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The sea, the great unifier, is man’s only hope.
Nouw, as never before, the old phrase has a literal meaning:
we are all in the same boat.

Jacques-Yves Cousteau
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SUMMARY

The North Sea is one of the world’s most intensively used coastal seas, supporting activi-
ties such as sand mining, fishing, offshore energy development, dredging, and shipping.
It provides essential economic and societal benefits to surrounding nations. Equally im-
portant, the North Sea serves as a vital habitat for a wide variety of marine species. As-
sessing the impact of human activities on this ecosystem requires a clear understanding
of the key physical processes at play. One such process is the transport of fine sediment,
which influences turbidity, light availability, nutrient cycling, and habitat characteristics.
Yet, the processes governing the exchange of fine sediment between the mostly sandy
seabed and the water column remain poorly understood. This research addresses that
gap by examining the spatial and temporal dynamics of fine sediment and the mecha-
nisms of burial and remobilisation.

The main objective of this research is: How does the seabed-water column exchange
of fine sediment influence the spatial and temporal distribution of fines in the southern
North Sea? This question is addressed primarily through the analysis of field data. In
addition to being one of the world’s most intensively used coastal seas, the North Sea
is also among the most extensively monitored, offering a wealth of observational data
across spatial and temporal scales. To leverage this, our research draws on a large-scale
sediment dataset, long-term in-situ measurements, and both conceptual and mecha-
nistic modelling approaches. These are complemented by novel data collected during
targeted field campaigns.

By analysing the large-scale sediment dataset, collected from 2005 until 2017 in the
Dutch Coastal Zone, we unravelled the spatial distribution of fines in the upper seabed
layer. In this area, fines are not uniformly distributed but exhibit strong spatial vari-
ability across three distinct scales: macro (tens of kilometres), meso (hundreds of me-
tres to kilometres) and micro (centimetres to metres). To interpret these patterns, we
developed a conceptual framework consisting of three components: sources of fines,
transport pathways, and accumulation potential. At the macro scale, fines are primar-
ily concentrated in a 20-kilometre-wide coastal band along the Dutch coast, governed
mainly by sediment sources and transport pathways. At the meso scale, fines deposits
occur near the Rhine outflow, dredged sediment disposal sites, and former estuarine
channels, with mass percentages of up to 20 %. On the micro scale, fines distribution is
highly patchy due to burial processes that introduce vertical and horizontal heterogene-
ity. Human interventions such as sand mining and land reclamation affect the meso-
scale distribution by introducing new sources and changing the accumulation potential.
The macro-scale distribution is only affected when either sources or transport pathways
change, affecting the supply of fines.

We then examined the short-term burial of fines into the seabed. This takes place in
the wake of storms, and occurs on a timescale of days to a week. It is primarily driven by

XI



XII SUMMARY

the interaction of storm-induced megaripples and current-induced ripples: as megarip-
ples decay under calmer conditions, smaller ripples migrate into their troughs, burying
fines to depths of 10-15 cm. This mechanism introduces significant vertical and hori-
zontal variability in fines presence within the seabed. A four-phase mechanistic model
was developed to describe this dynamic burial cycle, supported by sediment cores and
seabed imagery. Burial efficiency depends on the balance between storm intensity and
tidal current magnitude, with optimal conditions occurring under moderate currents.

Remobilisation of fines occurs when storms generate megaripples on the sandy seabed,
triggering a rapid increase in suspended sediment concentration (SSC). SSC typically
peaks within one to two days after the wave height maximum and returns to pre-storm
levels within one to six days, resulting in an asymmetric response to hydrodynamic forc-
ing. To quantify this process, we developed a bedform release model that links remobil-
isation fluxes directly to the formation and evolution of storm-induced bedforms. Val-
idated against a 21-month in-situ dataset, the model showed a good agreement with
observed SSC peaks. This process-based approach clarifies the physical basis of exist-
ing erosion formulations used in numerical models and supports the interpretation and
calibration of their aggregated parameters. These findings highlight the critical role of
bedform dynamics in controlling the exchange of fines between the seabed and the wa-
ter column.

Our work demonstrates that fine sediment dynamics in the North Sea are governed by
a tightly coupled seabed-water column system with pronounced memory effects. Small-
scale processes must be taken into account to understand the exchange of fine sediment
with the sandy seabed. The conceptual and mechanistic models developed here offer
tools for designing effective monitoring strategies and assessing the cumulative impact
of human activities. These insights are particularly relevant in the context of the ongoing
energy, food, and nature transitions taking place on the North Sea. For these transitions
to succeed, science-based management of the North Sea is required. Such management
should rely on a combination of targeted measurements, long-term monitoring and nu-
merical modelling. Our research provides key knowledge for research programmes such
as Wozep and MONS, and contributes to safeguarding the ecological integrity of this vital
marine ecosystem through informed, forward-looking decision-making.



SAMENVATTING

De Noordzee is een van de meest intensief gebruikte kustzeeén ter wereld. Ze biedt
ruimte aan uiteenlopende menselijke activiteiten zoals zandwinning, visserij, offshore
energieopwekking, baggeren en scheepvaart. Daarmee levert de zee essentiéle econo-
mische en maatschappelijke baten aan de haar omringende landen. Een niet minder
belangrijke rol van de Noordzee is dat zij een essentieel habitat vormt voor een grote
verscheidenheid aan mariene soorten. Het beoordelen van de invloed van menselijke
activiteiten op dit ecosysteem vereist een goed begrip van de belangrijkste fysische pro-
cessen. Een van deze processen is het transport van fijn sediment (slib), dat invloed heeft
op vertroebeling, het lichtklimaat, nutriéntentransport en habitatkenmerken. De pro-
cessen die de uitwisseling van fijn sediment tussen de overwegend zandige zeebodem
en de waterkolom bepalen, zijn echter nog onvoldoende begrepen. Dit onderzoek richt
zich op deze kennislacune door de ruimtelijke en temporele dynamiek van fijn sediment
en de mechanismen van begraving en remobilisatie te onderzoeken.

De centrale onderzoeksvraag van dit onderzoek luidt: Hoe beinvloedt de uitwisseling
tussen de zeebodem en de waterkolom de ruimtelijke en temporele verspreiding van fijn
sediment in de zuidelijke Noordzee? Deze vraag wordt voornamelijk onderzocht aan de
hand van in-situ gemeten data. Naast haar intensieve gebruik is de Noordzee immers
ook een van de best gemonitorde kustzeeén ter wereld. Daardoor is er een schat aan
data beschikbaar op verschillende ruimtelijke en temporele schalen. Om hier optimaal
gebruik van te maken, benutten we in dit onderzoek een grootschalige sedimentdata-
set, langdurige in-situ metingen en zowel conceptuele als mechanistische modellering.
Deze worden aangevuld met nieuwe gegevens die zijn verzameld tijdens gerichte veld-
campagnes.

Door analyse van de sedimentdataset, verzameld tussen 2005 en 2017 in de Neder-
landse kustzone, is de ruimtelijke verdeling van fijn sediment in de bovenste laag van
de zeebodem in kaart gebracht. Fijn sediment is zeer heterogeen verdeeld en vertoont
sterke variatie op drie ruimtelijke schalen: macro (tientallen kilometers), meso (hon-
derden meters tot kilometers) en micro (centimeters tot meters). Om deze ruimtelijke
patronen te verklaren hebben we een conceptueel raamwerk ontwikkeld met drie com-
ponenten: bronnen van fijn sediment, transportpaden en accumulatiepotentieel. Op
de macroschaal is fijn sediment vooral geconcentreerd in een strook van circa 20 kilo-
meter breed langs de Nederlandse kust, voornamelijk bepaald door sedimentbronnen
en transportpaden. Op de mesoschaal komen afzettingen voor nabij de Rijnmonding,
verspreidingslocaties van gebaggerd materiaal, en voormalige estuaria. Op deze locaties
kunnen massapercentages slib oplopen tot 20%. Op de microschaal is de verdeling zeer
grillig door begravingsprocessen die zowel verticale als horizontale variatie veroorzaken.
Menselijke ingrepen zoals zandwinning en landaanwinning beinvloeden de verdeling
op mesoschaal wanneer zij nieuwe bronnen introduceren of het accumulatiepotentieel
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wijzigen. De verdeling op macroschaal verandert alleen wanneer bronnen of transport-
paden veranderen en daarmee de aanvoer van fijn sediment beinvloeden.

