the native sediment. Comparing the
particle size analysis of recovered tracer and the native sediment in which it was found re-
veals clear signs of grain size-selective transport.

Figure 6.11: Particle size statistics of native background sediment vs recovered tracer. (a) Median particle size
(dsp) and (c) sorting coefficient (®). Hollow circles represent samples with only single tracer grains, and solid
circles represent samples with multiple tracer grains. The size of the circles is proportional to the number of tracer
grains found in the sample. The green star indicates the properties of the tracer that was initially released.

6.5. DISCUSSION

We recovered tracer sediment on a highly dynamic ebb-tidal delta as part of a study to un-
derstand the potential spreading of nourishments there. The high recovery rates of tracer
on an energetic subtidal ebb-tidal delta in spite of sampling limitations are a proof of con-
cept for using tracers to monitor sediment dispersal in such environments. In particular,
the suspended magnets were revealed to be an effective means of capturing tracer particles
suspended throughout the water column. Furthermore, microscopy analysis enabled the
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determination of different grain sizes within the collected samples, facilitating the assess-
ment of differential transport (per grain size) following tracer release.

Grain size influences both the persistence and ecological impact of sand nourishments.
Nourished sand will tend to disperse more quickly if its grain size is smaller than native
sediment, which thus determines how long it will persist at its placement site (Dean, 2002).
As such, grain size of placed material relative to native sediment is often a key parame-
ter in nourishment design (/Hanson et al., 2002). Grain size also influences benthic habi-
tat (McLachlan, 1996), and the recovery of benthic ecosystems after a nourishment can be
impeded if nourished sand grain characteristics do not closely match the native sediment
(Bishop et al., 2006; Defeo et al., 2009; Peterson et al., 2014). Tracer particle size analysis like
that carried out in this study is thus a useful technique for understanding the grain size-
specific evolution of nourishments. By releasing tracers in conjunction with nourishments
(e.g., Smith et al. (2007)) and then tracking tracer particle size, coastal managers can im-
prove the efficacy of nourishments and monitor potentially negative ecological impacts.

Our study’s findings are summarized in a conceptual diagram (Figure 6.12). Finer grains
become preferentially resuspended and transported further than coarser grains. The coarser
grains are mobilized less frequently and travel more as bedload, which leaves them more
susceptible to burial (e.g., Figure 6.2d) or integration into bedforms. Material travelling in
suspension travels more quickly than material moving as bedload, so finer tracer particles
are also found further from the source. Superdiffusive behaviour due to correlated grain
motion and grain size heterogeneity may explain the solitary coarser grains of sand found
farthest away from the source (Martin et al., 2012).

Figure 6.12: Conceptual diagram indicating dispersal of tracer on the seabed and in the water column. Finer grains
are preferentially resuspended and transported further than coarser grains, which travel more often as bedload and
are more susceptible to burial. Suspended sand grains observed on the magnets were overwhelmingly very fine,
with little difference as a function of height above the bed.
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Two days after the tracer release (T + 02), the bed accretes by approximately 8.5¢m in
7 hours, mostly during flood tide following the peak of a small storm (Figure 6.2d). It is
therefore possible that tracer particles deposited on the seabed within this area could have
been buried beyond the reach of the Van Veen grab sampler used to extract the sediment
(approximately 8cm). This is consistent with the historical bathymetry analysis of Elias et al.
(2019) and Elias et al. (2022), which shows this region of the ebb-tidal shoal to be prograding
and hence depositional. Sampling via deeper cores may yield greater insight into the burial
of tracers and sediment balance in future studies.

The tracer dispersal pattern in Figure 6.8 does not appear to coincide with the eastward
direction of net tidal excursion (Figure 6.2f). This may be explained by the difference be-
tween residual (net) transport and gross transport. If the tidal flow is bi-directional, the
residual is a small difference between the much larger gross flood and ebb transports. In
open water, sediment transport vectors form an open ellipse over the course of a tidal cycle,
just like the flow velocity vectors (Figure 6.2f, inset). Where the tracer can be found back
is not determined by the residual transport field, but by the gross transport field, which is
highly variable in direction during a tidal cycle. This may be evidence of chaotic stirring,
which is known to occur at tidal inlets similar to Ameland (Ridderinkhof and Zimmerman,
1992). Ridderinkhof & Zimmerman showed that after just a few tidal cycles, particles can be
dispersed in highly spatially heterogeneous patterns that do not necessarily coincide with
the direction of net transport. This hypothesis could be tested via Lagrangian sediment
particle modelling (e.g., Soulsby et al. (2011), Chapter 8).

One of the key findings of this study was the effectiveness of magnets mounted on moor-
ing lines through the water column at capturing suspended tracer particles. The magnets
in this study typically recovered several orders of magnitude more tracer particles than grab
samples taken from the seabed. Tracer particles found in grab samples were deposited on
the seabed, and hence give an indication of sediment accumulation there. However, tracer
recovered by the suspended magnets is indicative of grains that are actively moving as sus-
pended load. Very fine grains of tracer (63 — 125um) made up a small fraction of the tracer
particles recovered in the bed but were abundant on the suspended magnets. This sup-
ports the expected theory that sorting due to differential suspended transport by grain size
is a key process on the ebb tidal delta.

Although tracer studies are a well-established tool in the arsenal of coastal scientists and
engineers, challenges associated with their deployment have typically limited their applica-
tion to more well-constrained settings like alongshore uniform beaches. Previous applica-
tions to tidal inlets and ebb-tidal deltas have tended to focus more on intertidal areas which
could be more easily sampled, whereas this study investigates a fully subtidal site. In this
study we also successfully employ innovative methods for both recovery (e.g., suspended
magnets) and analysis (e.g., particle size analysis of recovered tracer via microscopy) in a
very dynamic setting, demonstrating that these techniques can be used in such environ-
ments. However, the purpose and method of application must be carefully considered in
study planning. These advances expand the range of environments in which tracer stud-
ies can be conducted, but also increase the amount of data that can be gained from such
a study. Since tracer studies can be labour-intensive, time-consuming, and challenging to
execute (Ciavola and Grottoli, 2017; White, 1998), it is important to find new ways to add
value to them, both in terms of practicalities but also in terms of expanding their scientific
worth. The following section provides lessons learned from the study, which we hope will be
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useful for future researchers/practitioners interested in utilizing sediment tracers in highly
dynamic environments:

* Dual tracer signatures (fluorescence and ferrimagnetism) were very beneficial, in-
creasing the ease of tracer recovery in the field and analysis in the laboratory. In par-
ticular the suspended magnets placed on mooring lines were both an effective means
of recovering tracer and potentially offer a route to sampling the suspended sediment
load in deeper water or environments where it is challenging to sample frequently, but
also an afforded an "opportunistic" measurement: the magnets were place on marker
buoys of pressure sensors mounted on the seabed as part of a different experiment
(de Wit et al., 2019; Reniers et al., 2019).

* Magnets were highly effective at recovering tracer, with large quantities of tracer parti-
cles (> 1000) found on all of the recovered magnets. In addition, magnetic non-tracer
particles were found within the seabed grab samples and especially attached to the
suspended magnets. The high recovery rates of tracer from the magnets indicates
that some of the tracer particles travelled in suspension, for at least part of the mea-
surement period, which is consistent with hydrodynamic conditions (Figure 6.10). It
is unlikely that the sediment captured by the magnets is from the initial tracer re-
lease, given that deployment took place at high water slack, and that deposition of all
sand-sized tracer would have occurred within half an hour. This is especially true for
magnets located east (upstream) of the ebb currents that followed release (i.e., Fig- u
ure 6.2f). Tracer recovered on the magnets is thus likely indicative of resuspended
sand.

» The use of a digital microscope expanded our tracer analysis capabilities significantly
beyond what is possible with only the naked eye. The microscope allows for unequiv-
ocal identification of tracer particles, automated particle enumeration, and estima-
tion of tracer particle size distributions. This reduces the likelihood of human error in
tracer particle characterization and enables topics such as sediment sorting to be in-
vestigated. Robin et al. (2009) assumed that the grain size distribution of the tracer is
identical throughout the entire plume. However, the spatial variations in particle size
relative to the original tracer particles observed in this study challenge this assump-
tion. Future tracer studies should thus consider microscopy analysis to investigate
grain size characteristics.

* The primary study limitation was our inability to perform frequent, spatially repeated
sampling due to challenging sea conditions and practical issues such as vessel avail-
ability. Sampling resources prioritized maximum potential recovery of tracer within
the available ship time, rather than keeping a regular sample grid in space and time.
Further possibilities for tracer sampling were eliminated by the placement of a 5Mm?>
sand nourishment directly on top of the tracer release site beginning in March 2018.
Collectively, these conditions led to a disparate sampling campaign which prevented
the meaningful derivation of general spatial statistics (e.g. tracer plume centroid
movement in time and space), and application of the spatial integration method (e.g.,
Robin et al. (2009); Vila-Concejo et al. (2004); White (1998)) to account for the dis-
persed tracer mass. This kind of analysis is achievable on a beach face, for example,
but on a highly dynamic ebb-tidal delta spanning several kilometers in size, the ex-
trapolation of particle counts may be dubious.
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* Tracer studies with similar logistical constraints should prioritize consistent sampling
at fewer sites over attaining wider spatial coverage with limited repetition in time. It is
essential to clearly identify the purpose of deploying sediment tracers, so that a con-
sidered, targeted and achievable, sampling plan can be developed and implemented.
When working in an open system where significant dispersion is likely, it is necessary
to focus sampling resources on tracer recovery and balance that against the goals of
the project. In highly dynamic environments, the use of tracers to monitor sediment
transport pathways over extended temporal periods is not advised. Careful consider-
ation of site data prior to tracer deployment to determine the best positions for release
and sampling is essential.

e The sample selected from Rijkswaterstaat (1999) to serve as a model for the tracer
particle size distribution was coarser (dsg = 270.7pm) than most of the native sedi-
ment samples obtained during the tracer study (mean dso = 200.2um) (Figure 6.11).
Even though the tracer closely matched the target sample, that sample was not very
representative of the present-day conditions on that part of the ebb-tidal delta, likely
due to the shifting position of channels and shoals (e.g., Elias et al. (2019)). This shows
the importance of using recent reference sediment samples for tracer studies in such
dynamic areas. However, this problem was circumvented by performing optical grain
size analysis on the recovered tracer, which permitted analysis of tracer particles that
were closer in size to the native sediment. In addition, the relative absence of re-
covered medium-sized tracer compared with the amount that was initially placed
strengthens the case for differential transport as a key mechanism.

This study also provides guidance for carrying out nourishments on ebb-tidal deltas in
the future. The behaviour observed in this field experiment suggests that fine nourishment
sand applied to Ameland ebb-tidal delta will also be highly dispersive, which may be impor-
tant for estimating the lifetime and ecological impact of a nourishment. Tracer studies do
not account for indirect effects of the nourishment on sediment transport (e.g., due to mod-
ification of local flow and transport fields), but they do enable unequivocal identification of
sediment from a particular source. Thus, a useful application of tracers for nourishment
design and monitoring would be to combine the tracers with the nourished sediment as it
was placed, similarly to Smith et al. (2007). In this way, the performance of the nourishment
could be monitored using conventional bathymetric surveys, but it would also be possible
to differentiate nourished sediment from native sediment using tracer as a proxy. If the
goal of a tracer study is to establish whether particles from a given source (e.g., nourish-
ment) reach a given location (e.g., an ecologically-sensitive area), then the target site could
be surrounded by suspended magnets as a means of intercepting tracer. This would give
an indication of the quantity and characteristics of nourished sediment reaching the target
site.

The results obtained in this study also fill a need for high-quality data to further vali-
date models of grain size-specific transport of nourished sediment (de Schipper et al., 2021),
particularly Lagrangian models (MacDonald and Davies (2007); Soulsby et al. (2011), Chap-
ter 8). These models can be used to predict the pathways, receptors, and system-wide con-
nectivity of nourished sediment (Chapter 7), providing coastal researchers and managers
with additional tools for analysis and design.
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6.6. CONCLUSIONS

In this study, we presented the results of a sediment tracer study carried out on the energetic
ebb-tidal delta of Ameland Inlet in the Netherlands. We aimed to answer the questions: “Is
it possible to recover tracer particles in such dynamic environments?”; “What are efficient
and effective techniques to collect the particles?”; and finally: “What can we conclude from a
particle tracking experiment that we cannot conclude from other monitoring techniques?”

The use of a dual-signature tracer (fluorescent and magnetic) aided both recovery in the
field and analysis in the laboratory. Despite the very energetic and open environment, we
found tracer particles in 45 of 190 grab samples (24%) and on 23 of 23 recovered suspended
magnets (100%). Generally, only small numbers of particles (&(1 — 100)) were found us-
ing grab samples. The suspended magnets provided a much more effective tracer recovery
technique than the seabed grab samples: ¢ (1000 —10000) particles were retrieved in this
manner. The higher efficiency of suspended magnets boosts the chances of tracer recov-
ery and could lead to cost savings by requiring less tracer sediment to be deployed or fewer
seabed grab samples. Furthermore, the application of suspended magnets for recovering
tracer opens new possibilities for measuring sediment pathways, as it is an indication of
the sediment in suspended transport, instead of an indication of sediment deposition (as
measured by grab sampling). Analysis of tracer particle size via digital microscopy enabled
additional data to be extracted from the recovered tracer than merely counting the amount
observed within the sample.

The methodology in this study expands the range of environments in which tracer stud-
ies can be completed by demonstrating successful tracer recovery in a setting characterized
by dramatic morphodynamic changes and convoluted sediment transport pathways. In
doing so, we increase the potential knowledge yield that can be gained from such field ex-
periments. We also offer a series of lessons learned and recommendations for the use of
sediment tracers in highly dynamic environments to support future research and coastal
management practice. Particle tracking is the only technique that can directly measure the
provenance of sediment, but its full potential is seldom realized due to common challenges
in recovery and analysis. The techniques explored here (e.g., magnetic tracer retrieval and
separation, microscopic analysis of tracer) provide additional means of generating value
from tracer studies. These approaches increase our ability to tap into the unique perspec-
tive on sediment transport that tracers offer.
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N the previous chapters, we considered three types of measurements: (1) large-scale

bathymetric measurements spanning decades (6 (100m—10km)), (2) point measurements
of hydrodynamics and suspended sediment over a period of several weeks, and (3) the dis-
persal of a Lagrangian sediment tracer across the ebb-tidal delta (€' (100m —1km)). To paint
amore complete picture of sediment transport pathways on ebb-tidal deltas, we need to in-
tegrate these disparate sources in a common framework. In this chapter, we aim to system-
atically manage and quantitatively interpret complex datasets of sediment pathways. These
pathways can be challenging to analyze and predict using existing approaches, so we turn
to the concept of connectivity. Connectivity represents the pathways that sediment takes as
a series of nodes and links, much like in a subway or metro map. This approach is well-used
in other scientific fields, but in this study we apply these techniques to a new research field:
coastal sediment dynamics. To demonstrate the sediment connectivity approach, we use
it to map sediment pathways at a coastal site in the Netherlands. The statistics computed
using connectivity let us quantify and visualize these sediment pathways, revealing new in-
sights into the coastal system at multiple scales. We can also use this approach to address
practical engineering questions, such as where to place sand nourishments for coastal pro-
tection.

ABSTRACT

Connectivity provides a framework for analyzing coastal sediment transport pathways, build-
ing on conceptual advances in graph theory from other scientific disciplines. Connectivity
schematizes sediment pathways as a directed graph (i.e., a set of nodes and links). This
study presents a novel application of graph theory and connectivity metrics like modularity
and centrality to coastal sediment dynamics, exemplified here using Ameland Inlet in the
Netherlands. We divide the study site into geomorphic cells (i.e., nodes), and then quan-
tify sediment transport between these cells (i.e., links) using a numerical model. The sys-
tem of cells and fluxes between them are then schematized in a network described by an
adjacency matrix. Network metrics like link density, asymmetry, and modularity quantify
system-wide connectivity. The degree, strength, and centrality of individual nodes identify
key locations and pathways throughout the system. For instance, these metrics indicate
that under strictly tidal forcing, sand originating near shore predominantly bypasses Ame-
land Inlet via the inlet channels, whereas sand on the deeper foreshore mainly bypasses the
inlet via the outer delta shoals. Connectivity analysis can also inform practical management
decisions about where to place sand nourishments, the fate of nourishment sand, or about
how to monitor locations vulnerable to perturbations. There are still open challenges asso-
ciated with quantifying connectivity at varying space and time scales, and the development
of connectivity metrics specific to coastal systems. Nonetheless, connectivity provides a
promising technique for predicting the response of our coasts to climate change and the
human adaptations it provokes.



7.1. INTRODUCTION 135

7.1. INTRODUCTION

7.1.1. CHALLENGES POSED BY COASTAL SEDIMENT TRANSPORT

OASTS and estuaries are complex geomorphic systems formed by connected fluxes of

water and sediment. Tides, wind, and waves steer the development of coastal systems,
and non-linear transport processes shape them. Tight feedback loops between morphol-
ogy and hydrodynamic processes lead to dynamic landscapes in a wide range of coastal
environments, from sandy beaches (Masselink et al., 2006) to coral atolls (Barry et al., 2007)
or mudflats (Friedrichs, 2012). Sediment transport pathways become particularly dynamic
and convoluted in the vicinity of tidal inlets or estuaries (Oertel, 1972; Hayes, 1980; Sha,
1989c¢; Kana et al., 1999b; Elias et al., 2006; Barnard et al., 2013a), as indicated conceptually
in Figure 7.1. Sediment may be exchanged between the lagoon or estuary and the adjacent
coastlines. For example, it may bypass the inlet via bar migration on an outer (ebb-tidal)
delta (FitzGerald, 1983; Sexton and Hayes, 1983; Gaudiano and Kana, 2001; Elias et al., 2019)
or recirculate at the mouth (Smith and FitzGerald, 1994; Hicks et al., 1999; Son et al., 2011;
Herrling and Winter, 2018). The net import or export of sediment through the inlet system
and changes to the ebb-tidal delta can have a profound influence on the morphological
evolution of the adjacent coastline (FitzGerald, 1984; Elias et al., 2006; Ranasinghe et al.,
2013; Hansen et al., 2013; Warrick et al., 2019).

Figure 7.1: Conceptual diagram identifying key questions about sediment transport pathways, using Ameland
Inlet as an example. 1. Via which pathways (black arrows) does sediment from a given origin (black dot) bypass
the inlet? 2. Is there a net import or export of sediment to/from the basin? 3. Are there strong recirculations or
opposing gross transports, or are transports largely unidirectional? 4. Where is the optimal location for a sand
nourishment? 5. How do these patterns change with grain size? 6. Can the domain be grouped into distinct
sediment-sharing cells? The inset map indicates the location of Ameland within the Netherlands. Bathymetry
(circa 2017) and topography source: Rijkswaterstaat.
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Effective management of coastal sediment is vital for sustainable protection against
flooding and erosion (Mulder et al., 2011; Hanley et al., 2014; Van Wesenbeeck et al., 2014).
In order to reliably predict coastal evolution, improved understanding of sediment trans-
port pathways is necessary at multiple scales (Ruggiero et al., 2016; Vitousek et al., 2017a).
Interruptions to the flow of sediment may degrade coastal systems, causing socioeconomic
and ecological damage (Roelvink, 2015). Furthermore, human interventions such as nour-
ishments, protective structures, or basin closures can also affect coastal sediment transport
pathways by interrupting existing paths, or by creating new ones (Davis and Barnard, 2000;
Fontolan et al., 2007; Elias et al., 2012a; Eelkema et al., 2013; Luijendijk et al., 2017; Wang
et al., 2015, 2018). Understanding how human interventions change sediment pathways
is important for gauging the effectiveness of the intervention, predicting potential conse-
quences of that intervention, or assessing its environmental impact (Hendriks et al., 2020).

Where does the sediment from a given location go to? Furthermore, where does the sed-
iment at that same location come from? These two questions are fundamental to sediment
transport. Yet rarely, if ever, are answers to these questions available, owing to the com-
plexity of coastal sediment transport dynamics. Numerical models begin to answer these
questions: at a given location, sediment goes to and comes from neighbouring grid cells
over a single timestep. However, sediment transport pathways over large spatiotemporal
scales are observed. Hence, the framework of sediment connectivity is critical to bridging
the gap between geomorphic coupling among neighbouring regions (e.g., Harvey (2001))
and system-wide connections. In this study we show that connectivity is a useful frame-
work for analyzing sediment transport pathways in coastal environments and for address-
ing challenges in sediment management.

7.1.2. CONNECTIVITY: A TRANSFORMATIVE CONCEPT

In its most general sense, connectivity is a framework for representing the connections and
flows between the different parts of a system. It has been widely adopted in other fields such
as neurology (Honey et al., 2007; Rubinov and Sporns, 2010), biology (Maslov and Sneppen,
2002), epidemiology (Read et al., 2008), computer science (Bassett et al., 2010)), transporta-
tion (Derrible and Kennedy, 2009; Sperry et al., 2017), ecology (Cantwell and Forman, 1993;
Urban et al., 2009), and sociology (Scott, 2011; Krause et al., 2007). Connectivity has proven
itself to be a “transformative concept” for describing and understanding complex dynamic
systems in these disciplines (Turnbull et al., 2018). Wohl et al. (2019) identifies the value
of connectivity in geomorphology, since it can illuminate interactions between seemingly-
disparate and/or distant components of a system. Keesstra et al. (2018) argue that con-
nectivity is useful for designing better measurement and modelling schemes for water and
sediment dynamics.