Vervolgens hebben we de begraving van fijn sediment in de zeebodem onderzocht.
Dit proces treedt op na stormen en speelt zich af op een tijdschaal van dagen tot onge-
veer een week. Het wordt aangedreven door de interactie tussen door stormen gevormde
megaribbels en stromingsribbels: na een storm migreren de ribbels in de troggen van af-
vlakkende megaribbels, waardoor fijn sediment tot 10-15 cm diep wordt begraven. Het
fijn sediment dat op deze manier wordt begraven, blijft naderhand voor een periode van
weken tot maanden in de zeebodem aanwezig, totdat een volgende storm het opnieuw
mobiliseert. Dit mechanisme leidt tot aanzienlijke verticale en horizontale variatie in de
aanwezigheid van fijn sediment in de zeebodem. Om deze dynamiek te beschrijven, is
een mechanistisch model met vier fasen ontwikkeld, ondersteund door sedimentmon-
sters en beelden van de zeebodem. De efficiéntie van begraving hangt af van de ver-
houding tussen stormintensiteit en stroomsnelheid, met optimale omstandigheden bij
gematigde stroomsnelheden.

Remobilisatie van fijn sediment treedt op wanneer stormen megaribbels vormen op
de zandige zeebodem, wat leidt tot een snelle toename van de concentratie van zwevend
sediment (SSC). Deze concentratie piekt doorgaans één tot twee dagen na de maximale
golfhoogte en keert binnen één tot zes dagen terug naar het niveau van v66r de storm.
Dit leidt tot een asymmetrische respons van SSC op hydrodynamische forcering. Om dit
proces te kwantificeren, is een bedvorm-remobilisatiemodel ontwikkeld dat remobilisa-
tiefluxen direct koppelt aan de vorming en evolutie van stormgeinduceerde megaribbels.
Het model is gevalideerd met een 21 maanden omvattende in-situ dataset en vertoont
goede overeenstemming met waargenomen SSC-pieken. Deze procesgebaseerde bena-
dering biedt een fysisch onderbouwde verklaring voor bestaande erosieformuleringen
in numerieke modellen, en draagt bij aan de interpretatie en kalibratie van de daarin
toegepaste parameters. Deze bevindingen bevestigen het belang van bodemvormdyna-
miek bij de uitwisseling van fijn sediment tussen de zeebodem en de waterkolom.

Ons onderzoek toont aan dat de dynamiek van fijn sediment in de Noordzee wordt
gestuurd door een nauw gekoppeld systeem van zeebodem en waterkolom, met uitge-
sproken geheugeneffecten. Om de uitwisseling van fijn sediment met de zandige zeebo-
dem goed te begrijpen, is het essentieel om kleinschalige processen mee te nemen. De
ontwikkelde conceptuele en mechanistische modellen bieden handvatten voor het op-
zetten van effectieve monitoringsstrategieén en het beoordelen van de cumulatieve im-
pact van menselijke activiteiten. Deze inzichten zijn bijzonder relevant in het licht van
de lopende energie-, voedsel- en natuurtransities op de Noordzee. Voor het slagen van
deze transities is wetenschappelijk onderbouwd beheer van de Noordzee noodzakelijk,
gebaseerd op gerichte metingen, langdurige monitoring en numerieke modellering. Ons
onderzoek levert essentiéle kennis voor programma’s zoals Wozep en MONS, en draagt
bij aan het behoud van dit vitale mariene ecosysteem via geinformeerde, toekomstge-
richte besluitvorming.
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2 1. INTRODUCTION

1.1. THE NORTH SEA - ONE OF THE WORLDS BUSIEST SEAS

Throughout its history, the Netherlands has always had a love-hate relationship with its
seaward neighbour: the North Sea. The relatively short period of the Netherlands as
an influential geopolitical power in the 17 century arose mainly because of its naval
strength and control over North Sea waters. On the other hand, the North Sea also proved
to be perilous: some of the greatest natural disasters in Dutch history were times when
water from the North Sea flooded the low-lying lands.

During the past century, our relationship with the North Sea gradually changed. Through
continued efforts, the flooding threat decreased. First, by the construction of the Delta
Works, which was followed by widespread nourishing of the sandy coast. While the
threat diminished, the economic importance of the North Sea began to grow.

During the 20 century, human activities on the North Sea intensified. Sand is mined

from designated areas in increasing volumes, both to nourish the sandy coast and to
raise land (Stolk and Dijkshoorn 2009). Bottom-trawled fishing evolved from a small-
scale to an industrial fleet, regularly sweeping the seabed (Callaway et al. 2007, Rijns-
dorp et al. 2008). In this same period, some of the worlds largest ports (e.g., Rotterdam,
Hamburg, Antwerp) developed in the countries surrounding the North Sea. Designated
shipping lanes across the North Sea provide access to these port areas and are among
the world’s busiest shipping routes (Robbins et al. 2022). Furthermore, maintenance
dredging is required in port basins to maintain a navigable depth, most of which is then
spread out at sea (Fettweis et al. 2012, Hendriks and Schuurman 2017). The last major
development of the 20" century occurred after large oil and gas resources were discov-
ered in the North Sea subsurface in the 1960s. In the following decades, this developed
into a sizeable industry, extracting oil and gas from the subsurface through offshore plat-
forms (Sanchez et al. 2023). An overview of several activities taking place in the Dutch
Coastal Zone (DCZ), the 70-km wide area directly adjacent to the Dutch coast, is shown
in Figure 1.1 (Visser et al. 1991).

Figure 1.1 also shows the latest major development on the North Sea: offshore wind.
To decrease fossil fuel dependency, wind turbines are constructed in offshore wind farms
(Breton and Moe 2009) (Figure 1.1), along with auxiliary infrastructure such as cables
and landfalls (de Groot 1982, Rouse et al. 2017). Although the intensity of some other
activities may decrease, the large-scale development of offshore wind will likely lead to
a further intensification of human activities on the North Sea (Degraer et al. 2019, Emeis
et al. 2015). The large ambitions for offshore wind (Gusatu et al. 2021, Steins et al. 2021)
may well lead to a 'race for space’ in the coming decades.

However, a purely economic or technical perspective disregards a crucial aspect of the
North Sea: its role as a nature reserve and habitat for a wide variety of marine species
(OSPAR 2023). The species living in the North Sea can only be sustained by a healthy
ecosystem, and therefore preserving this ecosystem is of vital importance. To achieve
a healthy North Sea, a proper balance between economic and ecological interests is es-
sential (Degraer et al. 2019). For this, we need to understand how human activities affect
the North Sea ecosystem and quantify their ecological impact (Piet et al. 2019).
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Figure 1.1.: Overview of Dutch Coastal Zone (DCZ), with examples of human activities
taking place. These activities include the (1) construction and operation of
offshore wind farms, (2) sand mining, (3) shipping, dredged sediment dis-
posal and oil and gas extraction. Images taken from: beeldbank.rws.nl.

1.2. THE NORTH SEA ECOSYSTEM - AND HOW HUMAN

ACTIVITIES AFFECT IT

The North Sea ecosystem consists of two main subsystems: the seabed and the overlying
water column, i.e., the benthic and pelagic environment. Together, they form a coupled
system with many interconnected processes (e.g. Kirby et al. 2007, Provoost et al. 2013).
For example, bottom-dwelling organisms feed on nutrients and plankton from the water
column (Aldridge et al. 2007), while biogenic reefs on the seafloor may provide shelter
and sources of food for fish and other pelagic species (van der Reijden et al. 2019).

Human activities affect both environments. The effect on the benthic environment is
most apparent in the near-field of these activities (de Wit et al. 2014). For example, both
sand mining and bottom trawling eliminate the benthic community in a certain area (de
Jong 2016, Witbaard and Craeymeersch 2023), but outside of their footprint the direct
effects are relatively limited.

Effects on the pelagic environment are often indirect, but may eventually lead to a
larger ecosystem impact. One of the most important effects associated with human ac-
tivities is the increase in turbidity in the water column. In the North Sea, this turbidity
has increased steadily in the 20" century (Capuzzo et al. 2015), originating from the ad-
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ditional fine sediment in suspension due to human activities. Due to increased turbidity,
light penetration is hampered, which already occurs when suspended sediment concen-
trations increase by as little as 100 mg/1 (van Duin et al. 2001) This eventually leads to a
decrease in phytoplankton growth rates. As phytoplankton forms the base of the marine
food web, this may affect a wide variety of marine species (Capuzzo et al. 2018).

A relatively recent example of this is provided by the Environmental Impact Assess-
ment (EIA) for Maasvlakte II, the most recent seaward extension of the Port of Rotterdam.
This study revealed how far-field environmental impact depended heavily on the addi-
tional fine sediment released due to large-scale sand mining (van Prooijen et al. 2007,
van Kessel et al. 2011).

A key process determining the extent and magnitude of these far-field effects is the
exchange of fine sediment with the mostly sandy seabed (van Kessel et al. 2011). As
most of the North Sea is relatively shallow, with water depths of 30 metres or less, fine
sediment is regularly exchanged between the water column and the seabed (Laane et al.
1999, van Kessel et al. 2011). Similarly to the ecosystem, the coupling between the water
column and the seabed is crucial.

However, these fine sediment fluxes into and from the seabed are also the major un-
knowns in understanding fine sediment dynamics (e.g. Sanford 2008, Winterwerp et al.
2021). This limits the ability to correctly predict environmental impact. So, to better
quantify far-field effects of human activities, we must obtain a better understanding of
how fine sediment is exchanged with a sandy seabed.

1.3. FINE SEDIMENT IN A SANDY SEABED

In most parts of the southern North Sea, the seabed mainly consists of sand with a small
fraction of fines in it (Eisma et al. 1987, Huthnance 1991, Irion and Zollmer 1999). These
two sediment types behave fundamentally different. Sand has a grain size between 63
and 2000 pm and is non-cohesive. While suspended, sand particles have a constant in-
situ density and settle relatively fast compared to fines, with a settling velocity in the
order of 1072 m/s (Ferguson and Church 2004). Fines, on the other hand, have a grain
size smaller than 63 pm and are cohesive (Winterwerp and van Kesteren 2004). They
form aggregates (i.e. flocs) with other small suspended particles. Hence, their in-situ
density varies in time and is lower than that of sand. As a result, fines settle slowly once
suspended, in the order of 1073 to 10™* m/s (van Kessel et al. 2011).

A combination of waves and currents, i.e., hydrodynamic forcing, can reshape the
seabed and erode sediment from it (e.g., Soulsby 1997). The eroded sediment is then
transported and deposits at another location. Eventually, the shape and composition of
the seabed result from the balance between erosion and deposition (e.g., Reineck and
Singh 1980).

Additionally, the combination of hydrodynamic forcing and seabed composition de-
termines how much and what kind of sediment is brought into suspension (Winterwerp
et al. 2021). Because of their difference in size, fines are generally more easily eroded
than sand. When fines are readily available on the seabed, tidal currents in the North
Sea are generally strong enough to resuspend them every tidal cycle (van Kessel et al.
2012, van der Hout et al. 2017). However, when they are buried within a sandy seabed,
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their availability depends on the erodibility of the sandy seabed (van Kessel et al. 2011).
So, to understand and quantify the fluxes of fine sediment into and from the seabed, we
must also understand the dynamics of the sandy seabed itself.

These fluxes of fines into and from the sandy seabed are referred to as burial (into the
seabed) and remobilisation (out of the seabed). The subsequent stages of burial and re-
mobilisation are called fine sediment exchange. The sequence of these fluxes over time
is indicated in Figure 1.2. We start from an initial situation (I) with a limited amount
of fines in the water column, and a predominantly sandy seabed with a small fraction of
fines. The fines present in the seabed can only be brought into suspension when they are
remobilized from the seabed. This happens mainly during storms (II), when both sand
and fines are eroded from the seabed and suspended due to a combination of waves
and currents. As a result, suspended sediment concentrations increase strongly. When a
storm wanes, fines will settle and deposit on top of the sand (III), because of the differ-
ence in settling velocity between the two sediment types. If fines would remain on top of
the sandy seabed, this would have two consequences: (1) suspended sediment concen-
trations would remain high after storms as fines would be resuspended every tidal cycle
and (2) the fines fraction in the seabed would eventually go to zero. Neither is the case.
Hence, there must be a process which buries the fines in the seabed, resulting in a return
to initial conditions (IV).

Il = Shortly IV —Back to

- Initi Il - Storm
- Initial after storm initial

Water
column

\(

[
Sea bed — >
(-

—

Figure 1.2.: Conceptual sketch of fine sediment exchange with a sandy seabed. (i) Shows
the initial situation, where a small amount of fines is buried within the
seabed. (II) During a storm, these buried fines are remobilized due to ero-
sion of the sandy seabed. (III) Shortly after a storm, both the sand and and
fines will deposit. Due to the difference in settling velocity, the fines will de-
posit on top of the sandy seabed. (IV) To return to the initial situation, the
fines should be buried within the seabed again.

For this fine sediment exchange to occur, there must be a supply of fines. While this
may seem trivial, it is a fundamental boundary condition: without a supply, neither
burial nor remobilisation is possible.
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In the southern North Sea, this supply can originate locally through seabed erosion or
be transported in suspension from more distant sources (Eisma 1981, van Alphen 1990).
The subtle balance between supply and the fraction that remains locally determines the
spatial distribution of fines in the upper decimetres of the seabed (Winterwerp et al.
2021). This distribution, and its evolution over time, reflects the interplay between sup-
ply, burial, and remobilisation. Quantifying it is the first step in this thesis.

Beyond its intrinsic value, understanding the spatial distribution of fines also helps
identify where burial and remobilisation are likely to occur and under what environ-
mental conditions. This is essential for improving our understanding of these processes,
which are not yet fully understood.

Dankers (2005) proposed several burial processes based on an extensive literature re-
view, but these have yet to be validated with field data. For remobilisation, a process-
based description is still lacking. Nonetheless, previous studies suggest that remobilisa-
tion occurs primarily during energetic conditions, such as storms, as the sandy substrate
needs to be eroded (Kleinhans et al. 2005, van der Hout et al. 2017, Flores et al. 2017).

Accordingly, this thesis is structured around three main topics: (1) the distribution of
fines in the seabed of the southern North Sea, (2) burial of fines, and (3) remobilisation
of fines. These topics are addressed in this order throughout the thesis.

1.4. RESEARCH OBJECTIVE

The goal of this dissertation is to establish how the seabed - water column exchange of
fine sediment affects the distribution of fines in the southern North Sea. Additionally, we
aim to generalise these findings and apply them to other shallow coastal shelf seas. To
achieve these goals, we formulate three main research questions. These are supported
by a set of underlying supporting questions.

1. Where are fines found in the seabed of the southern North Sea?
a) Which conditions determine the large-scale distribution of fines?

b) How is this large-scale distribution affected by human interventions?

2. How and when are fines temporarily buried in the seabed?
a) Which physical process governs the burial of fines?
b) On which length- and timescales does the burial process operate?
¢) How can the burial of fines in the seabed be parameterised for use in numer-
ical models?
3. Under what conditions are fines remobilised from the seabed and for how long do
they remain in the water column thereafter?
a) When are fines remobilised from the bed?
b) Howlong do these fines remain in the water column after being remobilised?

¢) How can remobilisation from the seabed be parameterized for use in numer-
ical models?
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1.5. RESEARCH SETUP AND OUTLINE

In this research, we will mainly work with in-situ datasets. Apart from being one of the
world’s busiest seas, the North Sea is also one of the worlds most extensively monitored
seas (see, e.g., Stephens and Diesing 2015). We analyse existing data sets which were ini-
tially collected as monitoring data, but provide a wealth of information on fine sediment
dynamics (Borst et al. 2013, Witbaard et al. 2013). We supplement these with dedicated
measurements carried out on the North Sea during two research cruises in 2017 (see also
Damveld et al. 2018, Cheng 2021).

To properly analyse the in-situ data, we developed conceptual thinking models. These
were developed in conjunction with the analysis of the data and provide a means to in-
terpret the different data sources. Furthermore, they enable us to understand how the
system functions on a variety of temporal and spatial scales.

These data analyses and conceptual models provide a basis for translating the studied
processes into numerical model formulations, as such models are the main tool used for
environmental impact assessments. Devising these model formulations is outside the
scope of this dissertation, but we clearly have them in mind.

The research questions presented in Section 1.4 are addressed in chapters 2, 3 and 4,
by applying different methods:

In Chapter 2, we present the large-scale distribution of fines in the DCZ from a multi-
year sediment sample dataset. Here, we develop a conceptual model to interpret ob-
served patterns. This conceptual model unites large-scale fine sediment transport along
the Dutch coast with local deposition and accumulation.

In Chapter 3, small-scale processes that lead to the burial of fines in the seabed are
studied. We present a mechanistic description of the burial of fines into a sandy seabed.
This is compared to newly collected data from the southern North Sea, specifically fo-
cusing on interpreting small-scale sedimentary structures, and the interaction of small-
scale bedforms with fine sediment exchange.

In Chapter 4, we investigate the remobilisation of fines from the seabed during storms
by analysing a high-frequency dataset collected in the DCZ during a period of 2 years.
This analysis sheds new light on the timing of fines remobilisation relative to storms and
how long they remain in the water column after they have been remobilised.

The conclusions of this work and implications for system understanding, modelling,
and marine governance are presented in the Synthesis (Chapter 5).
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2.1. INTRODUCTION

The seabed of the southern North Sea has a significant ecological and economic value. It
accommodates a substantial amount of living and non-living resources and fulfils vital
ecosystem services, by providing habitat for a wide range of benthic organisms (Aldridge
et al. 2007, Stephens and Diesing 2015). Over the past years, human activities affecting
the seabed have increased (Degraer et al. 2019, Emeis et al. 2015). These activities in-
clude sand mining, operation of offshore platforms (Stolk and Dijkshoorn 2009), beam
trawling (Rijnsdorp et al. 2008), accommodation for pipelines and cables buried in the
seabed (de Groot 1982, Rouse et al. 2017), and the construction and operation of offshore
wind farms (Breton and Moe 2009). These human activities lead to increasing pressure
on the southern North Sea ecosystem (Burdon et al. 2018, Piet et al. 2019). To make sure
these human activities are carried out in a sustainable way, a balance between economic
and ecological interests must be maintained. An important parameter affecting the lo-
cal ecosystem is the amount of fines in the water column and seabed, which are related.
This requires knowledge about the dynamics and composition of the seabed sediment
(Degraer et al. 2019, Reed et al. 2012).