Increasing attention has been paid to the topic of sediment connectivity in recent years,
although the concept has seen limited application in coastal sediment transport contexts
(Tejedor et al., 2015a,b; Passalacqua, 2017; Anthony and Aagaard, 2020). On the other hand,
advances made in non-coastal fields like neurology and hillslope geomorphology have led
to the development of techniques for assessing connectivity using graph theory and net-
work analysis (Newman, 2003; Csdrdi and Nepusz, 2006; Rubinov and Sporns, 2010; Phillips
etal., 2015; Franz et al., 2016).

The major advance in connectivity analysis in recent years has been the adoption of
techniques from network science, a broad field concerned with the analysis of complex sys-
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tems. Within network science, graph theory conceptualizes a complex system as a series of
nodes and the links between them, referred to as a graph (Newman, 2003; Phillips et al.,
2015). The terms ‘network’ and ‘graph’ are often referred to synonymously in literature
(Newman, 2018). Graph theory provides a strong mathematical framework for analyzing
geomorphic systems and quantifying sediment connectivity (Heckmann and Schwanghart,
2013). With this approach, sources and receptors of sediment are defined as a series of n
nodes interconnected by m links (Figure 7.2a). These links can have both magnitude (i.e.,
a weighted graph) and direction (i.e., a directed graph). They can represent fluxes between
nodes (e.g., sediment transport rates) or some other spatial relationship (e.g., distance).

Nodes and links can be compiled into an n x n adjacency matrix, A, with sources i and
receptors j (Figure 7.2b). The matrix entry a;; indicates the presence or absence of a con-
nection (1 or 0, respectively), or alternatively, a probability, or the magnitude of the flux.
The adjacency matrix lies at the heart of network analysis, since many different algebraic
techniques can be applied to it. In this form, there are numerous statistical and algebraic
techniques available for analyzing and interpreting the network (Newman, 2003; Rubinov
and Sporns, 2010; Phillips et al., 2015). These approaches can be used to quantify the prop-
agation of disturbances through a system, to identify vulnerabilities or critical nodes, or to
test sensitivity of transport across a system to changes in network structure (Callaway et al.,
2000; Tejedor et al., 2015a). Furthermore, connectivity is a relatively accessible technique,
as numerous open-source software libraries and packages are already available (e.g., Pa-
jek (Batagelj and Mruvar, 1998), iGraph (Csdrdi and Nepusz, 2006), the Brain Connectivity
Toolbox (Rubinov and Sporns, 2010), and Cytoscape (Franz et al., 2016)).

Within geomorphology, the use of graph theory for analyzing connectivity has grown in
popularity (Heckmann et al., 2015; Phillips et al., 2015; Heckmann et al., 2018), for applica-
tions including sediment delivery in catchments (Heckmann and Schwanghart, 2013; Cos-
sart et al., 2018) and the development of sand bars in rivers (Koohafkan and Gibson, 2018).
Graph theory has also been used effectively for studying channel networks in river deltas
(Tejedor et al., 2015a,b, 2016, 2017; Passalacqua, 2017; Hiatt et al., 2020) and sea level rise
impacts on drainage networks in coastal regions (Poulter et al., 2008). Aggregated morpho-
dynamic models like ASMITA (Stive et al., 1998; Lodder et al., 2019), the reservoir model of
Kraus (2000), and BRIE (NVienhuis and Lorenzo-Trueba, 2019) represent sediment pathways
at tidal inlets using a series of reservoirs and the fluxes between them, but do not explicitly
analyze connectivity in a graph theoretic framework.

A key strength of graph theory is the assessment of sediment cascades, the succession
of different pathways from sources to sinks via a series of temporary storage landforms, in
a sort of ‘jerky conveyor belt’ (Burt and Allison, 2009; Heckmann and Schwanghart, 2013).
In coastal or estuarine contexts, this cascade begins with sediment supplied from fluvial
sources, reworking of marine deposits, or coastal erosion (Spencer and Reed, 2010), and
can end in a wide range of sinks from estuaries to submarine canyons (Cowell et al., 2003).
Graph theory provides a mathematical means of identifying and quantifying the structure
of these individual connections in the context of a larger cascade or network (Newman,
2003). Furthermore, assessing connectivity in this way can reveal emergent patterns not
evident in other approaches (e.g., Rossi et al. (2014)), such as sediment transport vector
fields produced from numerical models.

In spite of its widespread adoption for connectivity studies, graph theory has its lim-
itations. Chiefly, delineating complex natural systems into a limited number of nodes,
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patches, or cells (e.g.,Galpern et al. (2011)) requires simplifications which can lead to a sig-
nificant loss of information (Moilanen, 2011). Thus, the initial schematization of a network
is a step requiring careful attention and scrutiny, in order to ensure that important signals
and patterns are not oversimplified.

Schematizing open coastal systems (exposed to the open ocean and whose flows are
unconfined by channels like in river catchments or deltas (Li et al., 2006)) into networks
is a non-trivial geomorphological mapping task. Nonetheless, graph theory has been em-
braced for connectivity analysis by the marine ecology and physical oceanography com-
munities, primarily for analyzing larval dispersal, planning marine reserves, or quantifying
the spread of pollutants (7rem! et al., 2008; Cowen and Sponaugle, 2009; Grober-Dunsmore
et al., 2009; Gillanders et al., 2012; Burgess et al., 2013; Kool et al., 2013; Paris et al., 2013;
Rossi et al., 2014; Rogers et al., 2016; Storlazzi et al., 2017; Hock et al., 2017; Condie et al.,
2018; van Sebille et al., 2018). Since graph theory has already proven its usefulness for de-
scribing transport processes in marine environments, it is therefore also well suited to an-
alyzing sediment connectivity there. However, feedbacks between topography or structure
and transport processes are less critical in marine ecology than in coastal geomorphology,
so additional considerations must be taken to successfully adapt this approach for coastal
sediment transport (Section 7.2).

7.1.3. OBJECTIVES & OUTLINE

The objective of this chapter is to demonstrate that connectivity analysis using graph theory
is a useful framework for understanding sediment transport pathways in coastal environ-
ments and solving related sediment management problems. We summarize the relevant
advances in connectivity analysis made in other fields and highlight their utility for coastal
applications. The remainder of this chapter is presented in four sections. In the follow-
ing section, we lay out a general methodology for applying connectivity (Section 7.2). To
demonstrate the use of connectivity in coastal settings, we apply the concept to a case study
of Ameland Inlet in the Netherlands (Section 7.3). We then discuss the utility and limitations
of this approach, and provide an outlook for future research into how connectivity might be
further adapted and improved for use in coastal environments (Sections 7.4 & 7.5).
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Figure 7.2: Conceptual diagrams explaining how graph theory can be used to quantify sediment connectivity. (a)
Hypothetical sediment pathways at Ameland inlet, represented as an unweighted, directed network diagram. Blue
nodes (A-G) are representative of the geomorphic cells defined with white dashed borders. Black arrows represent
links or fluxes between the nodes. (b) An unweighted, directed adjacency matrix A, the algebraic representation
of the network graph presented in (a). Black squares (represented numerically as a “1") indicate the existence
of a pathway from a given source node i to a given receptor node j, while decoupled pairs of nodes are white
(represented numerically as a “0"). For instance, row B shows that node B acts as a source for nodes C and D,
while column B shows that node B receives sediment from node A and node C. The main diagonal of the matrix
corresponds to self-self connections, i.e., sediment that stays in or returns to the node where it originated.
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7.2. METHODOLOGY

We consider three main questions in order to apply connectivity to a coastal system:

1. Defining connectivity: what is the fundamental unit of connectivity, and are we con-
cerned with structural or functional connectivity?

2. Developing a network: how can available data or model output be schematized in a
network?

3. Analyzing connectivity: how can we measure the connectivity and emergent patterns
of a network at different scales?

Answering these questions provides a framework with which connectivity can be assessed
for coastal systems.

7.2.1. DEFINING CONNECTIVITY

FUNDAMENTAL UNITS

In order for the concept of connectivity to be applied, we must first define the entities or
fundamental units between which connections exist. In neurological connectivity, the fun-
damental unit could be neurons or different parts of the brain, and in social networks it
could be an individual person (Turnbull et al., 2018). Ecologists often use the concept of
the habitat patch (Calabrese and Fagan, 2004) or ecosystem (Turnbull et al., 2018). For geo-
morphological applications, Poeppl and Parsons (2018) propose the concept of the geomor-
phic cell as the fundamental unit of connectivity, comparable to the landforms or units in
a geomorphological map. Within a geomorphic cell, morphology and sediment transport
processes remain relatively uniform.

Known sources and sinks of sediment (e.g., sea cliffs or submarine canyons) or criteria
like depth, sediment transport patterns, or morphological characteristics can be used to
define these cells (e.g., Jeuken and Wang (2010); Stive et al. (1998); Stive and Wang (2003);
Lodder et al. (2019)). Geomorphic cells can also be defined without any reference to their
function or position. In extremis, the cells of a high-resolution digital terrain model (DTM)
could be used. However, Poeppl and Parsons (2018) discourage the “thoughtless adoption
of DTM cells at whatever resolution happens to be available", since those cells do not nec-
essarily have a meaningful relationship to the sediment transport within them. Geomor-
phic cells can be derived more effectively by combining geomorphological maps and high-
resolution DTM cells (Heckmann et al., 2015). If no information about sediment fluxes is
known a priori, then expert judgment may be used for identifying appropriate geomorphic
cells.

The spatial definition of geomorphic cells depends on the timescale under consider-
ation. Regions delineated as geomorphic cells based on morphological characteristics or
relatively constant sediment and water fluxes may cease to be representative as the land-
scape evolves. For example, on a long enough timescale, a shallow shoal could develop in
a cell originally defined as a deep channel. Thus the spatial scale of geomorphic cells can
affect the connectivity observed in a given period (Poepp! and Parsons, 2018).

STRUCTURAL & FUNCTIONAL CONNECTIVITY

Once the fundamental unit is defined, we must consider which type of connectivity is rele-
vant: structural or functional. Structural connectivity concerns the spatial anatomy or form
of the network (i.e., how the units are spatially arranged relative to one another), whereas
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functional connectivity concerns the dynamic fluxes passing within the network (e.g., how
much material passes between cells).

Structural connectivity is often defined in terms of adjacency: two neighbouring units
not separated by physical barriers are structurally connected. For example, we can consider
an open tidal inlet and the adjacent sea, or a river channel and its tributary. However, just
because two units are adjacent, this does not mean that they will be functionally connected
with fluxes between them. This is why it is important to distinguish between structural and
functional connectivity.

Two units are functionally connected if there is some flux between them, such as sedi-
ment, water, or organisms. Units need not have strong structural connections to be func-
tionally connected: fluxes may exist between adjacent units, but there may be telecon-
nections, wherein spatially remote cells can still influence one another (e.g., Phillips et al.
(2015)). For functional connectivity, it is also necessary to define the dimensions and units
of the fluxes under consideration (e.g., mass of sediment, number of particles, discharge,
number of organisms in a given time period). Furthermore, functional connectivity can be
derived using either Eulerian input (i.e., measured or modelled fluxes at fixed locations) or
Lagrangian input (i.e., by tracking a given particle as it moves through the system (van Se-
bille et al., 2018). Consensus on how to definitively measure and quantify connectivity is
currently lacking (Wohl et al., 2019).

As with defining geomorphic cells, the inherent feedback between structural and func-
tional connectivity complicates matters. Sufficient gradients in sediment fluxes will even-
tually modify the landscape or seascape, which will in turn modify the sediment fluxes. For
example, high alongshore sediment transport can lead to the closure of a tidal inlet, which
then disconnects the associated basin from the sea (e.g., Duong et al. (2016)). Morphody-
namics are essentially the relationship between form and process, between structural and
functional connectivity.

Transport pathways have a wide range of timescales (7¢jedor et al., 2018a), so functional
connectivity therefore has a temporal dimension (Defrne et al., 2016). Functional connec-
tivity should thus be determined over a sufficiently long interval that areas of interest can
be connected, but not so long that the structural connectivity changes (Heckmann et al.,
2018). At longer timescales, length scales of connectivity increase, and the likelihood of
larger magnitude, highly connective events also increases (Heckmann et al., 2018). Spatial
and temporal scales determine connectivity and vice versa. Keesstra et al. (2018) argue that
structural connectivity has no temporal dimension, as it is a snapshot of the system’s ar-
chitecture at a given moment. This suggests that it would be better to analyze connectivity
at a fixed moment in time, if the timescale of sediment fluxes is smaller than the timescale
of observable morphologic change at the considered spatial scale. This interdependency
between structural and functional connectivity is still regarded as an intractable problem
across the literature (Turnbull et al., 2018; Wohl et al., 2019).

To investigate the temporal dynamics of connectivity, multi-layer or multiplex networks
can be used (Kivela et al., 2014; Pilosof et al., 2017). These networks can be represented as
a three-dimensional tensor A%: a stack of adjacency matrices, with each layer representing
connectivity at a different timestep a (Newman, 2018). Multi-layer networks can also be
used to incorporate connectivity of different processes or transport of different sediment
classes simultaneously (e.g., Tejedor et al. (2018b)).

Also important to consider is the notion of disconnectivity: the absence or removal of a
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given connection. Blockages in a system may inhibit sediment fluxes and thereby change
the structural and functional connectivity of a given network (Fryirs, 2013). Such discon-
nections may be natural (e.g., the closure of a seasonal tidal inlet) or anthropogenic (e.g.,
the construction of a storm surge barrier or tidal energy barrage across an estuary).

7.2.2. DEVELOPING A NETWORK

Numerous qualitative and quantitative metrics have been developed to estimate connec-
tivity (Calabrese and Fagan, 2004; Kindlmann and Burel, 2008; Heckmann et al., 2018), but
the most powerful means of quantifying connectivity is via graph theory (Newman, 2003;
Rubinov and Sporns, 2010; Phillips et al., 2015; Heckmann et al., 2015). To develop a net-
work, geomorphic units can be represented as nodes, and the sediment fluxes or structural
connections between them as links. Coastal sediment connectivity networks can be popu-
lated using field measurements, numerical model output, or a combination of the two. The
possibility to integrate and compare multiple sources of data in a unified framework is an
advantage of the connectivity approach.

Sediment transport can be estimated using Eulerian measurements at a single point,
based on current velocities and suspended sediment concentrations (e.g., Gartner et al.
(2001); Erikson et al. (2013)). However, it is expensive and impractical to measure continu-
ously for long periods of time at a sufficient number of points to reveal connectivity. While
analyzing the differences between repeated bathymetric surveys can yield insight into the
rates of morphological change (e.g., Jaffe et al. (1997); Elias et al. (2012a)), it does not give
sufficient information to attribute directional transport.

Sediment tracer studies (both artificial (Black et al. (2007); Elias et al. (2011); Bosnic et al.
(2017), Chapter 6) and natural (Rosenbauer et al., 2013; Hein et al., 2013; McGann et al., 2013;
Wong et al., 2013; Reimann et al., 2015)) offer a Lagrangian technique for identifying path-
ways, but are challenging to execute and recover (Elias ef al., 2011). Grain trend analysis
(McLaren and Bowles, 1985; McLaren et al., 1998; Duc et al., 2016; McLaren, 2013; Gao and
Collins, 1991; Le Roux and Rojas, 2007; Velegrakis et al., 2007; Poizot et al., 2006, 2008) and
analysis of bedform asymmetry (Sha, 1989c; Bartholdy et al., 2002; Velegrakis et al., 2007,
Barnard et al., 2013a) offer additional techniques for identifying sediment pathways. How-
ever, field measurements alone are generally too limited to quantify sediment connections
on the timescales of typical interest for engineering and policy decisions.

As an alternative or complement to field measurements, numerical models provide a
convenient way of inferring connectivity, since they can calculate fluxes at every point in a
system (Wohl et al., 2019). The mean sediment transport vector field generated by a model
can be used to visualize residual transport pathways (e.g., Elias and Hansen (2013); Her-
rling and Winter (2014); Gelfenbaum et al. (2017)). Alternatively, Lagrangian approaches to
analyzing modelled sediment transport can be used. Elias et al. (2011), Nienhuis and Ash-
fon (2016), and Beck and Wang (2019) used an approach where sediment originating from
a particular location was labelled as a unique sediment class in a morphodynamic model,
and then followed as it dispersed throughout the model domain.

Lagrangian particle tracking models (e.g., MacDonald and Davies (2007); Soulsby et al.
(2011); van Sebille et al. (2018), Chapter 8) are also a useful tool for tracking sediment and
defining transport pathways. One can either consider the final resting place of a given sedi-
ment particle at a given time (a depositional approach) or instead track the complete history
of that particle. The disadvantage of a depositional approach to connectivity is that a path-
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way with zero transport gradient may be very well connected, and yet leave no trace of the
sediment it is transporting (Wohl et al., 2019). For example, the main channel of a tidal inlet
near morphological equilibrium may convey large volumes of sediment, but this sediment
does not necessarily accumulate there, which would give the erroneous impression of low
connectivity. Hence, the choices made in how sediment transport or particle trajectories
are tabulated from numerical model output can significantly affect the conclusions drawn
from connectivity analysis.

Once the data source has been chosen and organized into cells and fluxes, the network
can be compiled. The contribution from a given source cell to every other possible receptor
cell in the system constitutes one row of an adjacency matrix. By carrying out this calcula-
tion for each source in the system, we arrive at a fully populated adjacency matrix represent-
ing all the sediment fluxes in our system (e.g., Figure 7.3g). Thus, these large and complex
datasets can be reduced to a relatively simple form, all visualized as a network diagram (e.g.,
Figure 7.3a). Once the adjacency matrix has been defined, it can be analyzed using a variety
of algebraic and statistical techniques.

7.2.3. ANALYZING CONNECTIVITY

With the coastal system reduced to a adjacency matrix of sediment fluxes, we can begin to
quantify and analyze connectivity. This is where connectivity has added value as a frame-
work over existing approaches: an abundance of analytical metrics and statistics can be
used once the data has been organized into a network. Here, we focus on a selection of
connectivity metrics that lead to useful insights for coastal sediment management, both at
a system level and for individual units.

SYSTEM LEVEL

System-level connectivity metrics (at the scale of the entire network) are important to con-
sider because in a complex network, the overall structure and connectivity will influence the
connections between individual nodes at smaller scales. The applicability of these indices
depends on the temporal scale at which the system’s structural connectivity undergoes sig-
nificant change (Heckmann et al., 2018).

Link Density

To gain insight into the overall connectivity of a given system, we can consider the link den-
sity (D), which is the number of connected links relative to the total number of possible
links. If self-self connections are neglected, the maximum possible connections m1,,,y is
(n? — n) for directed networks and (n% — n)/2 for undirected networks, where 7 is the num-
ber of nodes in the network (Phillips et al., 2015). A fully connected network is one in which
each node is connected to every other node (D = m/m,qx = 1). A system without any
transport between nodes corresponds to a fully disconnected network (D = m/mp,qx = 0)
(Cowen and Sponaugle, 2009). In reality, most networks will lie somewhere in between (e.g.,
Figure 7.3a, with D = 0.33). Link density is a function of the observation or simulation time,
since longer periods may allow sediment to travel greater distances and hence connect with
additional receptors. This may be useful for comparing the general behaviour of a system
at different time scales or in different scenarios.
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Figure 7.3: Examples of questions that can be answered via connectivity. (a) Simple unweighted directed network
diagram from Figure 3(c); (b) What are the possible receptors for sediment from Source F? Nodes that cannot
be reached from F are dark blue, and possible receptors are in teal; (c) What is the shortest pathway between A
& G? The shortest pathway is indicated by red arrows and teal nodes (A-B-D-F-G); (d) Which node is the most
interconnected (has the highest degree) in the system? Connections with this node are indicated by red arrows.
(e) Can the system be easily separated into distinct modules? (yes: one green module of three nodes (ABC), and
one yellow module of four nodes (DEFQ)); (f) If additional links are added, can the system still be easily separated
into modules? (no: there is now a single yellow module containing all nodes). (g) Adjacency matrix for the simple
network shown in (a-e). Black squares indicate that a given source and receptor pair are connected.
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Asymmetry
By definition, undirected networks have symmetric adjacency matrices. For directed net-
works like in Figure 7.3, asymmetry implies a net flux: more material is going to a given node
than coming from it, or vice versa. In coastal systems, the sediment transport is often char-
acterized by large opposing gross fluxes due to reversing ebb and flood tides (Gatto et al.,
2017) or variable wave climates (Harley et al., 2011). Net fluxes are a consequence of small
asymmetries between these ebb and flood fluxes or gross alongshore transports. These net
fluxes are coupled with the morphological behaviour of a coastal system or feature. The
asymmetry of connectivity is thus a direct measure of these fluxes and their interactions
with the coastal system.

Asymmetry can be revealed by decomposing an adjacency matrix A into its symmetric
Agsym and skew-symmetric Agp components (Kundu and Cohen, 2008):

A= Agym + A —1(A+AT Loaoar 7.1
= Asym sk—2 )+2( ) (7.1)

Where AT is the transpose of the adjacency matrix. The skew-symmetric matrix Agj
should directly correspond to the net sediment transport of a system, and the symmetric
matrix Agyp, to the gross transports that cancel each other out. Decomposing a matrix in
this way can be useful for understanding the transport pathways that drive morphological
changes.

The degree of symmetry s in the network can be summarized using the approach of
Esposito et al. (2014):

Where s is the symmetry index, u is the number of completely unconnected node pairs
(aij = aj; = 0). When s = 1, the network is fully symmetric, and when s = 0, there are no
reciprocated connections in the network (fully asymmetric). High symmetry indicates rela-
tively small net transports (and hence relatively small morphological changes), even if gross
transports and connectivity are large. Conversely, low symmetry indicates relatively large
net transports (and hence relatively large morphological changes), even if gross transports
and overall connectivity are small.

Modularity

Modules or communities are densely-interconnected clusters of nodes with limited exter-
nal connection. The degree to which a network can be be divided into such clusters is
known as modularity, Q (Leicht and Newman, 2008):

Q :fmod _frnd (7.2)

Where f,,,4 denotes the fraction of links within a module and f;,,; denotes the expected
fraction of such links based on random chance. These modules can be determined using a
variety of cluster optimization techniques such as the Infomap (Rossi e al., 2014) or Louvain
(Rubinov and Sporns, 2010) algorithms.

Networks that can be clearly delineated into non-overlapping clusters have high modu-
larity Q > 0 (Figure 7.3e), whereas networks with few coherent groups have low modularity
Q < 0 (Figure 7.3f). For instance, Rossi ef al. (2014) uses modularity to identify ‘hydrody-
namic provinces), regions that are internally well connected but are poorly linked to each
other. This procedure could be used to delineate geomorphic cells (as per Poeppl and Par-
sons (2018)) or to examine emergent behaviour. Such grouping may be the result of similar-
ities in morphology, initial sediment distribution, or hydrodynamic forcing.
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INDIVIDUAL NODES & LINKS

Graph theory also offers numerous metrics with which to gauge the influence of individual
nodes and links in a network. These statistics may provide practical insights into the role of
a given node or link in transmitting sediment, and identify key vulnerabilities in the system.

Connectivity between Specific Nodes

Most simply, a network can be directly queried to examine the connectivity between spe-
cific nodes or groups of nodes. For example, we see in Figure 7.3b that Node F is directly
or indirectly a source for Nodes D, E, and G. However, there are no possible pathways lead-
ing from Node F to Node C. Hence, if this were a coastal sediment system where the goal
was to eventually nourish Node C with sand, Node F would not be an optimal location. In
another example, we can consider the shortest path between two nodes (e.g., Figure 7.3c),
where path length is calculated in topological space (rather than geographical space) as the
inverse of the sediment flux between those nodes (d;j = 1/a; ) (Rubinov and Sporns, 2010).
The total path length is defined by the sum of the lengths between any intermediate nodes,
and the shortest path is then defined as the path with the minimum total length. That is,
nodes connected by large fluxes are considered closer together in the topology of the net-
work, and nodes with weak connections are more distant, irrespective of actual geographic
distances. This metric may thus be useful for identifying the dominant transport pathways
and quantifying processes like inlet bypassing. Asymmetry of connections between indi-
vidual nodes or specific groups of nodes may also provide useful insight into net transport
patterns.

Degree

Degree quantifies the number of links connected to a given node. For directed networks,
this can further be decomposed into an in-degree k;,, and an out-degree k,,; (Figure 7.3b).
For example, Node D in Figure 7.3d has an in-degree of 4 and an out-degree of 2. Degree
provides insight into the diversity of different sources or sinks that a given node has. A net-
work’s degree distribution (P(k) = ny/n, where ny is the number of nodes of degree k and n
is the total number of nodes in the network) can provide an indication of the overall network
structure or topology (Phillips et al., 2015). If each node has a similar degree, the network
will have a relatively uniform, distributed structure. However if the degree distribution is
exponential, the network will be more centralized with a few dominant hubs or clusters.
This relationship highlights how connectivity at the level of individual nodes can cascade
upwards to shape connectivity at the overall system level.

Strength

Strength is the sum of all fluxes in and out of a given node for weighted networks, and can
be computed directly from the adjacency matrix. For weighted, directed networks, this can
be further decomposed into in-strength and out-strength. Nodes with a relatively higher
in-strength than out-strength are sinks, which is useful for identifying zones of sediment ac-
cumulation or convergence. Nodes with a higher out-strength than in-strength are sources,
so material will tend to disperse there. Ultimately, it is the balance between in- and out-
strength that determines morphological change. Knowledge of these key nodes can inform
dredging/nourishment strategies.

This may be more insightful than degree, since high degree does not necessarily equal
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high strength, especially where fluxes are unevenly distributed throughout the system. For
example, even though Node D in Figure 7.3d has a higher in-degree than out-degree, if the
out-strength is higher than in-strength, it will be a net source rather than net sink.

Centrality

Centrality quantifies how important or “central” a given node or link is within the context of
the system as a whole. There are numerous ways of quantifying centrality (Newman, 2018),
including degree-, closeness-, eigenvector-, and betweenness-, which we focus on here. Be-
tweenness centrality B refers to the proportion of all shortest paths in a network that pass
through a given node or link (Phillips et al., 2015), where the “distance" along paths is calcu-
lated in terms of inverse sediment flux between nodes (d;; = 1/ a; j). Hence, nodes with high
betweenness centrality represent crucial nodes that may more efficiently transmit sediment
through the rest of the system. This could translate to a greater vulnerability to disruptions,
or could be used identify strategic locations for more dispersive nourishments. Thus, be-
tweenness centrality gives more insight into the relationship between network structure as
awhole and individual nodes than just degree or strength.

The comparison metrics in this section examine connectivity at the system or network-
wide level, as well as at the scale of individual nodes or links. To illustrate their ease of ap-
plication and usefulness in answering practical questions about coastal sediment systems,
these metrics are applied to a case study of a Dutch tidal inlet in the following section.

7.3. CASE STUDY: AMELAND INLET

To illustrate the principles and analysis techniques discussed in previous sections, we apply
the sediment connectivity approach to Ameland Inlet, a tidal inlet located in the Wadden
Sea to the north of the Netherlands (Figure 7.1). The safety of the Dutch coast against coastal
flooding is directly linked to the volume of sand contained in its dunes and beaches, so there
is a strong need for sediment management there (Hanson et al., 2002; Stive et al., 2013). The
beaches and shoreface are regularly nourished with sand, so connectivity provides an ap-
proach that can be used for optimizing those nourishments and improving our understand-
ing of the underlying natural system. Since ebb-tidal deltas represent a key component in
the sediment budget of the Wadden Sea and its adjacent coasts, quantifying sediment path-
ways across them is of critical importance (Elias er al., 2019). This knowledge gap prompts
the research questions outlined in Figure 7.1, which we will answer using the concept of
connectivity.

Based on our general understanding of tidal inlets and our prior knowledge of Ameland,
we can make a hypothesis about the system’s connectivity. Connectivity of a given grain
size class should depend on its mobility threshold, the energy available to transport it, and
its initial spatial distribution. We thus expect higher connectivity for finer sand and lower
connectivity for coarser sand, because the lower critical shear stress threshold for fine sand
means that it will be more easily mobilized and transported longer distances. Conversely,
the higher threshold for mobilization of coarse sediment means that only the most ener-
getic conditions can transport it. In addition, fine sand has a wider initial spatial distribu-
tion in this model, whereas coarser sand is only found in the deepest channels (Figure 7.4).

We also expect higher connectivity in regions with greater hydrodynamic energy to mo-
bilize sediment, like the main channels and ebb-tidal delta. Conversely, deeper areas off-
shore and calmer areas at the periphery of the inner basin are expected to have low con-
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nectivity. We also expect the main channels to function as transport bottlenecks, since they
represent the only routes from the ocean to the inner basin (i.e., no transport through the
islands in this model), whereas there are many possible pathways between different points
on the ebb-tidal delta (e.g., Herrling and Winter (2018)).

To illustrate the coastal sediment connectivity framework, we used the Delft3D process-
based numerical sediment transport model to assess the fate of sediment as it moved be-
tween specific morphological units defined in the model domain. For a detailed description
of the Delft3D model formulations see (Lesser et al., 2004). Delft3D has been widely used for
simulating coastal sediment transport (Elias et al., 2006; Herrling and Winter, 2014; Nien-
huis and Ashton, 2016; Huisman et al., 2018). We used an existing Delft3D model (de Fock-
ert, 2008; Elias et al., 2015b; Wang et al., 2016; Bak, 2017) as a basis for this example. A
link to model input files used in this study and a brief description of their contents have
been included in Appendix C. The model is 2D and represents a 40 x 30 km domain, with a
maximum resolution of ~ 80m (Figure 7.4). Data from the 2016 Vaklodingen survey (Rijk-
swaterstaat, 2016) was used to create the bathymetry.

The existing model was simplified to demonstrate the concepts of connectivity, featur-
ing a schematized morphological tide (e.g., Latteux (1995)) that propagates eastward along
the offshore and seaward lateral boundaries. The morphological tide represents the equiva-
lent net transports observed in the main channel during a full spring-neap tidal cycle as two
semi-diurnal tides using the M2, M4, M6, and artificial C1 diurnal components, as per Lesser
(2009). The lateral boundaries within the Wadden Sea are considered closed in these simu-
lations. Ameland Inlet has a tidal range of between 1.5-3 m, and tidal prism of 400—500 M m3
(Elias et al., 2019). The tide drives currents of approximately 1 m/s in the main channel of
the inlet at ebb and flood. Waves and inter-basin wind-driven flows are known to be im-
portant processes for Ameland Inlet (Duran-Matute et al., 2014; Van Weerdenburg, 2019;
Lenstra et al., 2019a; Elias et al., 2019; Brakenhoff et al., 2019b; de Wit et al., 2019), but are
neglected here for simplicity.

Seabed sediment at Ameland Inlet is typically fine to medium sand, so four sediment
grain size classes were chosen to simulate the influence of grain size variation (100, 200, 300,
400 um). The sediment was initially distributed according to measured samples (Rijkswa-
terstaat, 1999), after which a bed composition generation run was carried out to redistribute
the sediment in equilibrium with the model bathymetry, as per van der Wegen et al. (2011).
The model has a 12 hour spinup period to limit the effect of initial instabilities. An equilib-
rium concentration condition is specified at the boundaries, which sets the sediment load
there equal to the sediment load in the interior of the model and ensures that there is little
erosion or accretion at the boundaries. A transport or surface bed layer thickness of 0.5m
and maximum underlayer thickness of 1m (for bookkeeping of subsurface sediment layers)
are used to describe vertical variations in bed composition.

We adopted a morphostatic (fixed bed) modelling approach, but permitted sediment
exchange between the bed and water column. We ran the model for 6 months (360 tidal
cycles), which ensures that the modelled timescale is smaller than the timescale of observ-
able morphologic change at the chosen spatial scale, based on annual bathymetric surveys
(Elias et al., 2019). This is also long enough to ensure that the network is well-connected
with few separate subsystems or components.

This model output (a spatial map of sediment mass in the bed and water column at
every model grid cell, for each timestep) was used to populate a network (Sections 7.3.1 &



7.3. CASE STUDY: AMELAND INLET 149

Figure 7.4: (a) Initial bathymetry of Delft3D numerical model used to calculate connectivity, based on Rijkswater-
staat (2016). The maximum resolution of the grid is approximately 80 m at the inlet. (b) Initial sediment distribu-
tion in Delft3D model. Median grain size (dso [pm]). The coarsest sediment can be found in the deepest parts of
the channel where tidal currents are strongest, whereas the finest sediment is located offshore, on intertidal flats
inside the basin, and seaward of the ebb-tidal shoals. Coordinates are given in Amersfoort/RD New system.
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7.3.2). We then used graph theory to analyze connectivity at different space and time scales
(Section 7.3.3).

7.3.1. DEFINING CONNECTIVITY

For this example, we examine the functional connectivity of Ameland Inlet by looking at
sediment fluxes between different parts of the system. To determine this functional connec-
tivity, we started by defining 25 geomorphic cells, (Figure 7.5a). These cells were delineated
subjectively on the basis of depth contours but also of their functionality. For instance,
shallow parts of the ebb-tidal delta may occur at similar depths to the inner basin, but are
morphologically distinct, with different hydrodynamic forcing and sediment composition.
As such, the model domain was broken into offshore regions, ebb-tidal shoals, channels,
beaches, and intertidal flats.

25 model simulations were prepared, one for each geomorphic cell (Figure 7.5b). In
each simulation, a different cell served as the source node, and the remaining 24 cells were
receptors. Similarly to Elias et al. (2011) and Nienhuis and Ashton (2016), we track the mo-
tion of sediment (and hence functional connectivity) from source to receptor by using a
series of unique sediment classes. A total of eight sediment classes were included in the
model: four “tracer” classes and four “background" classes. In each simulation, sediment
within the source node was labelled as a tracer, while the sediment elsewhere in the model
domain was labelled as “background" sediment. All the sources are activated simultane-
ously, although the analysis only focuses on tracking a single source in each run. In this
way, it is possible to follow the movement of the tracer sediment and distinguish its fate
from that of the surrounding sediment. Alternatively, a single model simulation with 100
sediment classes (4 grain size classes x 25 nodes) could have been used to achieve the same
end result, although this was deemed computationally impractical.

7.3.2. DEVELOPING A NETWORK

Net fluxes of sediment determine the long-term morphological evolution, rather than the
gross fluxes of sediment passing through a given cell on each tidal cycle. However, these
gross fluxes are often much larger than the net fluxes. To measure the residual rather than
gross fluxes (and avoid erroneously large or misleading trends), we record the mass of sed-
iment in the bed and water column of a given cell at the end of an integer multiple of tidal
cycles — twice daily (Figure 7.5b). For example, consider a case with sand transport from
Node 1 to Node 9 via Node 7. If there is some deposition in Node 7, we will see connections
from 1 to 7 and 1 to 9, but not necessarily 7 to 9; however, if there is no deposition or mix-
ing with the bed, only the link from 1 to 9 will be recorded. This is unlikely in the present
model because the geomorphic cells considered here are comparable in size to the tidal ex-
cursion (0(1 —10km)), and because the active layer bed schematization in Delft3D means
that even minute traces of sediment will likely remain mixed in the bed if it passes through
a given cell. To circumvent this, alternative approaches could be to collapse all intersecting
pathways and convert this network into a planar network (Galpern et al., 2011), or to use a
Lagrangian transport model as input (e.g., Chapter 8). To limit the influence of numerical
errors (e.g., from rounding or truncation) and focus on pathways showing a clear signal,
we apply a minimum threshold of 1000 kg per 6 months to all connections (up to 7 orders
of magnitude smaller than the strongest fluxes). This represents an Eulerian definition of
connectivity, in comparison to Lagrangian methods which would consider the full lifetime
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Figure 7.5: Deriving connectivity using a process-based numerical model. Example using sediment from Node
5. (a) Step 1: Definition of source/receptor nodes (numbered geomorphic cells) and labelling of tracer sediment
classes. (b) Step 2: Running the model and tracking sediment, where darker shades of red indicate greater masses
of tracer sediment in the seabed (all tracer sediment size classes aggregated). (c) Step 3. Tabulating the mass of
tracer sediment from Node 5 to each other node (where darker shades of red indicate greater masses of tracer
sediment in a given geomorphic cell), and compiling the data into one row of an adjacency matrix (where darker
shades correspond to greater masses of tracer sediment from Node 5 in a given receptor cell, and hence greater
connectivity). (d) Example of a network based on sediment from Node 5 alone, with thicker lines and arrows
indicating larger transports between two given cells. (e) Adjacency matrix for full weighted, directed network with
contribution from Unit 5 highlighted in red. (f) Network diagram for full network, where thicker links correspond
to greater sediment transport. Only the top 10% of connections are shown here, in order to clarify the dominant
patterns.
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path of a given tracer particle.

The total mass of sediment from a given source in each receptor produces a single row of
an adjacency matrix (see example in Figure 7.5c where Node 5 acts as a source to all other
receptor nodes). The network diagram corresponding to this single row is shown in Fig-
ure 7.5d. Sediment from Node 5 travels to 30.6% of all nodes, principally to nearby nodes
on the ebb-tidal delta and in the main channels. When this procedure is repeated for each of
the source nodes, we obtain a complete weighted, directed adjacency matrix (Figure 7.5e).
For context, Node 5 is highlighted in a red box. The central diagonal is empty because with
the current model set up, it is not possible to differentiate between sediment from a given
source that remains in the bed and sediment from that source which is mobilized but re-
circulates or returns. The complete adjacency matrix can also be represented as a network
diagram (e.g., Figure 7.5f). Network diagrams provide a useful and intuitive means of visu-
alizing connectivity with thicker lines and arrows representing larger transports between a
given pair of nodes.

7.3.3. ANALYZING CONNECTIVITY

NETWORK ANALYSIS

As hypothesized, the network’s strongest connections are in the tidal channels and ebb-tidal
delta, where hydrodynamic energy is greater. It is important to note again here that waves
are not included in this model, only tidal forcing. The strongest connections and hence
dominant sediment transport pathways lie along the main inlet channel and across the ebb-
tidal delta. This is because the main inlet channel serves as the central drainage point for
the basin and is a convergence zone for flows in and out of the basin. Furthermore, the ebb-
tidal delta features strong, convoluted currents and abrupt changes in bathymetry, so the
sediment fluxes there are large. Conversely, the connections at the rear of the basin (e.g.,
Cell 25, which consists primarily of tidal flats with few major channels) are relatively weaker
because of the decreased tidal energy to mobilize sediment there. There are also relatively
few direct connections between the rear of the basin and the regions offshore/along the
coast, since sediment must have both the time and energy to make the longer journey.
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Density

The entire network (including all sediment size fractions) has a link density D of 30.6% (Fig-
ure 7.5). When we consider only 100um sand, the network density D is 30.2% (Figure 7.6a),
whereas the network density for 400um sand is only 12.2% (Figure 7.6b and Table 7.1).
The dominant pathways for 400um sand are confined to the main channel (Figure 7.6d),
whereas 100um sand also has strong connections within the inner basin and outer delta
(Figure 7.6¢). These findings confirm our earlier hypotheses about expected differences in
connectivity as a function of grain size.

Figure 7.6: Connectivity matrices and network for 100um (a,c) and 400um sand (b,d). The shading of a given
cell in the adjacency matrices or the thickness of the red lines in the network diagram indicate the connectivity
between a given source and receptor. To illustrate the dominant patterns, only the top 10% strongest connections
are displayed in (c) and (d). (e) Time series of network density D, the fraction of actual connections over potential
connections.

However, the differences in connectivity for each grain size class cannot be explained
solely by hydrodynamic forcing: connectivity can be supply-limited. For instance, lack of
connection for 400 um sand from the rear of the basin (e.g., Node 25) to the outer coast (e.g.,
Node 14) can be attributed to the relative absence of that sediment class there (Figure 7.4b).

When link density is considered as a function of time, we see that connectivity increases
rapidly during the initial timesteps of the simulation, apparently due to the connection of
sediment from sources to theirimmediate neighbours (Figure 7.6€). In subsequent timesteps,
the rate of increase in link density slows considerably, suggestive of a more gradual diffusion
after the main connections in the network have been made: sediment must travel greater
distances to make new connections. Density is higher for all sediment fractions combined
than for any one sediment class because of the spatial differences in sediment supply. For
instance, between some locations there may be a connection for 400um sand but not for
100um sand, if there is no 100um sand initially present in the bed there.
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Table 7.1: Comparison of different connectivity metrics. Network link density, D, represents the fraction of actual
connections out of all potential connections in the network. Symmetry (s) indicates the proportion of reciprocal
connections between nodes, where 1 indicates perfect symmetry and 0 indicates complete asymmetry. Modularity
(Q) lies between -1 and 1, where positive numbers indicate a non-random tendency to form non-overlapping
groups (Rubinov and Sporns, 2010).

Scenario D[] N Ql-]
All Sediment 0.306 0.292 0.455
dso =100um 0.302 0.276 0.465
dso =200um 0.192 0.349 0.432
dso=300um 0.160 0.401 0.406
dso =400pm  0.122  0.337 0.408

Asymmetry

All of the networks are asymmetric (s < 1), which suggests that the system is characterized
by non-zero net transports, and hence morphodynamic change (Table 7.1). However, the
networks are not completely asymmetric (s = 0), likely due in part to the bidirectional na-
ture of tidal transport. There is also no observable trend in asymmetry with respect to grain
size.