In a large part of the southern North Sea, the seabed mainly consists of sand (Eisma
et al. 1987, Huthnance 1991, Irion and Zollmer 1999), containing a relatively small frac-
tion of fines, i.e., sediment with a grain size smaller than 63 ym. However, many studies
have shown that small fractions of fines can readily exert a profound influence on the
behaviour of the seabed and the benthic ecosystem (e.g., Degraer et al. 2008,Heip et al.
1992, van Ledden et al. 2004). Benthic communities are richer when the seabed con-
tains fines compared to purely sandy substrates (van Hoey et al. 2004), because nutri-
ents adhere to fines (van Raaphorst and Malschaert 1996). On the other hand, fines may
have a detrimental effect on the pelagic ecosystem when remobilized from the seabed.
Once fines are suspended, they can abrade fish gills, leading to gill damage in several
fish species (Au et al. 2004, Sutherland and Meyer 2007). Furthermore, suspended fines
increase the turbidity of the water, thereby attenuating the light climate and thus the
growth rate of phytoplankton (e.g., Anthony et al. 2004, van Duin et al. 2001). Favourable
or not, fines influence the ecological functioning of shallow coastal seas.

Stephens and Diesing (2015) and Bockelmann et al. (2018) were the first to quantify the
spatial distribution of fines for the entire North Sea, based on a large number of seabed
samples. They quantified the seabed sediment composition (e.g. mass percentages of
fines, sand and gravel) of the entire North Sea by using a geostatistical approach. Be-
cause of their large spatial extent, the resolution of these maps is relatively low (Bockel-
mann et al. 2018, Stephens and Diesing 2015). Furthermore, these studies did not explic-
itly include the effect of human activities on seabed sediment composition. This makes
them less applicable to coastal areas, where environmental gradients are large and hu-
man activities are ubiquitous. To understand how fines are distributed in the seabed of
coastal areas, the processes which play a role on smaller spatial scales have to be under-
stood, including the role of human activities.

In this chapter, we analyse the fine sediment distribution in the seabed of the Dutch
Coastal Zone (DCZ), a coastal area characterized by strong environmental gradients and
a variety of human interventions. The aim of this chapter is to identify the processes
and conditions which determine the distribution of fines in the surficial seabed of the
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DCZ, and assess the response of the system to human interventions. We present a new,
extensive sediment dataset, collected by the Port of Rotterdam authority in the DCZ from
2006 to 2014 (Borst et al. 2013). These data are used to map the distribution of fines in
the seabed of the DCZ at unique spatiotemporal scales. To interpret these distributions,
we develop and apply a conceptual framework, utilizing hydrodynamic model data and
bathymetric data of the DCZ. This framework is used to evaluate the effects of human
interventions on the distribution of fines in the DCZ. Additionally, we discuss other areas
where the framework could be applied.

This chapter is structured as follows. In Section 2.2.1 we present our study area and
discuss the sediment dataset, bathymetric and hydrodynamic data. Next, we present
the results of our analyses on the sediment dataset and introduce our conceptual frame-
work. We then apply this to the study area, evaluating the effect of large-scale human
interventions, and also discuss how the framework could be used in other areas.

2.2. MATERIALS AND METHODS

2.2.1. STUDY AREA

The study area is depicted in Figure 2.1a and covers part of the Dutch coastal zone (DCZ)
(Fettweis and Van den Eynde 2003, Visser et al. 1991), which is situated in the southern
North Sea (Figure 2.1a). The DCZ is a shallow coastal shelf sea with maximum water
depths up to 30 meters and tidal currents with maximum speeds ranging between 0.7
and 1.1 m/s (de Kok 1996, van der Giessen et al. 1990). The progressive tidal wave prop-
agates through the North Sea in a counter-clockwise direction (Kelvin wave). It has an
amplitude of 1-2 m along the Dutch coast (van der Hout et al. 2015, Visser et al. 1991),
with tidal currents oriented mainly parallel to the shore. Furthermore, the outflow of the
River Rhine induces a Region of Freshwater Influence (ROFI), which extends for over 100
km along the coast with an average width of less than 20 km (Pietrzak et al. 2011). This
ROFI determines the vertical current structure and resulting suspended matter distribu-
tion (de Boer et al. 2009, Pietrzak et al. 2011, Simpson et al. 1993, Souza and Simpson
1996).

Apart from these physical traits, this area is known for a multitude of human activities
taking place. Figure 2.1b shows a selection. From multiple offshore platforms, gas and oil
is extracted and several major shipping lanes cross the DCZ, where opposing traffic lanes
are separated by separation zones. More recently, wind farms have been constructed
and are planned. Closer to the shore, sand mining areas and disposal sites are found.
At these disposal sites, sediment dredged from harbours is deposited, containing large
amounts of fines. Sand from the mining areas serves multiple purposes: it is used for
coastal protection, construction and land reclamations.

A major land reclamation realized in the past decade was Maasvlakte 2 (MV2). MV2 is
the recent extension of the Port of Rotterdam constructed mainly in 2009 and 2010. This
required a total volume of 220 million m? of sand, which was mined from the MV2 sand
mining pit, located approximately 10 kilometres west of the River Rhine outflow. During
2009 and 2010, a total volume of 170 million m® was mined (Borst and van Tongeren
2012)). After 2010, sand mining for MV2 continued for several years, but at substantially
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smaller rates (de Jong 2016).

o, L

. sampling stations H ]
year: 2012 J
et sand mining pits

\f depth contours [m]
0 10 20 30 km B disposal sites

—20
E \ wind farms

=T\ - - 30
[ sampling zones

Figure 2.1.: (a) Overview of the study area. Sampling stations visited in 2012 are indicated
with dots. Sampling density zones are delineated with thick dashed lines.
Sampling density ranges from very dense near the MV2 sandpit to very sparse
in the north. The 20 m and 30 m depth contours are indicated by solid and
dashed lines, respectively. (b) Map indicating human activities in the Dutch
coastal zone (Rijkswaterstaat 2019)
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2.2.2. SEDIMENT SAMPLES DATASET

We present a new dataset consisting of more than 1700 bed samples. This dataset is es-
tablished from an extensive monitoring programme carried out between 2006 and 2014
by the Port of Rotterdam authority (Borst ef al. 2013, Borst and Vellinga 2012)). The aim
of this programme was to monitor the far-field and near-field effects of sand mining for
MV2 on the benthic ecosystem. Within this programme, bed samples were collected at
pre-defined sampling stations from 2006 until 2014 on a yearly basis, except in 2007.
However, the exact sampling locations varied a bit from year to year around the pre-
defined stations. In every sampling year, samples were collected in the period of April to
June, which is the post-storm season.

In 2009, 2013 and 2014, only near-field effects of the sand mining were monitored.
To establish these near-field effects, 100 to 120 seabed samples were collected within a
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densely sampled 15 kilometre radius around the MV2 sand mining pit. In 2006, 2008,
2010, 2011 and 2012, up to 300 stations were visited to monitor far-field effects of the
sand mining. In these years, the sampling domain covered the majority of the study area
shown in Figure 2.1a. The far-field sampling domain includes the near-field domain, but
with alower sampling density. Still, most dense sampling was done around the MV2 sand
mining pit. To the north and south, sampling density decreased. Figure 2.1a shows the
spatial sampling density in 2012, while Table 2.1 lists the number of stations visited each
year, classifying the sampling years according to sampling domain and MV2 chronology.

Table 2.1.: Number of sediment sampling stations per year.

Year Number of sam- | sampling domain MV2 chronology
pling stations

2006 256 far-field pre-MV2

2008 300 far-field pre-MV2

2009 100 near-field MV2 construction

2010 300 far-field MV2 construction

2011 296 far-field post-MV2

2012 300 far-field post-MV2

2013 118 near-field post-MV2

2014 120 near-field post-MV2

A standard protocol was followed to collect sediment samples. A large seabed sample,
with a maximum height of 25 cm and 30 cm diameter, was taken with a boxcorer. Three
Perspex tubes (length: 15 cm, diameter: 10 mm) were inserted into the boxcorer sam-
ple, before the overlying water was siphoned off, not disturbing the sediment interface.
These tubes were carefully removed from the mother sample, removing the excess sed-
iment around. Each tube was then split into two parts: an upper part (0-5 cm from the
surface) and a lower part (5-10 cm). The lower parts of each tube were combined and
stored in one 20 ml vial, i.e., the lower subsample. The same procedure was followed for
the upper parts, i.e., the upper subsample. The vials were labelled and stored in a freezer
at -20° C. After all stations were visited, the vials were taken to the laboratory ensuring
the sediment remained frozen.