Asymmetry in a connectivity matrix implies that sediment exchange between two nodes
is unequal: a net transport in one direction. In Figure 7.7a-b, this can be examined by com-
paring the 634 x 103m? of sediment leaving the tidal basin (export) with 902 x 103m3 of
sediment arriving in the basin from elsewhere (import). In this case, we see a net import
of 268 x 103m? of sediment in 6 months, which is qualitatively consistent with historical
trends for Ameland Basin (Elias et al., 2012a). An exact quantitative comparison with mea-
sured sediment import volumes is not meaningful here since the present model neglects
waves and wind-driven currents, which are important processes at the study site.
Modularity
Modularity is positive, which indicates the emergence of functional sediment-sharing groups
at non-random levels (Table 7.1). There is relatively little variation in modularity for differ-
ent size fractions, which suggests that the modularity in this case is more strongly controlled
by the physical structure of the network and hydrodynamic distribution of energy than it is
by grain size.

Five distinct modules or sediment-sharing groups are identified using the Louvain algo-
rithm (Rubinov and Sporns, 2010): the basin (yellow), offshore/downdrift coast (teal), ebb-
tidal delta and main channels (blue), updrift barrier island (light brown), and far downdrift
coast (green) (Figure 7.7c-d). Although transport does occur between each of these commu-
nities, the majority occurs inside of them. For example, Cell 23 is well connected with many
locations in the model domain, but modularity quantitatively shows that it is most closely
linked with the basin. This grouping could also be useful for defining geomorphic cells as
input for larger-scale connectivity studies (as per Rossi et al. (2014)), or in the development
of aggregated models (e.g., ASMITA (Stive et al., 1998)).
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Figure 7.7: Example of different asymmetric connectivity between groups of nodes and modularity. (a) Adjacency
matrix filtered to show only connections to (red, “import") or from (blue, “export") the inner basin (all grain size
classes). Comparing the relative import and export reveals a net import of sediment, in line with historical trends
for the site (Llias et al., 2012a). (b) Network diagram illustrating the filtered adjacency matrix from (a). Cells in the
basin are indicated in green. (c) Adjacency matrix sorted into functional sediment-sharing groups using the Lou-
vain modularity algorithm, which maximizes within-group connections and minimizes inter-group connections
(Rubinov and Sporns, 2010). Each coloured patch in (c) and (d) indicates one of the five sediment-sharing modules
identified for the network (all grain size classes).
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ANALYSIS OF INDIVIDUAL NODES & LINKS
In addition to statistics which characterize the entire network, it is also possible to assess
the role of individual nodes.

Connectivity between Specific Nodes

Individual nodes can also be queried to answer specific questions. For instance, net sed-
iment import into or export from a tidal basin is a vital quantity for estimating coastal
sediment budgets, and can be determined by examining asymmetric connections between
nodes lying inside and outside the basin. For this particular simplified model, there is a net
import of sediment into the basin (Figure 7.7a-b), indicated by a larger total connectivity
from cells 1-20 to cells 21-25 than from cells 21-25 to cells 1-20. When we examine connec-
tions between the updrift and downdrift islands, we find that the shortest pathway (calcu-
lated in terms of fluxes on the network, not geometric distance or Lagrangian tracking of
tracer sediment in the Delft3D model) depends on the offshore distance of the source (Fig-
ure 7.8). Sediment beginning its journey in the nearshore or outer bar region will travel via
the inlet (blue and yellow lines), whereas sediment originating further offshore will travel
via the outer delta. This suggests that the bypassing routes of interest in Figure 7.1 depend
largely on cross-shore position. Bear in mind that this model uses a schematized tidal sig-
nal and neglects key processes known to be important for bypassing, such as waves and
wind-induced currents. As such, these pathways should be re-evaluated using a more com-
prehensive model.

Degree, Strength, & Betweenness Centrality

When nodes in our network are considered individually, we see that the nodes with high-
est degree and strength are generally those in the main channels and on the ebb-tidal delta
(Figure 7.9a,b), which follows from the earlier observations on network density (Figure 7.6).
Nodes in the main channel also have the highest betweenness centrality, which confirms
and quantifies our hypothesis about the role of the channel as a transport bottleneck (Fig-
ure 7.9c).

7.3.4. SUMMARY

This case study for Ameland Inlet was intended to show a proof of concept for how sedi-
ment connectivity could be applied to a real coastal example. The most challenging part
of the approach was to configure and run the model in such a way that sediment path-
ways could be defined. However, once the data were compiled into a network, sediment
transport patterns could be easily quantified using metrics like asymmetry, modularity, and
betweenness. The availability of free, open-source analysis tools makes connectivity anal-
ysis a highly accessible approach, which yields useful insights into sediment transport at
both local and system levels.
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Figure 7.8: Shortest inlet bypassing pathway for different initial locations (Nodes 3, 10, & 15) on the updrift side
of the inlet. Path “distance" is inversely proportional to sediment flux, such that stronger fluxes (indicated here
by thicker lines) are effectively “shorter" topological distances. Sources closer to the updrift coastline (10, 15) are
connected to the downdrift coast via the inlet, whereas the offshore source (3) is connected via the outer delta.
Note that the underlying model presented here does not account for wave-driven bypassing
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Figure 7.9: Connectivity metrics for individual nodes. (a) Total degree D (in-degree plus out-degree), which indi-
cates the number of other nodes each node is connected to. Larger yellow dots indicate highly connected nodes
and smaller blue dots indicate minimally-connected nodes. (b) Total strength S (in-strength plus out-strength)
normalized by the node of maximum strength, which indicates the total sediment transported in and out of a
given node. (c) Betweenness centrality, B, normalized by the total number of shortest pathways between nodes
(n=625). B indicates the number of shortest pathways passing through a given node.
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7.4. DISCUSSION

The sediment connectivity framework is a promising approach for analyzing coastal sedi-
ment transport pathways. Connectivity provides tools to quantify the dominant transport
pathways for sediment originating from or leading to a particular location. Already well es-
tablished in other disciplines, these techniques allow us to identify salient features of trans-
port pathways that may be relevant for both fundamental understanding of a given coastal
system, and for answering applied engineering questions. This methodology is generally
applicable to coastal systems from beaches to estuaries to deltas, as long as detectable sedi-
ment exchange between different (sub) areas takes place. However, it would likely work best
for systems where the sources and sinks are well posed. We demonstrated this by applying
the approach to Ameland Inlet and addressing the example research questions posed in Fig-
ure 7.1. The analysis presented here is intended to demonstrate the novelty and usefulness
of graph theory-based sediment connectivity for coastal applications, and to shine a light
on the challenges which must still be addressed in order to apply the concept to its fullest
potential.

Connectivity brings value to existing numerical coastal models by adding techniques in
graph theory and network analysis to the “toolkit" available for interpreting sediment path-
ways from those models. Once sediment transport is represented in an adjacency matrix,
then computing statistical metrics of connectivity using existing tools (e.g., Csdrdi and Ne-
pusz (2006); Rubinov and Sporns (2010); Franz et al. (2016)) is straightforward. These tech-
niques can quantify spatial and temporal variations in sediment transport beyond just ex-
isting metrics like cumulative erosion and sedimentation patterns or mean transport fields.
With connectivity, we have mathematical techniques for describing not just where sedi-
ment is going, but which sediment is going where. However it is more useful than La-
grangian modelling alone, because it tells us not only the history of sediment from a partic-
ular source, it tells us something about the interconnected coastal system as a whole.

There are many possible metrics for evaluating connectivity, although we believe that
the ones presented in this study are the most useful for studying sediment pathways in
coastal systems. In Figure 7.1, we raised six questions about sediment bypassing at tidal
inlets which we can now answer using the connectivity analysis presented here.

1. Shortest-path analysis reveals that sediment bypassing routes on Ameland ebb-tidal
delta vary depending on initial source, with offshore sources mainly bypassing around
the outer delta, and nearshore sediment bypassing mainly via the inlet (Figure 7.8).
This type of analysis could also be used to identify potential pathways for spreading
of nourished or contaminated sediment.

2. Asymmetry in sediment connectivity between cells in the basin and on the adjacent
coast reveals a net import of sediment (Figure 7.7). This type of information could be
useful for coastal managers who wish to understand not just total sediment budgets,
but also a more detailed breakdown of source and sink locations.

3. The network shows asymmetry for all sediment classes, suggesting that the system
is characterized by non-zero net transports, and hence morphological change (Table
1). Examining the asymmetry like this can shed light on system-wide trends in net
transport or recirculation.
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4. The optimal location for a sand nourishment depends on its goal. To maximize spread-
ing, sites like those in major channels with high degree and strength should be chosen
(Figure 7.9). However, if slower dispersal is preferred, then a site with lower degree
and strength should be chosen. The combination of this information with shortest-
path analysis could be used to design nourishments which target a particular recep-
tor.

5. Connectivity networks developed for finer sand (100um) show greater connectivity
throughout the model domain, whereas coarser sand (400um) shows less connectiv-
ity, and primarily only in the main channels (Figure 7.6). These differences can be
explained by spatial variations in hydrodynamic energy and local particle size distri-
bution.

6. The Louvain modularity algorithm aggregates 25 geomorphic cells into five sediment-
sharing communities (Figure 7.7). This approach could be also be used to objectively
classify geomorphic cells from high-resolution input.

Future research on this topic should go beyond the application of generic connectivity met-
rics, and focus on the development of connectivity metrics specific to quantifying and ana-
lyzing coastal sediment transport.

It is widely acknowledged that identifying appropriate scales for analysis (both tempo-
ral and spatial) is still a huge challenge in quantifying connectivity (Bracken et al., 2015;
Heckmann et al., 2018; Keesstra et al., 2018; Wohl et al., 2019). Here, we analyze connectivity
using residual fluxes, since these fluxes correspond to long-term morphological evolution.
However, future research on connectivity in tidal systems should investigate the influence
of this choice in analysis timescale. Connectivity changes at different temporal and spatial
scales, such that the choice of time or spatial scale considered will influence the connectiv-
ity observed. Keesstra et al. (2018) maintain that there is still “no satisfactory solution to the
problem of scaling in water and sediment connectivity".

The sensitivity of connectivity to different choices of spatial units depends on the res-
olution of the schematization, (i.e., the size of the cells). With sufficiently fine resolution
(small enough cells) the results will not be dependent on the exact manner of schemati-
zation. Two different schematizations would give different adjacency matrices, but they
should give the same interpretation. However, for relatively coarse geomorphic cells, the
schematization should influence the results more. Aggregation to large cells only makes
sense if it is done with morphological knowledge (whether objectively via modularity and
clustering algorithms (Section 7.2.3) or numerical model output, or subjectively based on
expert judgment of geomorphologically meaningful units (Section 7.3.1)).

Furthermore, the issue of separating structural and functional connectivity is still unre-
solved in most disciplines using connectivity (7urnbull et al., 2018). This problem is related
to the time scaling issues described above, since eventually sediment fluxes modify mor-
phology, and hence, structure. Although many geomorphological studies have examined
structural connectivity and developed quantitative metrics for it, functional connectivity
still needs to be better explored and quantified (Najafi et al., 2021). Heckmann et al. (2018)
advocate using models under varied forcing to examine the relationship between structural
and functional connectivity and identify the critical timescales at which network structure
is modified.
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Tied to the separation of form and function is the definition of the fundamental unit
of connectivity. Geomorphic cells defined based on structural criteria like bathymetry will
shift from their original boundaries after sufficient fluxes of sediment modify the seabed,
so how should they be defined over longer timescales? Multi-layer networks can be used to
describe variations in network structure and functional connections through time, making
them an ideal means for investigating these phenomena (77ibaud et al., 2013; Pilosof et al.,
2017; Tejedor et al., 2018b). Although these open questions present challenges to coastal re-
searchers looking to apply connectivity, they also present opportunities: connectivity could
be a useful approach for exploring sediment transport pathways at varying spatial and tem-
poral scales. For instance, connectivity could be used to identify the timescales required for
a coastal system to adapt to perturbations (e.g., a nourishment or coastal structure).

Recent advances in remote sensing, in sifu measurements, and numerical modelling
have created a wealth of data for coastal researchers (Donchyts et al., 2016; Ford and Dick-
son, 2018; Luijendijk et al., 2018; Vos et al., 2019a). In this era of “big data," we need a stan-
dardized framework to integrate and compare the coastal sediment pathways derived from
models and field data. Since it may be difficult to validate connectivity computed from a
single model, this approach would allow multiple lines of evidence or modelled ensemble
predictions to be integrated in a common framework (similarly to Barnard et al. (2013b)),
increasing confidence in the predictions made. Future research should also assess the ap-
plicability of alternative modelling techniques (e.g., Lagrangian particle tracking (Soulsby
et al. (2011); MacDonald and Davies (2007), Chapter 8) or directly computing connectivity
from Eulerian transport fields) for connectivity analysis.

Connectivity is a useful approach for quantifying the transport of marine pollutants,
(Paris et al., 2013), including plastic particles (van Sebille et al., 2019). By extension, the
sediment connectivity approach presented here could be useful in applications of marine
(plastic) pollution that interacts with the seabed (e.g., Corcoran (2015); van Cauwenberghe
etal. (2015)).

Connectivity also distils complex systems into their basic essence in a visually effective
manner (e.g., subway maps (Derrible and Kennedy, 2009), Figure 9.2). Furthermore, online
visualization tools (e.g., Cytoscape (Franz et al., 2016)) make it possible to develop interac-
tive ways of visualizing connectivity, bringing tangible form to the often abstract concepts
of sediment transport.' This also makes connectivity an attractive platform for communi-
cating with stakeholders and the public (Smefanovd et al., 2018).

Phillips et al. (2015) note that connectivity analysis using graph theory “should certainly
be included on the standard menu of relevant methods" for geoscientists. There are still
major challenges associated with quantifying connectivity at varying spatiotemporal scales
and making appropriate choices in schematizing and populating networks. However, fur-
ther attention to these issues and the development of metrics and techniques specific to
coastal systems could improve the method’s usefulness and lead to new insights in coastal
geoscience.

lFor a (tragically) relevant example of the possibilities for visualization presented by connectivity, see this
interactive tool for demonstrating the growth of a pandemic via international air travel: https://rocs.hu-
berlin.de/project/viz-event-horizon/
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7.5. CONCLUSIONS

Sediment connectivity quantifies how different locations are connected by sediment trans-
port pathways. The concept of connectivity is well established in other disciplines, and here
we use the example of Ameland Inlet to demonstrate its utility in coastal sediment trans-
port settings. Graph theory-based sediment connectivity provides a powerful framework
for identifying, analyzing, and interpreting sediment pathways in complex coastal systems.

By dividing a system into geomorphic cells and quantifying the transports between them,
we can populate an adjacency matrix and network graph. In that form, existing techniques
in graph theory and network analysis offer novel ways of quantifying coastal sediment trans-
port, revealing patterns that may not be obvious with existing techniques. In the case of
Ameland Inlet, density, asymmetry, and modularity are used to quantify sediment transport
patterns at a system level. Other metrics like degree, strength, centrality, and shortest-path
analysis are used to identify critical paths or locations within the system. These parameters
give insight into natural coastal dynamics and are also useful for optimizing engineering
interventions (e.g., sand nourishments).

The case study of Ameland Inlet shows the potential for connectivity to quantify sedi-
ment transport pathways in coastal systems. Quantifying connectivity across different spa-
tial and temporal scales presents researchers with many challenges, but also many oppor-
tunities. We believe that this approach complements existing analysis techniques and that
it will be valuable for addressing some of the urgent problems facing our coasts in the 21st
century.
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LAGRANGIAN SEDIMENT TRANSPORT
MODELLING AS ATOOL FOR
INVESTIGATING COASTAL
CONNECTIVITY

KEY POINTS:

* We used a Lagrangian sediment transport model and visualization tool (Sed-
TRAILS) to estimate sediment pathways and populate a connectivity network
at Ameland Inlet.

* The model enables the efficient and high-resolution computation of sedi-
ment transport pathways.

 This approach also opens the door to a variety of analysis techniques which
can be used to better quantify coastal sediment pathways in future studies

This chapter has been presented as part of Coastal Dynamics 2021: Proceedings of the 8th International Conference:

Pearson, S.G., Elias, E.P, van Ormondt, M., Roelvink, E, Lambregts, P, Wang, Z.B., van Prooijen, B.C. (2021). La-
grangian Sediment Transport Modelling as a Tool for Investigating Coastal Connectivity. Coastal Dynamics 2021:
Proceedings of the 8th International Conference, June 28 - July 2, 2021, Delft, the Netherlands.
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HE conceptual framework of sediment connectivity developed in the previous chapter

has the potential to expand our understanding of coastal systems and to address prac-
tical management problems there. Lagrangian particle tracking has been widely used to as-
sess connectivity in the context of oceanography and marine ecology, because such models
record the complete history of a particle’s trajectory, not just its start and end points. This
approach permits a faster and more detailed analysis of sediment connectivity than existing
Eulerian approaches (e.g., Chapter 7). There is thus a need for Lagrangian sediment particle
tracking tools tailored to predicting sediment transport pathways and determining connec-
tivity of complex coastal systems. In this chapter, we present SedTRAILS, a modelling tool
that aims to meet these needs.

ABSTRACT

To predict how coastal and estuarine systems evolve, we need to better understand the
pathways that sediment takes from source through temporary storage areas to sink. There
is thus a need for numerical models tailored to predicting sediment transport pathways
and determining connectivity of complex coastal systems. To meet this need, we developed
a Lagrangian sediment transport model, SedTRAILS (Sediment TRAnsport vlsualization &
Lagrangian Simulator). SedTRAILS enables the efficient and high-resolution computation
of sediment transport pathways, which makes it ideally suited for the development of con-
nectivity networks. We demonstrate its application at Ameland Inlet in the Netherlands.
Connectivity provides quantitative metrics for interpreting the results of the model and an-
swering questions about sediment exchange or key transport pathways. This approach im-
proves our understanding of complex coastal and estuarine systems and can aid in coastal
management (e.g., nourishment planning). It also allows us to visualize the results of com-
plex numerical model simulations in an intuitive way, opening the door to better commu-
nication with non-scientific audiences and more informed decision-making.
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8.1. INTRODUCTION

STUARIES and coasts can be conceptualized as connected networks of water and sedi-

ment fluxes. These dynamic geomorphic systems are governed by waves, tides, wind,
and river input, and evolve according to complex nonlinear transport processes. To predict
their evolution, we need to better understand the pathways that sediment takes from source
through temporary storage areas to sink. Knowledge of these pathways is essential for pre-
dicting the response of such systems to climate change impacts or human interventions
(e.g., dredging and nourishment). The conceptual framework of sediment connectivity has
the potential to expand our system understanding and address practical coastal manage-
ment problems (Chapter 7).

Connectivity provides a structured framework for analyzing these sediment pathways,
schematizing the system as a series of geomorphic cells or nodes, and the sediment fluxes
between those nodes as links (Heckmann et al., 2015). Once organized in this fashion, the
resulting network can be expressed algebraically as an adjacency matrix: sediment mov-
ing from a given source to different receptors. There is a wealth of pre-existing statistical
tools and techniques that can be used to interpret the data once it is in this form, draw-
ing on developments in other scientific disciplines (Newman, 2018; Rubinov and Sporns,
2010). Lagrangian flow networks have been increasingly used to analyze flow and trans-
port pathways in oceanographic and geophysical applications (Ser-Giacomi et al., 2015;
Padberg-Gehle and Schneide, 2017; Reijnders et al., 2021). However, this approach has not
yet been adopted to analyze coastal or estuarine sediment transport, and requires a multi-
tude of field measurements or numerical model simulations.

Lagrangian particle tracking has been widely used to assess connectivity in the context
of oceanography and marine ecology (Hufnagl et al., 2016; van Sebille et al., 2018), because
the models record the complete history of a particle’s trajectory, not only its start and end
points. Particle tracking models are also relatively fast and lend themselves well to paral-
lel computing (Paris et al., 2013). This approach thus permits a faster and more detailed
analysis of sediment connectivity than existing Eulerian approaches (e.g., Chapter 7). Al-
though several Lagrangian sediment transport models have been developed (e.g., MacDon-
ald and Davies (2007); Soulsby et al. (2011)), they have not been used to support connectivity
studies. Hence, there is a need for Lagrangian sediment particle tracking tools tailored to
predicting sediment transport pathways and determining connectivity of complex coastal
systems.

To meet this need, we developed a Lagrangian sediment transport model, SedTRAILS
(Sediment TRAnsport vlsualization & Lagrangian Simulator) and used it to develop a sedi-
ment connectivity network. Our approach provides new analytical techniques for distilling
relevant patterns from the chaotic, spaghetti-like network of sediment pathways that often
characterize estuarine and coastal systems. We demonstrate a proof of concept for our ap-
proach by applying it to a case study of Ameland Inlet in the Netherlands, and provide an
outlook for future research opportunities using these tools.

8.2. METHODOLOGY

Our approach for determining sediment connectivity has four main steps (Figure 8.1): (1)
Simulating hydrodynamics and (2) sediment transport with an Eulerian model; (3) Estimat-
ing Lagrangian sediment transport pathways using SedTRAILS; and (4) deriving a sediment
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connectivity network from those pathways.