The grain size distribution of the samples was determined in the laboratory. First, the
subsamples were freeze-dried and passed over a 1 mm sieve. Then, the sieved material
was homogenized in local tap water and part of it inserted into a Malvern Mastersizer
2000. The Malvern Mastersizer determines the grain size distribution of a sediment sam-
ple by laser diffraction and returns the volume percentage of different size classes. The
volume percentage of particles smaller than 63 yum is returned as a separate size class.
We refer to this size class as fines, and do not distinguish between the clay and silt frac-
tions.

We assume the volumetric fines percentage measured with the Malvern Mastersizer is
close to the gravimetric fines percentage. This is valid if the density of the sediment does
not vary considerably, i.e., when the amount of organic matter in the sediment samples
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is limited (Callesen et al. 2018, Yang et al. 2015). Based on Loss on Ignition (LOI) data of
the sediment samples this is an appropriate assumption, as LOI was smaller than 2% for
more than 95% of the samples.

As the grain size distribution of the upper and lower subsamples taken from the box-
core is statistically dependant, they are not treated as separate samples. We define the
average grain size distribution as the average of the two subsamples. This reflects the
grain size distribution of the surficial seabed, i.e. the top 10 cm, for a visited sampling
station per sampling year. Furthermore, to account for measuring accuracy, a sample is
classified as containing fines if its fines percentage is at least 0.1%. If the fines percentage
is smaller, it is classified as a sample with no fines.

To characterize the sediment composition for each station, we aggregated the particle
size distribution of the samples collected during the various sampling years. However,
sampling at a particular station was not carried out at exactly the same location over
the years, while also the sampling density and domain varied. Therefore we introduce a
spatial clustering procedure to assess which data are attributed to which station.

The spatial clustering consists of three subsequent steps. First, a circular buffer is de-
fined around each sampling point in QGIS. As the sampling density varied across the
study area, the radius of this buffer depends on the sampling point location. Four main
sampling density zones were defined: very sparse, sparse, dense and very dense (Fig-
ure 2.1a). The corresponding buffer radiuses for each zone are listed in Table 2.2. An
example is shown in Figure 2.2 for an arbitrary sampling station in the sparse sampling
zone.

Second, sediment composition data are aggregated to form a data cluster if their buffers
overlap. When a buffer overlaps any other buffer, its data is added to the cluster. For the
sampling station in Figure 2.2, the data cluster represents the samples from 2006, 2008,
2010, 2011 and 2012. Third, data clusters were designed such that they do not contain
multiple samples from one year, except for the very dense sampling zone (Figure 2.1a).
In this zone, clusters may contain multiple samples taken during one year.

After aggregating the data, the mean and standard deviation were calculated for the
fines percentage per cluster. Furthermore, we established the fraction of samples in a
cluster which contain fines. This fraction is an estimate for the probability of fines being
present in a sample for any cluster.

Table 2.2.: Sampling density zones in sampling domain with corresponding buffer radius

Zone Buffer radius [m]
Very sparse 1000

Sparse 500

Dense 250

Very dense 125
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Figure 2.2.: Example of clustering data from various years in the sparse sampling zone.
Labels of the sampling points indicate the various sampling years.

2.2.3. BATHYMETRIC AND HYDRODYNAMIC DATA

We use bathymetric data collected by the Netherlands Hydrographic Office and Rijkswa-
terstaat, already interpolated to an equidistant grid with 25x25 m? resolution (Damen et
al. 2018, NLHO and Deltares 2019). Bathymetric data collected during multiple years
was merged onto a single grid, as the area of interest was only partially surveyed during
subsequent years. For the pre-MV2 bathymetry, we use data collected from 1994 until
2008, and for the post-MV2 bathymetry, data collected from 1994 until 2015. If areas
were surveyed multiple times, the bathymetry was based on the latest survey. Missing
values on the merged grid were filled by linearly interpolating from surrounding grid
points within a 500 m radius, using inverse distance weighting.

Flow velocities and salinity for the study area are extracted from a validated three-
dimensional hydrodynamic model, with 10 equidistant vertical layers (Arcadis 2014, Ar-
cadis and Deltares 2019). The southern and northern boundaries of this model are lo-
cated at51.1°N and 52.8°N, respectively. Its eastern boundary lies along the Dutch shore-
line and its western boundary runs parallel to the shoreline, 50 km offshore. The resolu-
tion of the curvilinear model grid is most coarse at the western boundary with cell sizes
of 2500x2500 m?. It refines in shoreward direction and is highest in the dense and very
dense sampling zones (Figure 2.1a). In the area of interest, cell sizes range from 250x350
m? to 500x700 m?, where the along-shore length of the grid cell is smallest. Note that the
computational grid is therefore much coarser than the bathymetric grid, the relevance
of which is discussed in Section 2.4.

With this model, Arcadis (2014) carried out hindcast simulations for the years 2006 to
2014. For each model year, Arcadis (2014) updated the model with the latest bathymetric
data. Water levels and salinity at the seaward boundaries of the model were taken from
the southern North Sea (ZUNO) model (Gautier and Caires 2015). River discharges at
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the landward boundary were based on output from a calibrated 1D model of the fresh
water distribution in the Rhine-Meuse delta (SOBEK) and measurements. The model
has been validated for water level, temperature and salinity. For these three quantities,
model performance was assessed as:

* Water level: BIAS = 5 cm, RMSE( = 8 cm
e Temperature: BIAS = -0,5° C, RMSE, = 0,5° C
e Salinity: BIAS = 0.5 PSU, RMSE, = 1.5 PSU

More information on the model setup and validation can be found in Alkyon (2010) and
Arcadis (2014). The model output was resampled to a 500x500 m? grid using inverse
distance weighting for all sampling areas shown in Figure 2.1a. We define two represen-
tative years for pre-MV2 and post-MV2 hydrodynamic conditions: 2008 (pre-MV2) and
2012 (post-MV2).

In our analyses, we relate the distribution of fines to current- as well as wave-induced
bed shear stresses. Current-only bed shear stresses (7,c) are calculated based on the flow
velocities computed by the Arcadis (2014) model, following Soulsby (1997):

Tpe = pCpU- 2.1)

Here, p denotes the density of seawater (1030 kg/m3), Uj, is the magnitude of the flow ve-
locity at the lowest model level and Cp, is the drag coefficient. Thus, computed bed shear
stresses are positive scalar values. The value of Cp is determined by the bed roughness
length zj and the height above the bed z, according to:

K2

= —ln(z—zo)z 2.2)

Cp

Here, zg = %, and d5 is the median sand grain size, for which we take d5p=250 ym.
Wave-induced bed shear stresses were taken from the MoS% model (Cronin and Blaas,

2013).

2.3. RESULTS

2.3.1. MAPPING THE DISTRIBUTION OF FINES IN THE DUTCH COASTAL
ZONE
An overview of the monitoring programme results is presented here. We focus on the
percentages of fines found in the surficial seabed layer (i.e., 0-10 cm from the seabed sur-
face). First, the results of all years (2006-2014) are discussed, a total of 1790 bed samples.
The aggregated data are discussed later. The distribution over the years is indicated in
Table 2.3. The mass percentage of fines in a sample is denoted as ¢ s and we compute
a conditional mean percentage, (¢fines), and a conditional standard deviation @ es -

The percentage of samples containing fines in the far-field domain ranged between
17% and 33% (Table 2.3). The mean fines percentage increased from 3.7% in 2006 to
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Table 2.3.: Number of samples collected per year, with descriptive statistics for samples

containing fines.

year total number | number of sam- | (Qfines) [%] | Pfines’ [%]
of samples ples containing

fines (percent-

age of total)
Far-field sampling years
2006 256 63 (25%) 3.7 5.6
2008 300 51 (17%) 5.3 6.0
2010 300 99 (33%) 5.9 7.3
2011 296 84 (28%) 5.1 6.7
2012 300 100 (33%) 9.2 12.1
Near-field sampling years
2009 100 43 (43%) 5.7 4.5
2013 118 59 (50%) 8.7 10.4
2014 120 96 (80%) 9.7 9.8

about 5-6% in the period 2008-2011 and then further to 9.2% in 2012, with a considerably
higher standard deviation in 2012.

The percentage of near-field samples containing fines was larger than in the far-field
domain (Table 2.3), with percentages varying between 43% and 80%. In this area, (@ fines)
was generally higher than in the far-field. Even though local temporal differences exist
in fines percentage, the difference between the far-field and near-field sampling years is
primarily attributed to the difference in sampling density and domain.

The spatial distribution of fines in the surficial seabed of the DCZ, aggregated from all
sampling years, is presented in Figure 2.3a. It shows four classes of average fines percent-
age per sampling station. The location of these stations reflects the sampling coordinates
of 2012. Only stations with clusters containing at least three samples are displayed (Sec-
tion 2.2.2). The classes for fines percentages are conform van Alphen (1987a), to allow
for comparison.

The highest percentages of fines are found directly north and south of the River Rhine
outflow. In these areas, mean fines percentages may range up to 25%. To the north,
most fines are found on the lower shoreface, in a narrow alongshore strip 2 to 3 km wide.
This strip extends to the northern boundary of the study domain. To the south, fines are
mainly found in the troughs of tidal ridges and in the former tidal channels in front of
now-closed estuaries. Both the average fines percentages and fraction of samples con-
taining fines decrease with increasing distance offshore. This fraction is small or equal
to zero for the majority of stations beyond 20 km offshore (Figure 2.3b).
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Figure 2.3.: a: overview map of average percentages of fines in the DCZ. b: fraction of
samples containing fines for each sampling station. ¢ and d: median bed
shear stress due to tidal currents and waves computed for 2012, respectively.
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2.3.2. COMPARISON WITH HISTORICAL DATA AND SPATIAL DISTRIBUTION

The percentage of fines in the surficial seabed of the DCZ has been mapped before by
Eisma (1968) and van Alphen (1987a). Although the sediment collection method, deter-
mination of the grain size distribution, and definition of surficial seabed, i.e. ranging
from top 5 cm (Eisma 1968) to top 5-15 cm (van Alphen 1987a), differ from the present
study, a qualitative comparison is possible. Figure 2.3 shows that the results of Eisma
(1968) and van Alphen (1987a) are globally similar to the current results. This is consis-
tent with the fact that no long-term trends in the alongshore flux of fines in the DCZ have
been reported (Cronin and Blaas 2015, Eisma 1981, Salden 1998, van Alphen 1990).

Eisma (1968) characterizes the shoreface between Rotterdam and Den Helder as "an
area with fine grained deposits about parallel to the coast at roughly 5-15 m depth" (left
panel Figure 2.4). This area is also reflected by our data in the right panel of Figure 2.4.
Though Eisma’s definition of fines is slightly different (i.e. <50 ym), the agreement be-
tween the two datasets is promising. Moreover, this implies that for our analyses, their
interpretation and application of our concept elsewhere, the precise definition of fines
does not seem crucial.

Eisma (1968): 1962-1966

0--

van Alphen (1987): 1964-1986

7

This study: 2006-2014

o009 o

1 fines [%]
“ fines =1y fines [%] )
(<50 pm) [%] | 2-10 0-2
,,&Do.S—l | 10-50 . 2-10
o [ >t I >0 e« 10-50
s 3"’&?’ v 7| depth depth depth
(\ 7 i 2w contours [m] contours [m] --| contours [m]
PR > e 10 ——-10
— 20 | —20

Figure 2.4.: Comparison of results from this study with historical data of Eisma (1968)
and van Alphen (1987a). The period during which samples were collected in
each study is mentioned above the corresponding panel.

Later, van Alphen (1987a) presented a more detailed analysis of the fines distribution
in the DCZ, based on data collected between 1964 and 1987 (middle panel Figure 2.4).
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van Alphen (1987a) notes that fines are found in several areas: in the former tidal chan-
nels of the Southern Delta, around Loswal Noord (close to Hook of Holland), the site
where sediment dredged from the Port of Rotterdam was disposed until 1996, and in a
narrow 1-2 kilometre wide strip along the coast. In this strip, fines are mainly found in
troughs between the breaker bars and around the 10 meter depth contour. The fines dis-
tribution map by van Alphen (1987a) resembles that of the current study. However, spa-
tial patterns around the River Rhine outflow have changed. Furthermore, in the current
study some fines are also found further offshore. In all three studies, the alongshore oc-
currence of fines coincide with a zone where computed current-only bed shear stresses
are low (Figure 2.3c). This is caused by a decrease in tidal velocities at smaller water
depths. On the other hand, wave-induced shear stresses become larger at smaller water
depth, as these stresses scale inversely quadratic with water depth (Figure 2.3d). Thus,
fines in the DCZ are mainly found where tidal velocities are small and wave stresses are
larger than in the majority of the DCZ. At water depths beyond 10 m, our simulations
show that, averaged over a year, the role of waves reduces compared to the flow-induced
bed shear stresses (detailed results not presented).

To examine the cross-shore variability in fines percentage, we plot all samples contain-
ing fines as a function of distance perpendicular from the shore. Figure 2.5a shows that
the majority of samples with fines is found within 20 km from the shore, with fines per-
centages generally higher than 1% and up to 60%. Further offshore, the fines percentages
decrease, ranging between 0.5 and 2%.
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Figure 2.5.: a: Fines percentage as a function of distance from shore. b: samples binned
according to distance from shore, categorized in whether they contain fines
or not. The number of samples in a particular bin are indicated above the
bars.

In Figure 2.5b, all samples are grouped into four bins, based on their distance from the
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shore. Beyond 20 km offshore, less than 5% of the samples contain fines. This is consis-
tent with van Alphen (1987a), who concluded that fines are virtually absent beyond 20
km offshore. Closer to the shore, fines were found in 30% of all samples in the 10-20 km
bin and in 57% of all samples taken within 10 km from the shore. However, within this
last area the spatial and temporal variability in the measured fines percentage is signifi-
cant.

2.3.3. TEMPORAL AND SPATIAL VARIABILITY IN ROTTERDAM AREA

To investigate the variability in fines percentages within the nearshore zone (< 10 km
offshore), we zoom in on the area around the River Rhine outflow. Since the River Rhine
outflow is also the entrance to the port of Rotterdam, we will refer to this area as the
Rotterdam area. As the construction of MV2 was the major human activity in this area
during the 2006-2014 period, sampling years were classified relative to the construction
of MV2. Hence, the sampling years 2006 and 2008 are pre-MV2 and the sampling years
2011-2014 are post-MV2 (Table 2.1).

After applying the spatial clustering as described in Section 2.2.2, we established the
pre-MV2 and post-MV2 fines percentage. Since the pre-MV2 and post-MV2 sampling
layout differ to some extent, the difference in fines percentage per station was calcu-
lated by comparing points within 1000 m distance (Figure 2.6). This provided enough
distance between sampling stations, but also allowed to compare enough stations. The
average pre-MV2 fines percentage per station was subtracted from the post-MV2 fines
percentage, i.e., a positive value in the right panel of Figure 2.6 indicates an increase in
fines for the post-MV2 period.

In the left and middle panel of Figure 2.11, only stations with clusters containing at
least two samples are displayed. We have also indicated where human activities take
place.

For the pre-MV2 years (left panel Figure 2.6), we observe the highest fines percentages
around the disposal sites Verdiepte Loswal(1) and Noordwest(2), and to the northeast of
these sites. Fines are also found within several kilometres from the shore, mainly in the
vicinity of the River Rhine outflow. However, large spatial gradients in fines percentages
are observed everywhere. Sampling stations without fines are adjacent to stations where
fines percentages are between 2-10% or even exceed 10%.

Overall, fines percentages are higher for the post-MV2 years than for the pre-MV2 years
(middle and right panel Figure 2.6). The areas northeast of the disposal sites remain
characterised by high percentages of fines. Furthermore, fines percentages increase by
more than 10% in the area directly south of the MV2 reclamation (indicated with the
cross-hatched area). Considerable spatial gradients persist in this area.

High fines percentages, of up to 30%, are observed in and around the sand mining pit
approximately 10 km offshore from the MV2 reclamation. Though this area was not sam-
pled in the pre-MV2 period, historical data does not show these high fines percentages
in this area, and are not expected on the basis of our analysis below. Therefore, these
high fines percentages likely are a recent development.

In the most southern part of the sampling domain, there are several stations with per-
sistent high percentages of fines. These stations are located either in the troughs of tidal
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Figure 2.6.: Pre-MV2 and post-MV2 fines percentages around Port of Rotterdam, as well
as the difference between the stations.

ridges, or in former tidal channels where fines have accumulated after closure of the es-
tuaries. In the following section, we will use a conceptual framework to interpret the
observed trends.

2.4. INTERPRETATION

2.4.1. CONCEPTUAL FRAMEWORK

To interpret the presented spatial distribution of fines, we propose a conceptual frame-
work. This can be used to analyse the natural distribution of fines in a coastal zone and
the effects of human interventions thereupon. It consists of three components:

* Source of fines
* Transport pathways of fines
* Accumulation potential for fines

These components are schematically drawn in Figure 2.7. The presence or absence
of fines in the seabed depends on all three factors. (1) Multiple local sources of fines
exist within a coastal zone. From these sources, fine sediment can follow different trans-
port pathways. (2) The exact pathways are not meaningful, as these are erratic owing to
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the erratic driving forces. Therefore, we construct envelopes around a large number of
potential pathways, representing mean dispersion patterns. (3) If conditions for accu-
mulation are favourable in an area, fines can deposit and accumulate in and on the bed.
Such areas are referred to as potential accumulation areas.