Figure 8.1: Flow chart of the modelling methodology, beginning with an Eulerian hydrodynamic and sedi-ment
transport model. Lagrangian sediment pathways are then computed using SedTRAILS, which can then be used as
input for connectivity analysis.

8.2.1. EULERIAN MODEL

A 2D hydrodynamic and morphostatic sediment transport Delft3D model (Lesser ef al.,
2004) formed the basis of our analysis. The model domain was centered on Ameland In-
let and ex-tends to the adjacent Vlie and Frisian Inlets to capture inter-basin flows within
the Wadden Sea. The grid resolution ranges from 50 m in Ameland Inlet to 350 m at the
boundaries. The bathymetry was based on surveys from 2017, with data from 2008-2017
used to fill gaps. The model forcing was derived from tides, wind, and wave measurements
spanning the entire year 2017. A more detailed description of the model set up is provided
in Nederhoff et al. (2019).

To advect particles, we derived sediment velocity fields from suspended and bed load
flux fields divided by a constant scaling factor. Diffusion was incorporated using a random
displacement at each timestep. Precomputing the sediment transport velocity fields to de-
couple them from the sediment trajectory computation led to efficient run times.

8.2.2. LAGRANGIAN MODEL

We adapted the Lagrangian model described by Srorlazzi et al. (2017) and de Vries (2016)
to advect particles using sediment transport velocities computed in the previous step. Five
hundred geomorphic cells were defined using a k-means algorithm to cluster the bathymetry,
weighted by XY position and bed elevation. This ensured that cells were distributed evenly
throughout the domain, in a way that prioritizes higher density for areas with larger gradi-
ents in bathymetry (Figure 8.2a). The centroids of these cells were used as the initial sources
for the SedTRAILS simulations. Particles trajectories were then computed for each source
using forcing corresponding to the entire year 2017.

8.2.3. DERIVATION AND ANALYSIS OF CONNECTIVITY

To estimate connectivity and compile the results into a graphical network, we started by
considering the trajectory of particles from a single source (7). The position of every particle
was recorded at each subsequent timestep of the model (#;5:47). A given particle may pass
through several other receptor cells (j) during the simulation, and the number of timesteps
it spends in each of those cells is effectively a “residence time” (£, ;). The connectivity be-
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Figure 8.2: (a) Source locations for all particles, as determined via k-means cluster analysis of the bathymetry.
Voronoi polygons are then drawn around each source to derive the receptor polygons. (b) Example of particle
positions computed by SedTRAILS for Source 091. Particles originate at the large red and black circle, then travel
in a northwesterly direction to the outer lobe of the ebb-tidal delta, passing through several geomorphic cells on
its way. (c) Example of tabulated connectivity between Source 091 and its receptors. The number of particles #;,
in each receptor cell j is counted and divided by the total number of particles ¢;,;,; under consideration. Since a
single particle is released at the start of the simulation and its position stored at each timestep, the colour of each
receptor cell thus corresponds to the percentage of a given particle’s total lifespan spent in each cell. For example,
if a particle spends 25 out of 500 timesteps in a cell, that receptor cell will have a connectivity C; j of 0.05.




8. LAGRANGIAN SEDIMENT TRANSPORT MODELLING AS A TOOL FOR INVESTIGATING COASTAL
170 CONNECTIVITY

tween a given source (i) and a given receptor (j) was thus calculated as C;j = t;,j/ t;ozq1. For
example, the sediment pathways and resulting connectivity for a single source are depicted
in Figure 8.2b and c. This calculation was then repeated for each of the 500 sources.

The matrix given by C;; for all i and j is known as the adjacency matrix (Figure 4a). A
column j in the matrix corresponds to all the different sources i contributing to a partic-
ular receptor j. For example, sediment originating in Cell 91 (Cpgy, ;) and travelling to all
connected receptors j is indicated by the red dots in Figure 4a.

This matrix can also be represented as a network diagram, where each source or re-
ceptor be-comes a point on a map connected to one another by links. For example, we can
visualize the connections from Node 91 to its receptors (given by the red dots in Figure 8.4a)
as a series of red arrows in Figure 8.4b. By drawing the connections originating from all 500
nodes in the network, we arrived at the complete network diagram in Figure 8.4b. Once
the network was compiled, we used connectivity metrics such as degree and strength to
describe individual nodes, as well as shortest-pathway analysis to characterize transport
across the entire system (Chapter 7).

8.3. RESULTS

8.3.1. SEDIMENT PATHWAYS

We first considered the transport pathways of sediment originating from each of the 500
sources across the ebb-tidal delta (Figure 8.3). Key patterns included (i) bypassing via the
inlet; (ii) transport along the outer delta; (iii) pathways along the main ebb channel; (iv)
recirculation at several locations. To unravel key patterns in the spaghetti-like trajectories,
we then computed connectivity.

8.3.2. NETWORK ANALYSIS
In addition to the patterns visible in the SedTRAILS trajectories (Figure 8.3), the transport
network (Figure 8.4b) makes several trends apparent:

(A) The network is most densely connected on the ebb shoals, Boschplaat, and tip of the
main ebb channel (Akkepollegat). These are areas with strong tidal currents and/or
strong wave forcing.

(B) The network shows a general eastward direction in its connections, which matches
what we expect from our understanding of both the hydrodynamic forcing and his-
torical changes to the inlet (Elias et al. (2019); Van Prooijen et al. (2020), Chapter 3).

(C) Sheltered areas on the Bornrif platform and on the Wadden Sea side of Terschelling,
or deeper areas in the offshore corners of the domain are completely disconnected
from the rest of the system. The low connectivity of this morphologically active region
(c.f., Elias et al. (2019)) is likely explained by the model schematization, forcing, and
timescale applied here.

(D) There appears to be little cross-channel connectivity in the main Borndiep channel,
although this may be partly a limitation of the 2D model.
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Figure 8.3: Sediment pathways derived from SedTRAILS. Each colour indicates a sediment transport pathway orig-
inating from a different source. Main pathways include (i) inlet bypassing, (ii) transport along the outer delta, (iii)
transport through the main ebb channel, and (iv) recirculation.
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Figure 8.4: (a) Adjacency matrix for all timesteps of all 2017 scenarios. Each point on the plot is representative of
a connection from source i to receptor j. The central diagonal denotes self-self interactions, which are particles
that remain in or return to their source. As a demonstration, connections from Source 091 to all other receptors
are highlighted in red. Link Density indicates the fraction of actual connections out of all possible connections.
(b) Network diagram for all connections in the network. Red lines indicate the connection between two nodes,
with their thickness implying the strength of the connection, and the arrow indicating the direction. White letters
correspond to key areas described in the main text.
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8.3.3. NODE ANALYSIS
The characteristics of individual nodes in the network provide useful information about lo-
cal sediment transport behavior. First we considered degree, which is the number of nodes
that a given node is connected to, in a binary fashion, irrespective of how many particles
are passing through (Figure 8.5a). As such, degree highlights nodes that have a more di-
verse range of connections than the strength plot (Figure 8.5b). Degree can be considered
as an indicator of mixing, comparable to the Finite-Time Lyapunov Exponent (FTLE) (Ser-
Giacomi et al., 2015). The main channels may be “busier”, but the distal end of the ebb
shoals have a higher degree be-cause particles reaching the end of the shoals come from
many different origins: particles from upstream in the channel and beyond, locally re-
suspended material from more immediate neighbours, and also material being bypassed
from updrift. It is thus a convergent zone of intense sediment mixing from many different
sources.

Secondly, we considered node strength, which in our case corresponded to the number
of particles passing in and out of a given receptor — highlighting the “busiest” receptors
(Figure 8.5). In general, these areas corresponded to the channels and tips of shoals.

8.3.4. DOMINANT BYPASSING PATHWAYS

One of the most valuable features of network theory is that it allows us to consider con-
nected pathways across a network as a whole. Let us consider the distance between two
nodes to be the inverse of its weight (a higher weight indicates a larger flux and stronger
connection, so the “distance” between those points is shorter). We can then derive a ma-
trix of the shortest (although not necessarily fastest) path along the network between any
two nodes. This matrix can then be queried to find relevant pathways, such as the main
bypassing routes across or around the inlet.'

Here we consider the shortest bypassing routes from a transect seaward of Terschelling
to a point on Ameland (Figure 8.6). This map was produced using the network and does not
show actual particle trajectories (none of the particles ever travelled the entire width of the
inlet during the simulation; rather, it shows the most efficient paths through the network
by linking all of the particle trajectories together). The patterns here are similar to those
presented in Figure 7.8, but with 500 nodes rather than 25, so the detail of the pathways is
much greater.

Closer to shore, “channel bypassing” via the inlet dominates, whereas sediment origi-
nating seaward of the outer bar bypasses via the outer delta. Presumably, tidal currents are
driving at least the first half of this journey, although it is likely that waves play a greater role
on the shallower platform to the east. Notably, the shortest pathways avoid the morphody-
namically active shoals on the western side of the delta, since the particle trajectories there
are more convoluted and feature prominent recirculation zones (Figure 8.3).

IFor a fascinating and inspiring application of this approach to identifying migratory routes of birds based on
global wind fields, the reader is encouraged to investigate Cheshire and Uberti (2017) and Kranstauber et al.
(2015).
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Figure 8.5: (a) Degree of each node in the network. Lighter colours and larger dots indicate that more other nodes
are connected to a given node, either as sources or receptors. (b) Strength of each node in the network. Lighter
colours and larger dots indicate that more particles are passing into or out of a given node.
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Figure 8.6: Shortest (dominant) bypassing pathways from 7 nodes offshore of Terschelling (the updrift side of the
inlet) to a single point on the (downdrift) coast of Ameland.

8.4. DISCUSSION

SedTRAILS enables the fast, high-resolution mapping of sediment transport pathways and
connectivity in coastal environments. This approach provides new quantitative and qual-
itative insights into sediment pathways in complex settings like tidal inlets. The visualiza-
tions pro-duced improve our understanding of the system dynamics and provide us with
new tools for comparing models and measured data. The connectivity patterns derived
here are consistent with previous studies of Ameland Inlet (Elias ef al. (2019), Chapter 7)
and with modelled and measured pathways observed at other similar sites (Son ef al., 2011;
Herrling and Winter, 2018). Furthermore, these metrics can be used to address practical
coastal management questions. For instance, the path-finding approach is useful for plan-
ning a nourishment or trying to determine the potential for sand to reach a specific location.

Having demonstrated a proof of concept for SedTRAILS here, the door is now open to
many new possible analyses and improvements. The most essential next step is to improve
the transport velocity formulations used to advect particles. SedTRAILS in its present form
visualizes potential sediment trajectories but does not directly estimate volumes transported
or the timescales of transport. The sediment transport velocity can be better derived from
a correction based on sediment concentration (e.g., Soulsby et al. (2011)). Processes like
burial and re-emergence are also not accounted for. After these features are implemented,
validation using sediment tracers (Chapter 6) or geochronology approaches like Optically
Stimulated Luminescence (Reimann et al., 2015) will be used to achieve realistic sediment
migration speeds.

The Lagrangian nature of SedTRAILS permits the analysis of chaotic stirring and La-
grangian coherent structures (LCS), both of which determine mixing and barriers to trans-
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port in the context of coastal hydrodynamics (Ridderinkhof and Zimmerman, 1992; Kuiten-
brouwer et al., 2018). In conjunction with the development of new connectivity metrics,
this sets the stage for a suite of new quantitative analysis techniques for sediment trans-
port pathways. The speed of our approach also lends itself well to sensitivity testing and
ensemble modelling to quantify predictive uncertainty, if a schematized wave climate and
morphological tide are used. SedTRAILS has already been applied in this manner to sites
in the Netherlands (Bult, 2021; Lambregts, 2021), Canada (Meijers, 2021), and USA (Stevens
et al., 2020), and can easily be expanded to other locations.

8.5. CONCLUSIONS

We used a Lagrangian sediment transport model and visualization tool (SedTRAILS) to esti-
mate sediment transport pathways and populate a connectivity network at Ameland inlet in
the Netherlands. This model enables the efficient and high-resolution computation of sedi-
ment transport pathways, which makes it ideally suited for the development of connectivity
networks. Network-derived metrics like node degree and strength give insight into critical
locations for sediment exchange. We can also determine the dominant transport pathways
in the system by considering the network as a whole and not just individual particle paths.
Together, these tools improve our understanding of complex coastal and estuarine systems
and can be used to address practical coastal management questions. This approach also
opens the door to a variety of analytical techniques (e.g., LCS analysis) which can be used
to better quantify coastal sediment pathways in future studies.
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SYNTHESIS

KEY POINTS:

* We developed new approaches for analyzing field measurements of physical
processes on ebb-tidal deltas, including stratigraphic and polar morphody-
namic analysis, the Sediment Composition Index (SCI), and dual-signature
tracer analysis techniques.

* We then developed a conceptual framework (sediment connectivity) and process-
based modelling approach (SedTRAILS) for analyzing emergent sediment trans-
port patterns at scales relevant to coastal management.

* The improved system understanding of ebb-tidal deltas gained from these
approaches and the availability of these techniques sets the stage for promis-
ing future research.
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9.1. PROJECT SUMMARY

NSURING the long-term safety and ecological health of vulnerable barrier coast systems

like the Dutch Wadden Islands and Sea in the face of threats like sea level rise requires
the maintenance of their sediment balance. A possible solution is the strategic nourish-
ment of tidal inlets and ebb-tidal deltas, but the sediment dynamics in these locations are
complex, and though conceptually understood, they remain poorly quantified. In order to
nourish these environments, we need improved knowledge of sediment exchange between
the Wadden Sea and North Sea, with a specific focus on sediment pathways on ebb-tidal
deltas there. Furthermore, we need tools and techniques to analyze and predict those path-
ways, in order to provide practical knowledge for coastal management.

The primary goal of this dissertation was to answer, “How can we identify and quantify
the pathways that sediment takes on an ebb-tidal delta?” There is no simple answer to this
question, but it steered the direction of our inquiry. In response, we developed new tools
and techniques for analyzing a combination of field measurements and numerical models.

To investigate sediment pathways, we first considered in Chapters 2 & 3 how ebb-tidal
delta morphology and grain size distribution vary in space and time at the scale of Ameland
Inlet (G(100m — 10km)). Ameland ebb-tidal delta is a highly dynamic system character-
ized by clockwise shoal and channel migration, from the updrift island of Terschelling to
the downdrift island of Ameland. The majority of shoals in the active part of the ETD are
continuously reworked on timescales of less than 10 years. These actively-migrating shoals
move across a more stable and well-preserved underlying platform at a rate of approxi-
mately 15°/decade. Sediment in Ameland ebb-tidal delta largely consists of well-sorted, fine
sand, with muddier material found in the distal regions offshore. There is a clear clockwise
fining trend and reduction in grain size variation, behaviour consistent with the clockwise
migration of sediment around the delta.

Next, we examined how suspended sediment transport on the ebb-tidal delta varies as
a function of grain size (0'(1 — 100m)) and under the influence of different hydrodynamic
forcings (Chapters 4 & 5). Here we zoomed in to the scale of the physical processes acting
at a point on the delta over a period of several weeks. Although the sediment within Ame-
land ebb-tidal delta is mainly sand, field measurements reveal the significant presence of
muddy sediment travelling in suspension. At the timescale of individual tidal cycles, sand is
resuspended under more energetic hydrodynamic conditions (ebb and flood tide or during
storms), while mud is advected back and forth from the Wadden Sea, dominating suspen-
sion in calmer conditions or at slack water. At weekly to monthly timescales the sediment
composition dynamics are largely explained by the fortnightly spring-neap cycle, with in-
creased variation at spring. Large storms also tend to elevate fine sediment concentrations
for several days afterwards.

In this dissertation, we considered a variety of field measurements, including Eulerian
and Lagrangian techniques. These inform our understanding of sediment transport path-
ways by providing different but complementary perspectives on the same physical pro-
cesses. For instance, the Eulerian measurements in Chapters 4 & 5 show that at a single
point on the delta, suspended particle size varies in time as a function of the hydrodynamic
forcing. Adopting a Lagrangian viewpoint in Chapter 6, the consequences of this grain size-
selective transport were directly visible in the particle size distribution and spatial variation
of recovered tracer particles. The Lagrangian drifter experiment (Chapter 2) confirms the
spatial variations in the flow field that our numerical models show and that observed bathy-
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metric changes imply. They also give a larger-scale view of the velocity field (0(10km)) than
the Eulerian measurements at a single point, albeit for a single tidal cycle (~ 12 hours) in-
stead of for 40 days. By extending the spatial scale (Lagrangian) and timescale (Eulerian)
combining these measurements paint a more complete picture of the ebb-tidal delta dy-
namics in space and time than either technique in isolation.

Collectively, these analyses of the physical processes shaping Ameland ebb-tidal delta
give us important insights into how the system works at spatial scales ranging from grain
size (O(1 —100um)) up to the entire delta (€(10km)), and timescales ranging from minutes
to decades. By understanding the morphodynamics of the ebb-tidal delta in the past and
present, we build a stronger basis for predict its behaviour in the future. Our findings for
Ameland inlet are also relevant for other similar sites around the world.

In Chapter 7, we developed an approach to systematically manage and quantitatively in-
terpret complex datasets of coastal sediment pathways. Sediment connectivity using graph
theory provides a quantitative framework for analyzing sediment transport pathways by
decomposing a complex coastal system into a network of nodes and links. This approach
shows that system connectivity is a clear function of grain size, and identifies major bypass-
ing routes across the inlet. Most importantly, connectivity provides a means of quantifying
and understanding the large-scale sediment transport patterns that emerge upward from
small-scale processes, rather than aggregating these processes from the top down.

To make another step towards predicting sediment transport pathways in the future,
we advanced a Lagrangian sediment transport model, SedTRAILS (Chapter 8). Lagrangian
sediment transport modelling provides an efficient means of predicting and visualizing sed-
iment pathways. It is especially powerful when placed in the connectivity framework, since
that opens the door to many useful analytical techniques that can examine emergent pat-
terns at scales relevant for coastal management. A key advantage of SedTRAILS is that it
presents patterns which are more intuitively analyzed than conventional process-based
model output (i.e., vector fields). This enables users to squeeze more information out of
the same model, while also making it easier to communicate the results with stakeholders
and non-scientific audiences.

In the remainder of this chapter, we adopt elements of the Theory of Change (NIWO,
2019) to describe the impacts of this work. The research activities carried out in the course
of this project lead to output (tools, techniques, and knowledge). The immediate outcome
is the application of these outputs in research and consulting contexts. We then consider
potential pathways towards scientific and societal impact, as well as opportunities for new
research inspired by this work, and finish by presenting a wider outlook.

9.2. OUuTPUT

9.2.1. TOOLS & TECHNIQUES

Ebb-tidal deltas are highly complex environments, and in the course of this research it was
found that answering even basic questions about their sediment pathways first required the
development of new tools and techniques:

1. Stratigraphic and Polar Mapping Technique
Developed a novel approach to analyze high-resolution bathymetry of tidal inlets and
create a stratigraphic model (Chapter 3).
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2. Sediment Composition Index (SCI)
Derived a new technique for estimating suspended sediment composition (SCI) by
combining optical and acoustic backscatter measurements (Chapter 5).

3. Dual-Signature Tracer Analysis Techniques
Optimized recovery and analysis techniques for fluorescent-ferrimagnetic sediment
tracers in energetic ebb-tidal delta environments and provided lessons learned for
practical application (Chapter 6).

4. Sediment Connectivity Framework
Established a novel graph theory-based conceptual framework for analyzing and vi-
sualizing coastal sediment transport pathways (Chapter 7).

5. Sediment TRAnsport vlsualization and Lagrangian Simulator (SedTRAILS)
Advanced a new modelling approach for visualizing and simulating sediment trans-
port pathways (SedTRAILS) (Chapter 8).

9.2.2. KNOWLEDGE

The tools and techniques described above have yielded new knowledge and insights into
the morphodynamics and sediment transport pathways of Ameland ebb-tidal delta, ex-
panding our system understanding. In addition to the findings outlined in each of the pre-
vious chapters, several key concepts emerged from our analysis, drawing on multiple lines
of evidence including literature, field and laboratory measurements, and numerical model
output:

Key Sediment Transport Pathways

A central finding of this research has been the delineation of key sediment pathways on
Ameland ebb-tidal delta (Figure 9.1). These pathways emerge on the scale of the ebb-tidal
delta at timescales ranging from months to decades:

 Ingeneral, sediment migrates in a net clockwise (eastward) direction around the ebb-
tidal delta, from the updrift island of Terschelling to the downdrift island of Ameland.
This coincides with both the main direction of littoral drift and the dominant tidal
currents. The clockwise motion is indicated in field measurements by the migration
of shoals (Chapter 3) and fining of sediment (Chapter 2), and in numerical model
results (Chapter 7 & 8).

* The western half of the delta is characterized by a complex network of sediment path-
ways. Pathways into the inlet depend on the initial cross-shore position on the updrift
coast (Figures 2.11 & 8.3). From the inlet, sediment fans out into several ebb-chutes
and channels before depositing in shoals and lobes. Sediment then moves clock-
wise along the ebb-lobes via wave-induced transport, gradually making its way to the
Ameland coast. An important observation is the apparent barrier to transport down
the centre of the Westgat channel: the majority of sediment located clockwise of this
point does not return to the inlet.

e Conversely, the eastern half of the delta shows much simpler transport pathways, with
the majority of bypassing sediment converging at the distal lobe of the delta and pass-
ing southeast towards Ameland. This pattern is shown numerically (Chapter 7 & 8)
and is corroborated in the field by the migration, accumulation, and attachment of
swash bars across the Bornrif platform (Chapter 3). Recirculation of sediment back
towards the inlet is also visible here.
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» Transport pathways were found to be grain size dependent (Chapter 7). Finer sed-
iment exhibits a much higher density of pathways across the entire inlet and delta,
whereas coarser sediment is mainly confined to the more energetic channels.

* Apoint further reinforced by this study was the difference between net and gross sed-
iment transport pathways. The net eastward transport of sediment over annual to
centennial timescales is confirmed by the morphological and sedimentological mea-
surements in Chapters 2 and 3, but we see much more chaotic gross transport pat-
terns at daily timescales in the tracer data (Chapter 6).

These findings are also supported by modelling of Bak (2017) and Lambregts (2021).

Figure 9.1: Overview of main sediment pathways on Ameland ebb-tidal delta circa 2017. Broadly speaking, sedi-
ment travels clockwise around the inlet from Terschelling to Ameland, although it may also be imported into the
Wadden Sea or recirculate on the delta. Offshore and within channels, tidal transport dominates, whereas waves
are most important along the eastern side of the delta. At many locations (particularly along shallow shoals), both
waves and tides are important
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Ebb-tidal deltas are sediment-sorting machines' >

The observed sorting of tracer sediment (Chapter 6) demonstrates that grain-size selec-
tive sediment transport is important on Ameland ebb-tidal delta. This dependency of sed-
iment transport on grain size on ebb-tidal deltas is manifest in greater connectivity for fine
sand than coarse sand in Chapter 7, and is observed at other similar sites (Son et al., 2011;
Herrling and Winter, 2018). This sorting process on the scale of individual grains is man-
ifest in large-scale patterns: Ameland ebb-tidal deltas is largely composed of well-sorted,
fine sand (Figure 2.7). The sand tends to fine in a clockwise direction around the inlet, and
variation in grain size is reduced. Bed shear stresses are too high for mud to linger on the
active shoals, so it is only found in deeper distal areas offshore. At the outer edge of the
ebb shoal, the critical bed shear stress for the local median grain size matches the current-
related bed shear stress at spring flood tide (Figure 5.7). This suggests that at least in this
area, sediment sorting is tidally controlled, which is consistent with (Bruun and Gerritsen,
1959). The observed clockwise fining appears consistent with the convergence of many
separate sediment pathways (i.e., Figure 8.3), and “downdrift fining”.

Ebb-tidal delta bypassing sequences

Ameland Inlet’s behaviour over the past decades is conceptually well-described by the ebb-
tidal-delta breaching and outer channel shifting models of (FitzGerald et al., 2000). The
main ebb-channel tends to deflect downdrift until a new channel is breached and the old
one fills in, while the remnants of shoals migrate onshore (Figures 2.2-2.6). However, as a
large and energetic system, Ameland ebb-tidal delta’s dynamics are complex and do not ad-
here well to a strict, regular cycle (Chapters 2 & 3). Sediment tends to accumulate irregularly
at certain locations until a tipping point is reached. The physical processes that push the
ETD towards these tipping points are repetitive (e.g., tides or seasonal variations in wave cli-
mate). These accumulations tend to repeat in similar areas but are never exactly the same,
so we never get a true cycle, even at a relatively stable inlet like Ameland.® Each cycle may
differ in volume, pathway, and duration. A more detailed causal explanation of the physical
processes is necessary to move from a purely descriptive model to quantitative predictions
(Brierley et al., 2021).

Regular cyclicity may be a problematic assumption for coastal engineers and managers
if it is used predictively and leaves them waiting for a cycle that never comes: an island tip
that doesn’t grow back or a shoal that never attaches to feed a beach. Previous efforts to de-
scribe the dynamics of Ameland ebb-tidal delta argued that it followed a regular 50-60 year
cycle, based on 96 years of measurements (Israel, 1998; Cheung et al., 2007). Israel (1998)
predicted that by 2010, the delta would revert to the same configuration it had in 1892 and
1950. As a consequence of these changes to the delta, the tip of Terschelling (the Bosch-
plaat) would undergo massive expansion and impending shoal attachments would render
nourishments unnecessary for the northwest coast of Ameland. Instead, the Boschplaat
has continued to erode unabated and that section of Ameland’s coast has required nearly
3 x 10m?3 of beach nourishments in recent years. Ebb-tidal deltas may show repeating pat-
terns, but they cannot be depended on to return to a previous state on schedule. It is thus

ISee also Bartonicek and Maus (2016)’s Jller.

2Thank you to Matthieu de Schipper for this particular turn of phrase.

3“Men [and women] wiser than and more learned than I have discerned in history a plot, a rhythm, a predetermined
pattern. These harmonies are concealed from me. I can only see one emergency following upon another as wave
follows upon wave...” — Herbert A.L. Fisher


https://vimeo.com/167126696
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imperative to better quantify the uncertain nature of ebb-tidal deltas and clearly commu-
nicate that to stakeholders to inform better planning. At the very least, we should be more
nuanced in how we talk about ebb-tidal delta bypassing cycles, and consider calling them
“bypassing sequences” instead.

These irregularities in cyclicity may be due in part to the stochastic nature of forcing
(c.f., Morton et al. (2007); O’Connor et al. (2011)). However, they could also be related to
self-organized critical feedbacks in the ebb-tidal delta’s behaviour. Sand piling up in an
hourglass, one grain at a time, is a simple experiment widely used for assessing the concept
of self-organized criticality in natural systems (Bak and Chen, 1991; Puhl, 1992; Malamud
and Turcotte, 1999). Sand stacks up unobtrusively until part of the heap becomes critically
steep and collapses in an avalanche. Small avalanches occur quite regularly, but larger ones
are exponentially rarer. In this context, Bak (1996) noted that:

“the sand forecaster can still make short time predictions by carefully iden-
tifying the rules and monitoring his local environment. If he sees an avalanche
coming, he can predict when it will hit with some degree of accuracy. How-
ever, he cannot predict when a large [avalanching] event will occur, since this is
contingent on very minor details of the configuration of the entire sandpile.”

This may be a useful analogy for ebb-tidal deltas: although we can successfully propagate
existing small-scale features into the near future, we have a difficult time correctly predict-
ing the initiation of new large-scale features like ebb-lobes or channel switches on longer
timescales (Harlequin, 2021). Part of the issue is that we do not fully understand what trig-
gers this process or precisely what the required preconditions are.

The irregularities in Ameland’s bypassing cycle could be explained in part by determin-
istic chaos. Formally, chaotic systems can be defined by dynamics that are bounded, de-
terministic, and prone to the exponential amplification of small perturbations (7oker et al.,
2020). Ebb channel and lobe growth is bounded by the tidal prism of the inlet and driven
primarily by deterministic tidal processes. Self-enhancing positive feedback creates strong
sensitivity to initial conditions, and is evident in the divergent evolution of simulated ebb-
tidal deltas perturbed by different nourishments (Harlequin, 2021). Furthermore, chaotic
stirring is a feature of hydrodynamics at tidal inlets (Ridderinkhof and Zimmerman, 1992),
and is likely to be a property of sediment transport there, too (Chapter 6). Qualitatively ob-
serving of these symptoms of chaos demands that further quantitative investigation of the
matter be carried out. Smaller inlets have shorter apparent bypassing cycles (Ridderinkhof
et al., 2016), so it may be easier to discern the nature of chaos versus cyclicity at such loca-
tions than at Ameland.

Chaos theory has been regarded by some as “an esoteric fad pursued only by theoreti-
cians suffering from a severe case of physics envy” (Hastings et al., 1993), but the poten-
tial explanatory power of the concept means that it merits further investigation. If not
fully chaotic, then ebb-tidal deltas at least show strong tendencies of geomorphological
badassery (Appendix E).
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The importance of mud on a sandy ebb-tidal delta

Although ebb-tidal deltas are predominantly composed of sand, and although this disserta-
tion is primarily concerned with the fate of sandy nourishments in the context of tidal inlet
systems, the presence of mud in these environments cannot be ignored. Mud does not con-
tribute substantially to the sediment budget of Ameland ebb-tidal delta, but it is present in
suspension over the delta much of the time (Chapters 4 & 5), and not accounting for it can
lead to misleading interpretations of suspended sediment measurements. Fine sediment
appears to follow a path in suspension from the Wadden Sea (Chapter 5) to distal offshore
regions of ETD (Chapter 2). The presence of fine sediment in the water column and on the
seabed also has an important influence on the ecological functioning of the ebb-tidal delta
and its surroundings (Hendriks et al., 2020; Holzhauer et al., 2021). Furthermore, quanti-
fying the proportion of mud moving across the delta is essential to accurately estimating
sediment budget of the neighbouring Wadden Sea and determining whether its intertidal
areas can keep pace with sea level rise (Colina Alonso et al., 2021).

9.3. OUTCOMES

Although this dissertation has primarily focused on Ameland Inlet in the Netherlands, the
tools, techniques, and knowledge developed here can be extended to other environments.
We have already made the first steps towards this through applications in various research
and consulting projects, and there are clear opportunities for further immediate applica-
tion:

Connectivity and SedTRAILS

SedTRAILS and connectivity have already been applied to numerous research and con-
sulting projects to answer questions coastal sediment pathways. Applications include esti-
mating nourishment or dredge disposal fate (Stevens er al., 2020; Elias et al., 2020, 2021a,b;
Lambregts, 2021), identifying large-scale sediment transport pathways (Stevens et al., 2020;
Bult, 2021; van Gijzen, 2020), determining the impact of human interventions in the coastal
system on centennial time scales (Meijers, 2021), and identifying sources of sediment to
dredging hotspots (Stevens et al., 2020). These projects have spanned a range of coastal
environments around the world, from tidal inlets in the Wadden Sea to alongshore uni-
form beaches on the Holland coast, and from a muddy estuary in the United States and to
a fjord on the west coast of Canada. SedTRAILS and connectivity provide added interpre-
tive value to existing process-based models, which makes them readily applicable. Further-
more, these tools have enabled the effective communication of complex numerical model
results to a non-scientific community and stakeholders in order to generate meaningful
discussions.

Morphodynamic Mapping Techniques

The techniques outlined in Chapter 3 are immediately applicable to existing bathymet-
ric datasets (e.g., Rijkswaterstaat (2016); Benninghoff and Winter (2019)), so no new field
measurements are required. The statistical mapping approaches (i.e., identifying the max-
imum and minimum surfaces or envelope of bathymetric change) are simple, easily calcu-
lated metrics that clearly illustrate morphodynamics and characteristic zones of the ebb-
tidal delta (i.e., active or passive). Furthermore, the stratigraphic modelling approach is
readily applicable in siting undersea infrastructure, marine salvage operations, for plan-
ning nourishments in more stable places, as modern analogues for ancient systems, and



9.4. IMPACT 187

for interpreting geochronological data. It can also be used in an identical manner for post-
processing morphodynamic models, providing new metrics for their validation.

Sediment Composition Index (SCI)

Combining commonly-paired optical and acoustic instruments opens opportunities for
reanalysis of existing data in mixed sediment environments, without even needing to make
new measurements. It is already possible to estimate SCI from many datasets in the lit-
erature (e.g., Voulgaris and Meyers (2004); Moura et al. (2011); Zhu et al. (2019b); Lin et al.
(2020); de Vet et al. (2020); Colosimo et al. (2020); Pomeroy et al. (2021)). Our approach thus
enhances the value of existing datasets by providing an additional, simple-to-calculate met-
ric for interpreting sediment dynamics. To demonstrate the possibilities, we examined two
well-studied datasets with paired ADVs and OBSs, in Chesapeake Bay (USA) (Fugate and
Friedrichs, 2002) and the Sand Engine (The Netherlands) (Horner-Devine et al., 2017; Flores
etal., 2018; Rijnsburger et al., 2018)). In both cases, we found that the SCI reliably indicates
high proportions of relatively finer sediment in suspension (Pearson et al., 2021b).

Tracers

Our results demonstrated that tracers could be a useful technique even in energetic en-
vironments like an ebb-tidal delta (Chapter 6). The techniques explored in our tracer study
(e.g., magnetic tracer retrieval and separation, microscopic analysis of tracer) provide addi-
tional ways to generate value from such studies. This gives us more chances to to tap into
the unique perspective on sediment transport that tracers offer. Sediment tracing is thus
a relevant approach for future nourishment monitoring and planning. Most crucially, the
dataset of recovered tracer particles will serve as the basis for validation of SedTRAILS in
upcoming research (Chapter 8).

9.4, IMPACT

From these initial outcomes of the project, we can define pathways toward potential future
impacts and valorization. The immediate impact of the research within this dissertation is
primarily scientific, but aims towards long-term societal impacts (i.e., greater coastal safety
and ecosystem health due to more effective nourishments). The research conducted here
directly aligns with four of the United Nations Sustainable Development goals (United Na-
tions, 2017):

 Build resilient infrastructure, promote inclusive and sustainable industrialization and
foster innovation.

* Make cities and human settlements inclusive, safe, resilient and sustainable.

» Take urgent action to combat climate change and its impacts.

* Conserve and sustainably use the oceans, seas and marine resources for sustainable
development.

In the remainder of this section we narrow our focus, considering how this work will
influence nourishment strategies, numerical modelling, field data collection and analysis,
and how the knowledge and tools developed in this project will be shared. The primary
indicator of success for monitoring and evaluating the impact of this dissertation will be
the adoption of the tools developed here in research and practice.
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How will this research improve nourishment strategies?

One of the primary motivations of this study was the need for knowledge and tools to
make strategic sand nourishments on ebb-tidal deltas. Stratigraphy and polar analyses con-
tribute to our understanding of historical morphological changes. They can be used to iden-
tify stable (passive) or dynamic (active) areas on the ebb-tidal delta depending on the de-
sired dispersal characteristics and longevity of the nourishment. The tracer sampling and
analysis techniques described here provide a new means of monitoring nourishments, and
insight into potential nourishment behaviour at the scale of individual sand grains. With
connectivity and SedTRAILS, we now have a framework and tool for estimating the likely
fate of nourishments on the scale of the delta. Connectivity metrics can be used to identify
and quantify more or less dispersive locations, as well as the main pathways connecting
those locations to their surroundings. This approach can be used in the planning stages for
strategic nourishments by targeting locations that should be fed (i.e., for coastal protection)
or avoided (i.e., to limit ecological impact).

A necessary prerequisite to strategic nourishment is a sound description of the natural
system being nourished. This is partly to understand the fate of new sand placed in that
environment, but also to understand how the native sediment can be influenced by the
nourishment’s presence. Via field observations we improved our understanding of relevant
physical processes at small and large scales. We were then able to apply this knowledge
in the application of process-based numerical models to define major sediment transport
pathways on Ameland ebb-tidal delta.

Knowledge of existing sediment pathways does not always ensure more effective nour-
ishments, as pathways feeding the areas that need sediment most may not necessarily exist.
Our findings suggest that there are few net transport pathways on Ameland ebb-tidal delta
directly feeding the Wadden Sea, although the number of pathways does not necessarily
correspond to the volume of sediment transported. If the goal is to indirectly nourish the
Wadden Sea’s intertidal flats, then sand placed on the updrift island coast is more likely to
help than a nourishment on the ebb-tidal delta itself. Sand placed at most locations on the
ebb-tidal delta will likely end up eventually feeding the downdrift island coast. Most path-
ways converge along the eastern edge of the Bornrif platform, connecting with Ameland.
However, much of this sediment is delivered too far east to benefit the eroding coastline
abutting the Oostgat channel. However, if the goal is simply to contribute to the sediment
budget of the ebb-tidal delta and the Coastal Foundation, then most locations on the outer
and eastward parts of the delta are suitable.

Grain size is also an important consideration in nourishment planning, and we now
have a better characterization of the grain size distribution on the delta, but also about
grain size selective transport. A remaining challenge is how to send the right size fraction
of sand to a target location from a given source, for even more efficient nourishments. This
task must be considered against unsubstantiated claims that coastal nourishments affect
the sediment composition of the Wadden Sea and have been making it coarser. Compet-
ing hypotheses favour a hydrodynamic explanation. Colina Alonso et al. (2021) note that
the Terschelling tidal divide has become sandier over the past century and suggest that this
is due to changes in the tidal regime since the closure of the Zuiderzee. Given the impor-
tance of wind-driven flows over this part of the Wadden Sea (Duran-Matute et al., 2016b;
Van Weerdenburg et al., 2021), it also seems plausible that the Zuiderzee closure could have
increased wind-driven flows there, which may have contributed to coarsening. Similarly,
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Dolch and Hass (2008) attribute coarsening in part of the German Wadden Sea primarily to
changes in hydrodynamics. Given the degree of sediment sorting that goes on at the tidal
inlets, changes in hydrodynamic forcing within the Wadden Sea seem like more plausible
explanations for coarsening there than the effect of coastal nourishments. Nonetheless, this
topic merits further investigation, since such sedimentological changes may disrupt local
ecosystems.

Ultimately, the research carried out within this dissertation and related projects sup-
ports the viability of ebb-tidal delta nourishment as a coastal maintenance strategy at dif-
ferent scales (Bak, 2017; van Rhijn, 2019; Harlequin, 2021; Lambregts, 2021; Elias, 2021).
Nourishing ebb-tidal deltas contributes to their local sediment budget (C(1km — 10km))
and the Coastal Foundation as a whole (€(10 — 1000km)), but can also directly or indi-
rectly target specific sections of coastline (€' (100m — 1km)). Strategic small-scale nourish-
ments could also be used to trigger larger-scale morphodynamic changes (Lenstra, 2020;
Harlequin, 2021). For instance, filling an unstable channel could reduce its efficiency and
redirect flow through another, thus hastening the breaching or channel-switching process
and affecting the entire delta.

Although this study was initiated in response to Dutch coastal management needs, the
findings are relevant for other regions, too. The United States Army Corps of Engineers (US-
ACE) dredges over 100 x 10°m® of sediment from tidal inlets every year, and actively aims
for “Beneficial Use of Dredged Materials”, such as beach nourishment (Elko ef al., 2020). As
such, the concepts and approaches developed here for strategic nourishment may also be
applicable to their systems. Elko et al. (2020) notes that strategic reuse of dredged materials
may also provide significant cost savings. In systems where use of ETD sediment is encour-
aged (e.g., Beck (2019)), our approaches could also be used for siting borrow areas on the
ETD: the stratigraphic mapping approach can identify good reservoirs of sand that will be
readily replenished.

By making targeted nourishments, we can be more efficient and cost-effective, mak-
ing better use of limited resources. Even though the Netherlands has a relative bounty of
offshore sand supplies, this is not the case for many places in the world: sand should be
considered a finite resource or even rare mineral (Roelvink, 2015). Thus, being able to nour-
ish strategically and more efficiently is essential for managing sediment in environments
where it is scarce.

How will this research influence numerical model analysis?

This project presents several new possibilities for numerical modelling. The stratigraphic
and polar mapping techniques developed in Chapter 3 give us both a new way of validating
morphodynamic models and new tools for analyzing their output. The sediment composi-
tion index presented in Chapter 5 can be used to disambiguate measurements and therefore
provide better input for model calibration and validation. Tracer studies (e.g., Chapter 6)
can be used to validate Lagrangian sediment transport models like SedTRAILS.

The main contribution of the connectivity framework and SedTRAILS is to bridge the
gap between the various scales, upscaling process-based modelling to the scales that are
needed to answer bigger questions. These approaches enable more intuitive visualizations
of model output, allowing non-scientists to better understand complex coastal processes
and thereby enabling better management decisions in the future.

How will this research influence field data collection and analysis?
The findings of this project provide new incentives for collecting certain types of data.
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For instance, Lagrangian modelling and connectivity provide motivation to invest in tracer
studies or other Lagrangian field methods (e.g., Optically Stimulated Luminescence dating
and tracing). The lessons learned about conducting sediment tracer studies in energetic en-
vironments (Chapter 6), can increase their effectiveness and the amount of information you
can obtain from such a study. For instance, microscopy is currently underutilized for pro-
cessing tracer data and recovered tracer grain size. This guidance may make sediment tracer
studies a more attractive approach for monitoring nourishments. The value presented by
new morphodynamic mapping techniques in Chapter 3 provides additional incentives to
monitor more regularly and to keep up existing regular bathymetric surveys. The develop-
ment of the SCI provides motivation for pairing optical and acoustic instruments in field
settings, and puts more emphasis on interpreting instruments together rather than indi-
vidually. The knowledge developed using these approaches at Ameland has been used to
design seabed sediment sampling strategies for a follow-up project (Wallinga et al., 2021).

Furthermore, several of the techniques presented here (morphodynamic mapping and
SCI) can easily be used to reanalyze existing field measurements in a new light. This en-
ables users to squeeze more value from old datasets.