For fines to be present in the seabed, all conditions have to be met. For example, an
area can be very calm fulfilling the local conditions of an accumulation area, but if there
is no pathway from a source to that area, no fines will accumulate (Figure 2.7). Oppo-
sitely, there can be a large supply of fines, but local accumulation potential determines
whether this yields a temporary (Figure 2.7 — II) or a permanent deposit of fines (Fig-
ure 2.7 — IV). Furthermore, permanent deposits can interrupt the transport pathway of
fines.

The natural spatial distribution of fines only depends on the undisturbed interplay
between these three components. Human activities can modify the sources, transport
pathways and/or accumulation potential.

Source

Accumulation Transport
potential I I I pathway

I Local fines deposit
I No or only temporary fines deposit
[l No newly deposited fines, relic deposit

IV Permanent deposit of fines

Figure 2.7.: Conceptual framework for the accumulation of fines in a sandy seabed, con-
sisting of three components and their potential overlap.

The three components indicated in Figure 2.7 are elaborated upon below. Sources of
fines can have a natural or anthropogenic origin. Natural sources of fines are erosion of
geological layers (Adriaens et al. 2018), coastal (cliff) erosion (Eisma 1981), riverine input
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(Salomons and Eysink 1981) and input from other seas or oceans (McManus and Prandle
1997). Furthermore, fines which were buried within the seabed during calm conditions
can be remobilized during storms (van Kessel et al. 2011). Hence, on an annual timescale
parts of the seabed may alternately be an accumulation zone and a source.

Anthropogenic sources of fines include disposal of sediment from maintenance dredg-
ing (Fettweis et al. 2009) and sand mining overflow (Nichols et al. 1990, Spearman et al.
2011). These sources are represented by a mass flux (¢ f;pes):

Mfines
T

Here, T denotes a timescale and m,¢; denotes the dry mass of fines.

(Pfines = (2.3)

Sediment transport pathways in shallow coastal areas are the consequence of a myriad
of combinations of barotropic and baroclinic processes governed by tide, wind, waves,
and density-driven flows (Otto et al. 1990). To exactly define these pathways, one would
either need a high-resolution sediment dataset (McLaren and Powys 1991) or a complex
numerical model (Kim and Lim 2009). Instead of using the exact pathways, we propose
to use the envelope of the pathways. These envelopes are similar to the Depth of Trans-
port concept introduced by Valiente et al. (2019).

The accumulation potential is defined as a parameter reflecting the interaction be-
tween the local bathymetry (i.e. the local geomorphological features, such as bedforms)
and the prevailing hydrodynamic conditions. It is defined as a binary parameter, which
is either high or low. If the accumulation potential is low, fines may be transported into
an area, but it is unlikely that they can accumulate on/in the bed.If the accumulation
potential is high, sediment deposits on the bed and remains there (Figure 2.7).

As hydrodynamic conditions in a coastal zone are determined by tidal currents and
waves, they are strongly time-dependent. To make the accumulation potential inde-
pendent of time, we define a representative parameter for the prevailing hydrodynamic
conditions. Van Kessel et al. (2011) hypothesize that fines are remobilized from the
seabed during storms. Afterwards, during calm conditions, these fines will deposit and
are buried in the seabed again. However, these can only accumulate if conditions are
calm enough. Hence, in our analyses of post-storm season data, it is not the energetic
conditions which determine the accumulation potential, but rather whether the calm
conditions are calm enough.

If the wave height over water depth ratio is relatively small, calm conditions are best
represented by the magnitude of the tidal current. We assume this is valid for the ma-
jority of the DCZ. Calm conditions can then be quantified by selecting an appropriate
percentile of the yearly current-only bed shear stress. We use the 90" percentile of the
current-only bed shear stress, as it provides a proxy for the maximum tide-induced bed
shear stresses during a spring-neap cycle, and denote it with ¥ .. The current-only bed
shear stress has been defined in Section 2.2.3.

The interaction between bathymetry and hydrodynamics manifests itself on a variety
of scales. The larger, regional scale is characterized by geomorphological features such
as tidal ridges, sand waves, navigation channels and large sand mining pits, while the
smallest scale is determined by the dimensions of ripples. This smallest scale cannot
be resolved in any field dataset or hydrodynamic model output. However, the scale-
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dependency of this interaction is crucial for the local behaviour of fines, and should be
explicitly included in the assessment of the accumulation potential.

For the (small-scale) bathymetric contribution to the accumulation potential, we use
the DEV parameter proposed by De Reu et al. 2013. DEV expresses the bathymetric level
of a central point (zp) relative to the bathymetry in its direct vicinity. DEV is based on the
Bathymetric Position Index (BPI) (Iampietro et al. 2005, Verfaillie et al. 2006, Wilson et al.
2007). BPI measures the difference between the elevation of a point (z3) and the average
elevation (z) in a circle with radius (R) around it (Wilson and Gallant 2000):

BPI=2z,-Z 2.4)

_ 1

z=— Z Zi (2.5)
nR jeRr

ng indicates the number of observations within the circle. DEV is a modification of
BPI, and uses the standard deviation (o) of the bathymetry within radius R to normalize
the BPI:

DEVy = 22~

(2.6)

Oz

az=\/ ! Y (2 -32)° 2.7)

ng—1i5

The DEVy parameter depends directly on the selected spatial scale, as both o, and
z depend on the radius R. Hence, from a proper choice of R, bathymetry-induced sub
grid effects in e.g. bed shear stresses can be captured. A positive DEVg value means
the bed level of that point is relatively high with respect to its surroundings. It therefore
experiences larger bed shear stresses than its surroundings. A negative value means a
relatively low bed level, with relatively low bed shear stresses.

The bathymetric and hydrodynamic contributions to the accumulation potential are
classified through low or high accumulation potential areas, as sketched in Figure 2.8.
For a bed shear stress lower than a critical value (¥nin), accumulation of fines is always
expected. With increasing current-only bed shear stress, the relative elevation of an area
becomes important. Above a certain bed shear stress (fmax), accumulation is no longer
possible as currents are too strong.

2.4.2. APPLICATION OF FRAMEWORK TO ROTTERDAM AREA

In this section, we apply the framework to the area around the River Rhine outflow, to
study how human activities in this area have influenced the spatial distribution of fines
in the seabed (Figure 2.6). We specifically focus on the impact of the construction of
MV2. We consider all three components of the framework and determine whether and
how these have changed in the 2006-2014 period.

We start by defining (1) the sources of fines in the DCZ, including the fines that en-
ter the study area from outside the domain. This links to (2) the transport pathway
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Figure 2.8.: Parameter space for classification of accumulation potential based on DEVR
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envelopes. Finally, (3) the accumulation potential in the area is determined. Both the
pre-MV2 and post-MV2 period are considered.

The main natural sources of fines in and around the DCZ are erosion of fines from
geological layers in the Belgian Coastal Zone (e.g. Adriaens et al. 2018), fines entering
the North Sea from the Atlantic Ocean (Eisma 1981), McManus and Prandle 1997) and a
small contribution from the Rhine, Meuse and Scheldt (Laane et al. 1999, Salomons and
Eysink 1981). Hence, the major sources of fines are not located in the DCZ, but south of
it. These fines are transported alongshore in a residual north-easterly direction, with the
yearly transport flux estimated at 22 + 10 MT/year (van der Hout et al. 2015).

The transport of fines along the Dutch coast is predominantly determined by tidal
currents and their modification by the Rhine ROFI. The freshwater discharge leads to
a salinity difference in cross-shore direction, e.g. Souza and Simpson (1996), Pietrzak et
al. 2011, inducing a net shoreward near-bed transport of fines. This net transport results
from cross-shore density gradients and tidal straining(de Boer et al. 2009, Rijnsburger
etal. 2016, van der Hout et al. 2015). Storms may occasionally transport fines in offshore
direction, but this sediment is returned onshore by the previously described processes
(Flores et al. 2017).

Once the fines enter the DCZ, about 10% deposits in the estuaries in the southwestern
delta. The northward flux at the Rotterdam area is still in the order of 20 + 10 MT/year,
(Eisma 1981). A considerable amount of fines deposits and accumulates in the entrance
channels and harbor basins of the Port of Rotterdam. These are dredged regularly and
disposed on the disposal sites Verdiepte Loswal and Loswal Noordwest (Figure 2.6). From
there, the alongshore transport mostly continues in northeasterly direction. From 2000
to 2016, an average of 0.6 and 2.2 MT fines were disposed yearly at Loswal Noordwest
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and Verdiepte Loswal, respectively (Hendriks and Schuurman 2017). Though no new
fines are introduced into the DCZ, we include these sites in our analyses as they are the
main disposal sites in the DCZ and can buffer fines permanently or temporarily.