How will this knowledge be shared?

To ensure that there are opportunities for the knowledge and tools developed in this
project to be used and shared, we have taken several steps. Field and experimental datasets
as well as model input files used here are openly accessible online. The repositories include
the raw and processed data as well as relevant metadata and processing scripts. Pending
further refinement and validation, the modelling software developed here will also be made
available. Furthermore, all journal articles in this dissertation are freely and openly acces-
sible.

To disseminate this research to a wider audience (scientific and general public), we
have taken several initiatives to share it via educational outreach presentations (e.g., Ap-
pendix D), blogging (e.g., Appendix E, coastallycurious.com), and social media. Other me-
dia like visual art (Figure 9.2) and poetry (e.g., Pearson and Tissier (2018)) are also used to
share the research. Where appropriate, the knowledge developed in this dissertation will
be shared in university classroom settings. Illustrative examples from this project have al-
ready been presented in lectures of the introductory coastal dynamics course at TU Delft
(Bosboom and Stive, 2021). Mentored students have also been trained in applying the tech-
niques developed in this project (e.g., van Gijzen (2020); Lambregts (2021); Bult (2021); Mei-
jers (2021)). Although this thesis is focused on a study site in the Netherlands, these com-
munication efforts will also be directed abroad in places where relevant.

To ensure a productive pathway towards societal impact, we aim for better stakeholder
engagement as part of the ongoing follow-up project (Wallinga et al., 2021). This will in-
clude sharing tools and techniques with other researchers, implementing them in practical
projects, and co-creating research plans with coastal managers, local residents, and other
stakeholders to align our work with their needs. We will also work with ecologists to provide
tools and a knowledge basis of relevant physical processes for their research. Local knowl-
edge is essential in successful geoscientific investigations, so engaging with the people who
live and work around ebb-tidal deltas will also be an important component of future work.


https://www.coastallycurious.com
https://twitter.com/sgpearso
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Figure 9.2: Subway map of Ameland ebb-tidal delta circa 2017. Subway lines correspond to major transport path-
ways as identified in this dissertation (Figure 9.1). In this way, we can depict complex information in a form more
familiar to the general public.

9.5. OPPORTUNITIES

The findings of this study provide a foundation for further research. In addition to collecting
more field measurements (particularly bathymetric surveys) and addressing the limitations
identified in the models we used, we have identified several new opportunities for research
that have arisen from this study:

Sediment connectivity across the scale cascade

In managing coastal systems, it is essential to understand how processes acting at differ-
ent space and time scales affect one another. The need to balance regional sediment bud-
gets may lead to incorrect assumptions about sediment exchange between specific features
(French et al., 2016). For improved management of these areas, it is essential to better delin-
eate the actual extent of these zones of influence over different timescales, and to quantify
asymmetries in transport.

The concept of connectivity (Chapter 7) provides an especially relevant and appropri-
ate framework for approaching the issue of scale-dependent transport (Phillips, 2012). For
instance, modularity identifies emergent sediment-sharing communities at different space
and time scales (Figure 7.7c,d). We can similarly ask, what are the effective internal borders
or boundaries that separate the system into cells (Thiemann et al., 2010)? Rather than ar-
bitrary coastal cells, we can make coastal management decisions based on the coastal cells
that emerge naturally as a consequence of sediment fluxes.
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Consider a hypothetical Wadden Sea-esque chain of barrier islands (Figure 9.3). At
longer and longer timescales, more of the system becomes connected. However, even if
the whole system is connected, there may be loops, asymmetries, and disconnections in
the network that prevent complete sediment sharing. By understanding the system’s con-
nectivity as a function of time, we can choose where to more efficiently place nourishments
to meet a particular goal.

Figure 9.3: Conceptual diagram hypothesizing sediment connectivity of barrier island coasts as a function of time.
(a) Over very short timescales (O (hours)), nothing is connected, or at least there are only very local connections.
(b) Over longer timescales (O (months-years)), cells are now connected with their neighbours and there is a lot of
asymmetry in those connections; (c) over much longer timescales (O (years-decades)), we see many more long-
distance connections. However there is likely not complete symmetry even at very long timescales, such that
sharing is not completely uniform within the system as a whole. We need to analyze this connectivity in greater
detail in order to make better coastal engineering and management decisions.

Connectivity and SedTRAILS as presented here do not consider morphodynamic change,
but they show us the sediment transport patterns that lead to it. The equilibrium models
commonly used to predict the evolution of ETDs at decadal to centennial timescales (e.g.,
ASMITA) usually schematize ETDs as homogeneous deposits that are directly connected
to neighbouring coasts and basins (Stive and Wang, 2003; Lodder et al., 2019; Wang et al.,
2020). In contrast to these assumptions, sediment transport is a very spatially heteroge-
neous process on the ebb-tidal delta, owing to variations in forcing, morphology, and sed-
imentology. Evidence from grain size (Figure 2.7), aerial imagery (Figure 4.5), stratigraphy
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(Figures 3.6 & 3.7), and transport pathways (Figure 8) reveals a mosaic of sediment deposits
and physical processes across the delta.

Understanding this spatial heterogeneity and the resulting implications for sediment
connectivity is essential to making good long-term predictions of these systems. Cowell
et al. (2003) note that “much of the controversy around long to mesoscale modelling stems
in part from the absence of a formal rationale on aggregation”. Connectivity gives us that
missing rationale for aggregation, since it quantifies emergent patterns. As such, it could
point the way to better decadal to centennial-scale morphodynamic models.

An additional phenomenon that should be investigated using connectivity is the syn-
chronization of sediment transport at different scales. This matters for efficient transport
across the system as a whole (e.g., large parts of the coast mobilized simultaneously dur-
ing a large storm), since high levels of synchronization can amplify the effects of a smaller
subsystem on its larger parent system (Phillips, 2012). To return to the earlier analogy of a
sand pile, a well-synchronized ebb-tidal delta, poised at the edge of some critical tipping
point, may be easily perturbed by a small storm to make much more dramatic, large scale
changes. Conversely, low synchronization can limit the reach of such small-scale effects.

In this framework, we can also consider how ebb-tidal deltas influence larger scales.
Elias et al. (2019) noted that the dynamics of shoals on Ameland ETD seem to cascade up-
ward from small instabilities, transcending scales. Following through on that logic, further
investigation is needed to see whether strategic nourishments could be used to perturb the
larger coastal system in a more desirable direction.

Connectivity may be challenging to validate, but it could be a useful approach for gen-
erating testable hypotheses about coastal sediment exchange. These hypotheses may well
become possible to validate in the future with the oncoming deluge of Big Data or advances
in Lagrangian field measurements."

Lagrangian field and numerical methods for analyzing sediment pathways

In this dissertation, we explored several Lagrangian techniques for measuring trans-
port pathways, including artificial sediment tracers and surface drifters. However, other
Lagrangian techniques that rely on natural tracers should also be considered, such as op-
tically stimulated luminescence (OSL) (Reimann et al., 2015; Fruergaard et al., 2015), or by
examining the characteristics of shells from nourishments (Davies et al., 1989; Meldahl and
Flessa, 1990). Tracking the spread of nourished sand along the seabed by monitoring its
multibeam sonar backscatter signature (Gaida et al., 2020) or sediment unmixing analysis
of seabed samples (Weltje and Prins, 2007; Zhang et al., 2020b) could provide complemen-
tary approaches.

Further developing these field measurement approaches will provide additional means
of validating numerical Lagrangian models like SedTRAILS, increasing confidence in their
output and enabling us to take full advantage of approaches like sediment connectivity.
With the implementation of improved sediment velocity formulations in SedTRAILS (e.g.,
Soulsby et al. (2011)), we can better estimate the timescales associated with sediment trans-
port. These improvements will also enable us to look into Lagrangian coherent structures
(LCS) and chaotic stirring, both of which determine barriers to transport or mixing in the
context of coastal hydrodynamics (Ridderinkhof and Zimmerman, 1992; Kuitenbrouwer et al.,

4By all means, let the mathematical modelling of the naughty world continue apace, but let us not confuse those
models with reality.” — Barbara Kennedy, The Naughty World
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2018). Combined with the metrics offered by connectivity, a veritable buffet of new quanti-
tative analysis techniques for sediment transport pathways awaits.

Probabilistic and ensemble modelling approaches to sediment pathways and connectiv-
ity

Deterministic approaches to modelling may not be sufficient to make long-term mor-
phodynamic predictions in light of the many uncertainties posed by the stochastic nature
of wave forcing, morphodynamic feedbacks, sensitivity to initial conditions, and climate
change. Hence, probabilistic approaches to modelling provide a promising way forward.
Using a connectivity and/or Lagrangian flow net approach, we can define probability maps
of sediment exchange (see also Wainwright et al. (2015); Brommer and Bochev-Van Der
Burgh (2009)). SedTRAILS is a deterministic model, but can be run repeatedly with varying
input conditions. Ensemble modelling like this could be used to obtain a range of potential
outcomes (Vitousek et al., 2021), which could then be aggregated in probability-weighted
connectivity matrices to quantify predictive uncertainty. Once the sediment pathways have
been aggregated in that form, we can use Markovian approaches - essentially treating con-
nectivity (transition probability) matrices akin to a big game of Snakes and Ladders (Althoen
et al., 1993). Once derived, Markov chains enable more efficient calculation of transfer rates
and timescales, since additional model simulations are not required (Bacher et al., 2016).
Alternatively, statistical mechanics approaches to sediment transport have been identified
by Furbish and Doane (2021) as a technique with great potential.”

Application of statistical downscaling for prediction of ETD morphodynamics

Accurate prediction of ebb-tidal delta morphodynamics on decadal timescales remains
elusive. Improved characterization of processes like nonlinear wave evolution (de Wit et al.,
2019; Boechat Albernaz et al., 2019) and bedform dynamics (Brakenhoff, 2021), or the de-
velopment of subgrid modelling (Volp et al., 2016) hold some promise for advancing this,
but a key component of successful morphodynamic modelling lies in the definition of hy-
drodynamic boundary conditions. Statistical downscaling of wave conditions via climate
emulation has proven to be an efficient means of estimating local wave conditions and the
resulting morphological change from large-scale atmospheric conditions (Anfolinez et al.,
2016, 2018; Rueda et al., 2017). Although most efforts of this sort have been limited to shore-
line modelling, it may be possible to extend them to simulate the more complex morpho-
dynamics of ebb-tidal deltas.

These downscaling approaches could be paired with the probabilistic approaches to
sediment pathway and connectivity modelling proposed above. Numerous studies have
linked coastal morphodynamics with climate indices like the El Nifio-Southern Oscillation
(ENSO) (Ruggiero et al., 2010), the North Atlantic Oscillation (O'Connor et al., 2011), or the
Western Europe Pressure Anomaly (WEPA) (Castelle et al., 2017). By using a climate emula-
tor to identify representative wave climates for different climate index states, we could de-
velop better long-term predictions of ebb-tidal delta evolution. The downscaling approach
could also be combined with the probabilistic approach described above. Connectivity ma-
trices associated with different wave conditions could be weighted and used to develop
Markov chains to estimate the most probable sediment pathways (Figure 9.4). The result-
ing dataset could then be queried to answer relevant management questions regarding the

50r not. As Goodstein (1975) warned, “Ludwig Boltzmann, who spent much of his life studying statistical mechan-
ics, died in 1906, by his own hand. Paul Ehrenfest, carrying on the work, died similarly in 1933. Now it is our turn
to study statistical mechanics. Perhaps it will be wise to approach the subject cautiously.”
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provenance or fate of sediment.

Comparison between sediment and ecological connectivity

Connectivity is a well-established concept in the field of ecology (Calabrese and Fagan,
2004; Okin et al., 2009; van der Molen et al., 2018), largely for assessing population dynam-
ics. In the context of marine and coastal ecology, Cowen and Sponaugle (2009) define pop-
ulation connectivity as “the exchange of individuals among marine populations, [which]
occurs mainly in the pelagic larval stage”. The same hydrodynamic processes determining
the transport and fate of larvae also drive sediment transport (7iessen et al., 2014).

This connection between physical and biological processes points to a link between hy-
drodynamic or sediment connectivity and ecological connectivity. In the context of the
current project, this means that sediment and ecological connectivity could be relevant
con siderations in the ecological design of nourishments. Modifications to benthic habitat
(e.g., by a nourishment) may link or disrupt ecological connectivity (Cowen and Sponaugle,
2009), and given the influence of bioturbation (Le Hir et al., 2007) or bed armoring (Cheng
et al., 2021) on sediment transport, it is likely that ecological factors can affect sediment
connectivity (i.e., nourishment dispersal), too.

SedTRAILS was originally developed to model dispersal of coral larvae (Storlazzi et al.,
2017), so it could be used again for this purpose in the context of benthic organisms in the
Wadden Sea and surrounding coastal region. The modelled ecological and sediment con-
nectivity patterns could be validated using field measurements of grain size, morphological
change, and benthic habitats (i.e., Holzhauer et al. (2021)).

Comparing ecological connectivity with hydrodynamic and sediment connectivity (sim-
ilarly to the grain size comparison in Figure 7.6), would yield a more holistic view of the
biogeophysical system, showing different concepts but expressed in a common framework
and language.

Estuarine fronts and baroclinic processes

Although the influence of freshwater inflow has not been considered in detail in the
models and analysis here, field measurements indicate the presence of a horizontal density
gradient (Figure 2.10). At a similar tidal inlet, Burchard et al. (2008) found that such horizon-
tal density gradients may lead to net import of sediment into the Wadden Sea. Additional
measurements to determine the vertical density structure in Ameland inlet are necessary to
assess stratification and mixing.

Estuarine fronts are ubiquitous in aerial images (Figure 4.5) and manifest as abrupt
changes in suspended sediment, salinity, and temperature data (Figure 2.10, 4.4 & 5.6).
What role do these fronts play in sediment transport pathways? Whether merely a symptom
of baroclinic processes that influence sediment transport or whether they directly influence
sediment paths, the fronts indicate that there is great spatial heterogeneity in water masses
and suspended sediment transport on the ebb-tidal delta.

A further practical implication is that all of the modelling carried out in this thesis (and
indeed for most previous studies of Ameland) has been 2DH. This has been a necessary as-
sumption so far for reasons of computational feasibility and due to lack of sufficient field
observations for calibrating a 3D model. However, pending the availability of the rele-
vant data, future modelling efforts should explore 3D simulations to determine whether
the added detail improves predictive skill.
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Figure 9.4: Conceptual diagram of potential model train for predicting sediment pathways. First, downscaling
techniques are used to emulate a representative wind and wave climate. Then hydrodynamic and sediment trans-
port models are used to simulate sediment pathways for a series of representative wave conditions. For example,
60% of the time there is a mild wave condition from the northwest, and 10% of the time there are more extreme
conditions from the north. After that, wc could aggregate sediment pathways into connectivity networks. We then
weight these networks by their probability to estimate the total likely connectivity. We can then directly interro-
gate the network or use Markovian techniques to ask management questions about sediment pathways.
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Extension of the Sediment Composition Index (SCI)

The sediment composition index developed in Chapter 5 provides an additional means
of characterizing suspended sediment. However, this approach of using multiple sensors
can be extended to estimate not just the proportion of different grain sizes in suspension,
but also concentration. The next steps towards this aim lie in the creation of larger calibra-
tion datasets in order to quantify the instrument-dependent component of SCI, which does
not vary with the suspended sediment composition. Furthermore, laboratory experiments
with a range of sediment mixtures and concentrations would increase the applicability of
this approach to more diverse coastal environments. In particular, quantifying the influ-
ence of flocculation and organic matter on SCI would bring helpful advances. Additional
lab and field experiments should integrate in situ particle size estimates (i.e., from LISST,
Chapter 4) or multifrequency acoustic backscatter sensors (Gray and Gartner, 2009; Moate
and Thorne, 2009, 2012; Wilson and Hay, 2015)) to further elucidate the role of particle size
on combined optical-acoustic response. Ultimately, finding more ways to combine read-
ings from multiple instruments with different operating principles will yield much-needed
greater confidence in our estimates of sediment composition in uncertain mixed sand-mud
environments.

Generalize ebb-tidal delta dynamics from polar analysis

To move to a more general quantitative and predictive theory of ebb-tidal deltas, we
need to better elucidate the physical processes linking the steps in FitzGerald’s conceptual
models (FitzGerald et al., 2000) and leading to state transitions. The tools and system knowl-
edge developed in this project take a first step towards this goal.

Once a bypassing sequence is initiated, it follows a somewhat predictable path, but pre-
dicting the onset of that sequence remains a challenge. The greatest uncertainties are as-
sociated with the incipient formation and growth of new shoals. What is the exact process
producing new ebb spillover lobes? Once initiated, what controls whether an ebb chute
becomes the new main ebb channel or merely fades away? How do dynamics and synchro-
nization at small scales affect the breaching process at larger scales and vice versa? Although
well-studied in estuaries and river deltas (Wang et al., 1995; Kleinhans et al., 2013; Moodie
efal., 2019), only limited quantitative attention has been given to channel bifurcations and
avulsions on ebb-tidal deltas (Lenstra et al., 2019b).

As described earlier, Ameland ETD qualitatively shows symptoms of chaos, and we hy-
pothesize that this could be to blame for some of its unpredictability. Nicholl et al. (1994)
note that if one suspects that a system might be chaotic, then that demands a change in
perspective for how the system should be studied, as well as new approaches to data collec-
tion and analysis. Such a perspective changes the types of questions that need to be asked,
as well as the sorts of hypotheses that are formed about the behaviour of that system.

Conventional tests for chaotic behaviour require demonstrating exponential divergence
in state from small changes in initial conditions. But how does one collapse such a complex
multidimensional system into a phase space of the relevant parameters? We have generally
favoured a reductionist (process-based, bottom-up) approach to sediment transport so far
in this dissertation. However, top-down empirical modelling approaches based on simple
mathematical representations of observed physical phenomena (e.g., the Hovmoeller dia-
gram in Figure 3.5¢) could also be a fruitful of way of generalizing ebb-tidal delta dynamics
and quantifying chaotic behaviour. An alternative means of quantifying chaos would be to
use SedTRAILS to derive Finite Time Lyapunov Exponents (FTLEs) of the sediment trans-
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port field (Rypina et al., 2010). This would enable us to explore the chaotic stirring tenden-
cies of sediment in two-dimensional space.

Just because a system is chaotic, does not mean it is completely unpredictable within
certain limits: chaos is bounded and follows attractors (7oker et al., 2020). Perhaps ebb tidal
deltas are merely orbiting a strange attractor in a phase space we have yet to identify. Chaos
at smaller scales is often subject to self-organizational tendencies at larger scales (Phillips,
1997), so all hope is not yet lost for predictability.

The data from Ameland alone are not sufficient to prove this concept for all ebb-tidal
deltas in general, so it is imperative that we collect more data from other ebb-tidal deltas
around the world. Beck (2019) calls for the creation of a comprehensive dataset of sed-
iment bypassing pathways to better characterize tidal inlet dynamics. This could be ac-
complished by compiling available modelled and measured pathways for inlets around the
world in a common framework of connectivity for ease of intercomparison and analysis.
Such a dataset would provide a useful starting point for unifying the concepts discussed
here.

9.6. OUTLOOK

This project focused on how improved tools and system understanding can be used to bet-
ter nourish a specific part of the Dutch coast. With the advent of climate change, many
other coastlines around the world will need similar solutions to maintain their sediment
budgets. However, this approach will not be feasible everywhere, since not every country
can draw on the same sand resources, wealth, or cultural history of fighting against and
living with water. How can we adapt to climate change while caring for our coasts in such
a way that we don't all need to head for the hills or live in concrete fortresses? The chal-
lenges are daunting, but there is reason for hope, given recent trends in coastal science and
engineering.

The long-held tendency of coastal engineers to build walls and view the sea as an ad-
versary has seen a transition towards “building with nature” (de Vriend et al., 2015) and
more holistic approaches that consider how humanity can adapt to rising seas (Hinkel et al.,
2018). Can useful analogies for sea level rise can be drawn from sustained record high water
levels on the Laurentian Great Lakes (Gronewold and Rood, 2019)2 Once-scarce measure-
ments of coastal systems are now pouring in thanks to advances in remote sensing (Lui-
Jendijk et al., 2018; Vos et al., 2019b; Gawehn et al., 2021), cheaper field sensors (Eidam
etal., 2021), albatross-based wave observations (Uesaka et al., 2022), crowd-sourcing or cit-
izen science (Harley et al., 2019), and especially open data policies (Kinkade and Shepherd,
2021). Some of the latest generation of coastal models improve performance by reducing
complexity (Roelvink et al., 2020; Leijnse et al., 2021) or instead by explicitly seeking to cap-
ture complex system dynamics (Payo et al., 2016; van Maanen et al., 2016; Bamunawala
et al, 2021). Techniques like machine learning (Pearson et al., 2017; Goldstein et al., 2019)
or data assimilation (Vitousek et al., 2017b) help us extract more value from those observa-
tions and models. We must also keep our eyes open to what is going on in other fields and
leverage their technology to open new possibilities for measurement, analysis, and predic-
tion of coastal systems. For instance, how could the radical increases in speed promised by
quantum computing someday open doors to improved coastal modelling? Can we derive
relevant analogies for sediment transport from recent advances in stochastic modelling of
particle size-dependent coronavirus dispersal (7rivedi et al., 2021) or epidemiological con-
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nectivity (Schlosser et al., 2020)?

To navigate the Anthropocene era, we will need more than just better sediment trans-
port models or coastline datasets. We need to work more collaboratively as a community to
tackle the big problems in our field (e.g., van Dongeren et al. (2018); Montano et al. (2020)),
throw down the barriers that prevent marginalized members of our community from con-
tributing (Vila-Concejo et al., 2018; Ali et al., 2021; Tooth and Viles, 2021), and improve the
way we communicate our science and engage with the rest of the world (Stewart and Hurth,
2021). Ultimately, we need a more holistic and interdisciplinary view of coastal geoscience
and engineering (Koppes and King, 2020)°. With a shared vision of what our coasts can look
like and the tools and people to make it happen, we can ensure a sustainable and equitable
future for our coasts for generations to come, in spite of the challenges that lie ahead.

6A manifesto of sorts for 21st century geomorphology, this article is highly recommended to the curious reader:
Koppes, M., & King, L. (2020). Beyond x,y,z(t); Navigating new landscapes of science in the science of landscapes.
Journal of Geophysical Research: Earth Surface, 125(9), e2020JF005588. d0i:10.1029/2020JF005588



https://doi.org/10.1029/2020JF005588
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PEAK-FINDING

To objectively identify ridges and troughs in the volume anomaly V,, ) timestack of Fig-
ure 3.5¢ of Chapter 3, we used the MATLAB findpeaks algorithm. All peaks higher than
0.1 x 108m3 and further than 8° apart at a given timestep were selected, discounting end-
points (Figure A.1).

Figure A.1: Volume anomaly peaks identified in each time slice of Figure 4g, using the MATLAB f indpeaks algo-
rithm. Peaks are numbered sequentially from left to right.

By manually connecting these peaks and applying a linear regression (Figure A.2), we
were able to estimate the rotational migration rates per shoal and channel w; = Af/At,
which averaged 14.4°/decade (Table A.1). We do not consider patterns counter-clockwise of
—70°, because these correspond to the shoreline dynamics of the updrift island and chan-
nel, and are independent of the delta’s rotation in 8-space. This step could be further op-
timized and automated in future applications by use of feature-tracking algorithms (e.g.,
Hodges (1999); Veenman et al. (2001))
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Figure A.2: Hovmoller diagrams indicating the change in volume anomaly for each year summed along the 0 axis
and stacked in time. Thin black lines denote the trajectory of shoals or depositional areas (yellow) and channels or
eroded areas (blue) in space and time. Red dashed lines indicate linear fits through those trajectories. Trends up
and to the right in 6 — ¢ space indicate clockwise motion around the inlet.

Table A.1: Migration rates of individual morphological features on Ameland ebb-tidal delta as determined by linear
regression of their trajectories.

Trajectory Feature o [°/decade]  R?
iii. Ebb Lobe 1 13.5 0.95

iv. Ebb Lobe 2 17.2 0.94

V. Akkepollegat channel 15.0 0.97

vi. Bornrif shoals 14.9 0.95
vii-a. Oostgat channel (proximal) 10.1 0.88
vii-b. Oostgat channel (distal) 21.5 0.88
viii. Bornrif Strandhaak 16.6 0.81

ix. Bornrif Bankje 6.0 0.80

Mean 14.4 -
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DATA AVAILABILITY

Data from this study are publicly available at 4TU Centre for Research Data at
https://doi.org/10.4121/collection:seawad (Delft University of Technology et al., 2019). De-
tails of this dataset can be found in Van Prooijen et al. (2020) and van der Werfet al. (2019a).

Hydrodynamic data from the Acoustic Doppler Current Profiler (ADCP-HR) can be ac-
cessed as netcdf files via this link:
https://doi.org/10.4121/uuid:e97a4b3d-a42a-426e-95b3-0ebb819317¢c5

The ADV SNR (signal-to-noise ratio) used in this study and laboratory results have been
included here as supporting information:
https://doi.org/10.4121/14815893.v1

ADCP-HR_azg201709_f4_processed.nc contains additional processed hydrodynamic
data from the Acoustic Doppler Current Profiler (ADCP-HR), and

SCI_azg201709_f4_processed.nc contains the optical and acoustic backscatter data
plus derived values of the Sediment Composition Index (SCI) and fraction of sand in sus-
pension (fsand)-

SCI_LabExperiments.nc contains the data from the laboratory experiments summa-
rized in Figures 3 and 4 of the article.

EXPERIMENT 1 (E1) PROTOCOL
In this section, we elaborate on the experimental protocol for Experiment 1 (E1). A complete
record of the sediment concentrations and sand fractions measured in E1 is provided in
Table A.1.

The following measurement protocol was used in Experiment 1:

1. Tank was filled with fresh water and left overnight to reach room temperature.

2. Fine sediment, i.e., Bentonite powder (if required for the tested condition) was sta-
bilized in suspension for 30 min in a 5 | beaker with a mixer before being introduced
into DEXMES.

3. Tank was mixed for 30 mins to provide enough time for fine sediment to reach equi-
librium.

4. Sand was added to the DEXMES tank 5 mins before data collection in order to reach
the target total concentration.

5. At the end of the 10 min recording interval, a 1 1 sample is collected using nozzle at
sensor depth, i.e., 25 cm below the water surface and 12 cm away from the wall.

6. This procedure is repeated for both sand classes (dso = 100 and 200um) and the 6
total concentration levels, from 15mg/I to 200mg/1.

The water samples from mixed sand/fine experiments then were filtered with Grade
GF/F Glass Microfibre filters filters and dried to estimate mass concentration. Based on
preliminary experiments, we made an assumption that fine sediment is always fully sus-
pended, and the deficiency of total concentration, if any, is the outcome of the deposition
of sand. Hence, we did not separate sand/fine sediment in quantifying total concentration.
For pure sand experiments, the water samples were sieved with a 40um sieve before dried
and weighted for mass concentration.


https://doi.org/10.4121/collection:seawad
https://doi.org/10.4121/uuid:e97a4b3d-a42a-426e-95b3-0ebb819317c5
https://doi.org/10.4121/14815893.v1
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EXPERIMENT 2 (E2) PROTOCOL
In this section, we elaborate on the experimental protocol for Experiment 2 (E2). A complete
record of the sediment concentrations and sand fractions measured in E1 is provided in
Table A.2:

The following measurement protocol was used in Experiment 2, beginning with the
dsp = 100pum sand:

. Tank was manually cleaned and instruments were mounted.

. Tank was slowly filled with fresh water.

. Propeller turned on to a constant rate of shear.

. After 10 mins, mud sample added to tank to provide a consistent background com-

position.

5. Every 15 mins after that, sand was added to increase the sand concentration and meet
the target values in Table A.2.

6. Every 10 mins after new sediment was added, we took a pumped sample (~ 30 cm
beneath surface).

7. Once tests were complete, tank was flushed and manually cleaned.

8. After the dso = 100um sand test, procedure was repeated for dsg = 200um test.

W N =

Pumped water samples were passed through a 63um sieve to separate sand (> 63um)
from fine sediment (< 63um). The fine sediment was additionally filtered, then the two frac-
tions were separately dried, and weighed as per Aminot and Kérouel (2004) to yield baseline
estimates of true suspended sediment concentrations.

The median and standard deviation of optical and acoustic backscatter for each sedi-
ment loading condition were computed for the period 3-14 mins after sediment load was
added to ensure complete mixing. As samples were added every 15 minutes, this corre-
sponded to approximately 660 samples per sediment loading condition for the OBS (1 Hz
sample rate) and 5280 samples per sediment loading condition for the ADV (8 Hz sample
rate).
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Table B.1: Summary of sediment concentrations in Experiment 1 (bentonite with 100 and 200um sand). The left
column indicates the target for each test, and the centre column the actual SSC measured from pumped samples.
The right columns indicate the sand content (f;,,4) measured from pumped water samples.

SSCtarget SS8Cactual fsand
100um 200um | 100pum  200um
15 15.0 15.0 0.0 0.0
25 25.0 25.0 0.0 0.0
50 50.0 50.0 0.0 0.0
100 100.0 100.0 0.0 0.0
150 150.0 150.0 0.0 0.0
200 200.0 200.0 0.0 0.0
15 15.4 12.1 26.9 6.9
25 24.2 19.7 22.6 4.7
50 48.1 41.0 22.1 8.5
100 93.2 75.9 19.5 1.2
150 137.0 117.7 17.9 4.4
200 NaN 149.6 NaN NaN
15 9.4 11.0 19.8 31.9
25 24.8 13.5 49.5 7.2
50 46.5 36.8 46.2 32.1
100 75.2 73.0 33.5 31.5
150 134.7 109.9 44.3 31.8
200 182.8 128.8 45.3 22.3
15 14.5 7.7 74.2 51.6
25 18.4 14.9 66.0 58.1
50 39.8 28.4 68.6 55.9
100 81.9 45.7 69.5 45.3
150 117.2 79.0 68.0 52.5
200 160.0 96.2 68.7 48.0
15 14.0 4.8 100.0 100.0
25 20.5 15.6 100.0 100.0
50 45.5 27.8 100.0 100.0
100 85.7 52.8 100.0 100.0
150 126.2 76.9 100.0 100.0
200 175.6 115.1 100.0 100.0
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Table B.2: Summary of sediment concentrations in Experiment 2 (estuarine mud with 100 and 200um sand). The
left columns indicate the target and measured sand content (f;,,4) for each test. The right columns indicate the
fine sediment (< 63um), sand (= 63um), and total concentration in mg/L measured from pumped water samples.

fsand (%]
Target Measured SSCrine SSCsand SSCiotal

100um 200um | 100um  200pum | 100um  200pum | 100pum  200um
0.0 0.0 12.0 134.9 127.9 0.0 17.4 134.9 145.3
10.0 14.6 16.0 128.1 127.1 21.9 24.2 150.0 151.3
25.0 18.5 254 133.0 123.9 30.1 42.2 163.1 166.1
50.0 31.5 31.8 134.0 125.8 61.6 58.7 195.6 184.5
75.0 64.9 58.2 132.4 123.6 244.3 172.2 376.7 295.8
90.0 83.7 79.9 131.4 124.6 674.2 494.5 805.6 619.1
95.0 91.4 87.9 138.6 128.6 1464.4 936.0 1603.0 1064.6
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INTRODUCTION

Model input files used in this study have been included here as supporting information:
https://doi.org/10.4121/13072820.v1. Specifically, the Delft3D model input files used to
produce Figure 7.5 are provided here, including the bed sediment configuration for Node
5. Model files for the remaining 24 nodes are identical in every respect except for the initial
location of the tracer sediment.

These files were then run with Delft3D Version 6.02.08.6712 to produce the results shown
in this paper. Details regarding the individual file types can be found in the Delft3D User
Manual (Deltares, 2014).

DATA SET S1

Data Set S1 contains the following Delft3D model input files:
Unit005_Native_100mm.dep
Unit005_Native_100mm.frc
Unit005_Native_200mm.dep
Unit005_Native_200mm.frc
Unit005_Native_300mm.dep
Unit005_Native_300mm.frc
Unit005_Native_400mm.dep
Unit005_Native_400mm.frc
Unit005_Tracer_100mm.dep
Unit005_Tracer_100mm.frc
Unit005_Tracer_200mm.dep
Unit005_Tracer_200mm.frc
Unit005_Tracer_300mm.dep
Unit005_Tracer_300mm.frc
Unit005_Tracer_400mm.dep
Unit005_Tracer_400mm.frc
ame.bcc

ame . bnd

ame.crs

ame .ddb

ame.inb

ame .mdf

ame.obs

ame.sed

ame.url

ame .wnd

ame_2016.dep
ame_2016_wave.dep
ame_low.enc

ame_low.grd
ame_nourl.obs
ameland2850_neumannO.bch
amewave.enc


https://doi.org/10.4121/13072820.v1
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config_d_hydro.xml
rif4.mor
vanrijn07.frm
vanrijn07.trt

This dataset is subject to a CC BY-NC-SA (Attribution-NonCommercial-ShareAlike) li-
cense. This license lets others remix, tweak, and build upon this work non-commercially, as
long as they provide credit and license their new creations under the identical terms.
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There is a very low land next to the big water. It has a lot of wind and rains there most of
the time.

The Very-Low-Land is so low that it would be under water now if people didn’t build big
walls around it and suck all the water out.
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The big water is going up and up and up, and we want to keep everyone’s feet dry so that
they stay safe for a long time to come. '

The plan to guard the Very-Low-Land is to put lots and lots of very tiny rocks along the
edge between the big water and the land.

IThis picture is from a book made by people who are very good at thinking about the big water and how it is
changing, now that the world is getting warmer. They teamed up from all over the world and checked each other’s
work a lot to make sure we could trust their guesses.
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When there is too much wind, the big water will make huge waves. These will hurt the

wall of very tiny rocks, but if we have enough very tiny rocks, the big water won't get inside
the Very-Low-Land and the people there will be safe.

It is hard to guess where these very tiny rocks will go when we put them on the edge of
the big water, because the waves move them around.
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At the top of the Very-Low-Land, there are some small lands that have big water on all
sides.

Two times a day, the big water goes up and down. This up-and-downing pushes and
pulls water through the space between these small lands, and it goes very fast. If there are
also waves, the water becomes quite confusing. Guessing how this confusing water moves
very tiny rocks through the Space-between-the-lands is really hard.

This is my problem, and it is a big one.
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The most important question is: where do the tiny rocks go after we put them on the
edge of the big water? When I tried to answer this question, even more questions appeared.
This seems to happen a lot. They tell me it’s just how these things work.

First, we can look at old pictures of the Space-between-the-lands to see how it has
changed. If we know what it did before, we hope we can guess what it will do next.
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To know how fast the water is going and how many tiny rocks are moving through the
water, we put water-counters and tiny-rock-counters on the bottom of the big water and
left them there for a few weeks. One of our water-counters died after big waves pushed a lot

of tiny rocks on top of it. It is still at the bottom of the big water, three years later (Picture 22
F-F).

If we plan to put some tiny rocks on the bottom of the big water to guard the Very-Low-
Land, we need to know where they will go. We tried to guess this by putting a few tiny green
rocks in the water and following the trail they left behind.
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We then went around for weeks in a water-car trying to grab tiny rocks from the bottom
of the big water, hoping that some of them would be green. We actually found some back,
and I was the happiest eventually-doctor-student in the world.

After this, I spent many weeks as a tiny-green-rock-counter in a dark room with no win-

dows. This was not as fun as being in the water-car, but again, they tell me that’s just how
these things work.
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If we learn enough about tiny-rock-trails, we can even use computers to guess where the
tiny rocks will go next. This part is sort of like playing computer games and is almost as fun
as being in a water-car.

There are a lot of tiny rocks in this story. How do we keep track of them all or explain
them to people? We made a new way to sort all the tiny-rock trails into a picture which looks
like the ones that tell us where trains go.
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Together, all these things should help us figure out where the tiny rocks will go after we
put them on the edge of the big water. I hope this keeps my Very-Low-Land friends safe for a
long time. People in many other lands are also worried about huge waves and the big water
going up, so we hope that the things we learn in the Very-Low-Land can help them too.



E

EBB-TIDAL DELTAS: BADASS
MORPHOLOGICAL FEATURES
(BAMEFS)

Parts of this chapter were originally published as a blog post at CoastallyCurious.com.
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WHAT I LEARNED FROM COUNTING SAND FOR 5 YEARS

FTER nearly five years of scrutinizing sand and contemplating connectivity, my research
has led me to an inescapable conclusion:

Ebb-tidal deltas are badass morphological features (BAMFs)
(c.f. Phillips (2015)).

What, pray tell, is an ebb-tidal delta, and why is it so badass? Ebb-tidal deltas are large
underwater piles of sand at the mouth of estuaries and tidal inlets, deposited by outflowing
tides and reshaped by waves. I spend my days studying how waves and tides move sand
around on the Ameland ebb-tidal delta in the northern part of the Netherlands (Figure E.1).
We need to know this in order to plan ecologically-sustainable flood protection measures
for the Dutch coast. A morphological feature is just a technical name for some physical part
of alandscape, like a hill or a beach.

Figure E.1: An ebb-tidal delta is the giant pile of sand located at the mouth of a tidal inlet like this one. This may not
sound glamorous, but understanding the way it moves around is extremely important for ensuring safe navigation
and for predicting erosion and flooding of adjacent coasts.

WHAT MAKES A BADASS “BADASS”?

Phillips (2015) defines the archetypal badass as “individualistic, non-conformist, and able
to produce disproportionate results”, and applies this concept to geomorphology (the study
of how landscapes evolve, at the crossroads of geology and physical geography). Ebb-tidal
deltas meet these three criteria, which makes them badass morphological features (BAMFs):

1. Ebb-tidal deltas are each unique (in shape, location, composition, and in terms of the
environmental forces shaping them (like waves and tides) (Sha, 1989a; Hayes, 1994;



227

Gaudiano and Kana, 2001; Ridderinkhof et al., 2016)), and hence individualistic. In-
trinsic noise, chaos, and sensitivity to initial conditions in many of these processes
mean that events rarely duplicate and that the probability of the same feature ap-
pearing twice is virtually zero (Kleinhans et al., 2005).

2. Ebb-tidal deltas and tidal inlets are systems characterized by chaotic internal trans-
port processes (Ridderinkhof and Zimmerman, 1992). This is further complicated by
the stochastic nature of non-tidal forcing (e.g., wind and waves) which they are sub-
ject to. The consequence is that ebb-tidal deltas tend to defy accurate prediction us-
ing physics-based numerical models, at least for annual to decadal timescales (Elias
et al.,, 2015b). ETDs are hence non-conformist or “naughty” (Kennedy, 1979). This
numerical naughtiness is a serious problem for coastal engineers and scientists, since
a failure to accurately forecast ebb-tidal delta evolution can threaten public safety
and lead to costly property or infrastructure damage. They do not “play by the rules”
of our existing physics-based deterministic models, which points to a need for other
approaches such as probabilistic or ensemble modelling that can better account for
uncertainties (e.g., Davidson et al. (2017); Ranasinghe (2020); Vitousek et al. (2021)).

3. Ebb-tidal deltas are highly nonlinear large-scale systems shaped by highly nonlinear
small-scale processes (e.g., sediment transport scales with at least the third power
of velocity) and feedback mechanisms. These can greatly amplify small instabili-
ties(Elias et al., 2019, 2022) or disturbances (Harlequin, 2021) and hence produce dis-
proportionate results.

In addition to the strict definitions of Phillips (2015), ebb-tidal deltas are also “belliger-
ent or intimidating, ruthless, and tough”, other traits reflective of badassery. The Columbia
River ebb-tidal delta alone is responsible for dozens of shipwrecks in the past century, and
Ameland ebb-tidal delta has also caused over 20 wrecks throughout its history (Wrecksite,
2017). The most famous victim of this coastal violence was none other than the pirate Black-
beard, whose ship Queen Anne’s Revenge ran aground on the ebb-tidal shoals of Beaufort
Inlet, North Carolina (McNinch et al., 2006).

Quoting Pynchon (1984), Phillips also notes that badasses are “able to work mischief on
a large scale”. Ameland ebb-tidal delta covers an area of approximately 100km?, roughly
the size of Den Haag. Many other ebb-tidal deltas are even larger (e.g., Noorderhaaks at the
Marsdiep Inlet (Elias, 2006)). Furthermore, they are found on coastlines around the world,
making mischief at a global scale.

SERIOUSLY?

Now admittedly, ebb-tidal deltas are just big piles of sand. A big pile of sand is probably not
the first thing that comes to mind when you hear the word “badass”. This could probably
also be considered gratuitous personification or anthropomorphization.

I'm sure that many of my friends and family have been scratching their heads as to why
I would sacrifice the latter half of my 20s to understand them better. A critical reader might
ask, “is it possible that you have only convinced yourself that ebb-tidal deltas are cool out
of self-preservation?” And the answer is yes. Yes, I have. Nonetheless, I remain steadfast in
my assertion that ebb-tidal deltas exhibit major symptoms of geomorphological badassery.

Although the notion of geomorphological badassery may seem silly at first, it illumi-
nates several important truths about our (mis)understanding of these complex bathymetric
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features. Ebb-tidal deltas are important to study for reasons of coastal flood protection, nav-
igational safety, and ecological value, but predicting how they will evolve is still immensely
challenging. Each ebb-tidal delta is unique, making it challenging to generalize their be-
havior. Furthermore, their seemingly chaotic, non-conformist behavior renders many of
our usual prediction techniques ineffective, especially at decadal timescales. Lastly, the
amplifying effect of highly nonlinear physical processes means that small physical changes
(e.g., the development of a tiny shoal) can have disproportionately large consequences (e.g.,
relocation of a channel several kilometers wide). As such, badassery provides a useful con-
ceptual framework for describing the challenges presented by ebb-tidal deltas to coastal
engineers and scientists.
Badass.
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