A major anthropogenic source of fines originates from the overflow during sand min-
ing, thus located at the MV2 sand mining pit. In 2009 and 2010, approximately 2 MT
fines were yearly released this way (van Kessel et al. 2011). As this is the only major addi-
tional source of fines in the DCZ during the construction of MV2, we investigate whether
it has contributed to the post-MV2 distribution of fines. The magnitude of this source
strongly decreased after 2010, as extracted sand volumes strongly decreased in subse-
quent years.
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Figure 2.9.: Sources of fines in the Rotterdam area with their associated transport path-
way envelopes. Mean salinity contours are computed for the representative
years 2008 (pre-MV2) and 2012 (post-MV2).
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In Figure 2.9a and Figure 2.9b, we illustrate the location of these sources and their
assumed transport pathway envelopes, for the pre-MV2 and the post-MV2 situation, re-
spectively. Though the MV2 sand mining is a temporary source, it is included in Fig-
ure 2.9b as it may have affected post-MV2 fines percentages. For the yearly natural trans-
port flux, we only draw its envelope, as its major sources lie outside the Rotterdam area.
The arrow indicates the residual transport direction.

Several assumptions have been made to establish the envelope of the sediment trans-
port pathways for the anthropogenic sources. Assuming that the majority of fine sedi-
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ment transport in the DCZ takes place within the Rhine ROF], the offshore boundary for
the transport pathways is determined by the offshore limit of the ROFI. This is assumed
to be at the 31 PSU mean surface salinity contour, which was assessed from the hydro-
dynamic model output. On the nearshore side the transport envelopes are — ultimately
— bounded by the land boundary. Within this area, the transport pathway envelope is
expected to develop along the mean salinity contours. The alongshore (north-south)
boundaries are determined by the north-easterly residual current along the Dutch coast,
with a magnitude of 0.10-0.15 m/s (Simpson 1997, van der Giessen et al. 1990). As tidal
currents are the main alongshore transporting agent, the southern boundary is set at one
tidal excursion south of a local source (approximately 10 kilometres). To the north, the
envelope extends in north-easterly direction with time.

No significant difference was found between the computed mean salinity contours for
the pre-MV2 and post-MV2 periods (Figure 2.9). No substantial differences between the
pathway envelope of the alongshore flux between the pre-MV2 and post-MV2 period
are therefore expected. The magnitude of the natural alongshore flux is not substan-
tially affected by the construction of MV2, nor have flow patterns on the scale of the DCZ
changed considerably (Cronin and Blaas 2015). Therefore, the magnitude of the along-
shore flux entering the study domain is not substantially affected by the construction of
MV2.

The transport pathway envelopes for the anthropogenic sources (i.e., the disposal sites
and the sand mining pit) overlap substantially. Fines from the MV2 sand mining pit
which are transported northward, either end up in the pathway envelope of Loswal No-
ordwest or of the Verdiepte Loswal. It is therefore difficult to discriminate between the
effects of different human interventions in the DCZ, as fines from different sources can
be transported to the same location. However, in combination with the local accumula-
tion potential, the envelopes may give a good impression on where to expect an increase
or decrease of fines percentages in the seabed.

The next step is to quantify the conceptual accumulation potential diagram (Figure 2.8)
for the Rotterdam area. The relationship between DEV and 7}, . can be quantified by ap-
plying a logistic regression to a selection of the sediment dataset. This regression pre-
dicts a binary response, i.e. the presence or absence of fines in a sediment sample (cf.
Section 2.3.1), to a set of explanatory variables. We only discriminate between presence
or absence of fines, as their amount is strongly determined by the non-uniform supply
of fines (Figure 2.11). All samples taken in the post-MV2 period within 20 kilometres
from the shore are included in this regression, as few fines are encountered beyond (Fig-
ure 2.5).

DEVg and Tj, are used as the explanatory variables in this regression. They are cal-
culated for every selected sample, using the high-resolution bathymetric and hydrody-
namic model data (Section 2.2.3). The DEVy value of each sampling point is assessed
for a radius R of 1000 m, i.e., DEV;yg¢. Radiuses of 250, 500 and 1500 m were also tested.
However, the 1000 m radius was used in the analysis below as it can represent the larger
geomorphological features in the area (i.e. bedforms, navigation channels and sand
mining pits), while still contrasting the bathymetric differences adequately. 7} . has been
calculated for the representative post-MV2 year 2012. Furthermore, the logistic regres-
sion is applied between a i, 0f 0.15 Pa and a Tryax of 0.60 Pa. The results of this regres-
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sion are shown in Table 2.4.

Table 2.4.: Logistic regression results. This regression method optimizes the log-
likelihood of the presence of fines using the two explanatory variables. The
p-value of the Log Likelihood Ratio (LLR) shows that this approach is statisti-

cally significant.

Log likelihood: | -363.8 # Obs: 569

LL-Null: -394.4 Df Residuals: 566

LLR p-value: 5.06E-14 Df Model: 2

coefficient | standard error | z P>|z|

intercept 1.026 0.097 10.54 0.000
The -2.606 0.231 -11.29 | 0.000
DEV;000 -0.696 0.035 -19.99 | 0.000

From the coefficients for the intercept, DEV;ggp and 7, we can infer the relation-
ship: DEVygo0 +3.747p,c = 1.48 . Combining this relation with the chosen values for Tin
and Ty yields the dashed lines in Figure 2.10, distinguishing between the classes intro-
duced in Figure 2.4.

Figure 2.10 shows that the bed shear stress itself is not discriminative for predicting the
presence of fines in the range between 0.15 and 0.6 Pa. DEVgg greatly improves the pre-
dicted accumulation potential. This likely implies that the presence of fines is strongly
influenced by sub-grid effects, i.e. morphological features smaller than the model res-
olution of 500x500 m?. Thus, the power of the DEV parameter lies in resolving these
sub-grid effects, quantifying local bed features on a 25x25 m? resolution.

The accumulation potential classification of Figure 2.10 is applicable for supply-limited
systems. In such systems, seabed topography and bed shear stresses mainly determine
the distribution of fines. However, the DCZ cannot be regarded entirely as a supply-
limited system. There are also areas where there is either no supply of fines, or where
this supply is abundant. When there is no supply, the majority of sampling points will
be randomly distributed in the 0% category. When supply is abundant, sub-grid hydro-
dynamic conditions are not discriminative, as eroded fines are replaced continuously
(Figure 2.7-1I). Then, sampling data will be randomly distributed in the more than 10%
fines class.

The accumulation potential in the study domain is visualised in Figure 2.11, by com-
bining the hydrodynamic and bathymetric data with the accumulation potential classi-
fication. These maps show alternating areas with high and low accumulation potential,
both for the pre- and post-MV2 period. The average fines percentages for both periods
(Figure 2.6) are also plotted in these maps.

Figure 2.11 shows that the accumulation potential parameter provides a good expla-
nation of the variability in fines percentages measured in the Rotterdam area. Stations
where no fines are found, are generally located in low accumulation potential areas. Sta-
tions containing fines are generally located in high accumulation potential areas. The
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Figure 2.10.: Accumulation potential parameter space, where the dashed line discrimi-
nates between high and low accumulation potential.

accumulation potential classification predicts these sites correctly for 65% of the data.
Below, we discuss the areas indicated and numbered in Figure 2.11.

First we combine our analysis of accumulation potential with the transport pathway
envelopes of the major anthropogenic sources, indicated with a light grey hatch in Fig-
ure 2.11a and b. Where the Verdiepte Loswal (1) envelope overlaps areas with high ac-
cumulation potential, high fines percentages are found for both the pre-MV2 and post-
MV?2 period. This also holds for Loswal Noordwest (2), although fines percentages are
lower. Where the transport pathway envelope of the MV2 sand mining pit (4) overlaps
with the envelopes of the two disposal sites, a relatively large increase in fines percent-
age over the pre-MV2 to post-MV2 period (right panel Figure 2.6 and Figure 2.11b) is ob-
served. The increase must be the result of the MV2 sand mining activities, as the amount
of fines disposed at Verdiepte Loswal and Loswal Noordwest did not change substantially
in the 2006-2014 period.

At Loswal Noord (3) the fines percentages are mostly zero for both periods. This can
be explained by the disposal strategy: fines were disposed here until 1996, but later only
sand. As a result, Loswal Noord (3) lies relatively high and the accumulation potential is
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Figure 2.11.: Accumulation potential map in the Rotterdam area for the pre-MV2 (a) and
post-MV2 (b) period. The accumulation potential is either high (green) or
low (white), based on the accumulation potential classification. The dif-
ference map (c) shows changes in accumulation potential from pre-MV2 to
post-MV2 period. We discuss the numbered sites with black contour lines
below.

therefore low.

In the post-MV2 period (Figure 2.11b), the MV2 sand mining pit (4) forms a major
accumulation zone. The high accumulation potential in this pit is mainly due to its 20
m larger depth (Figure 2.12a), though the 90 percentile of the bed shear stress is also
smaller than during the pre-MV2 period (Figure 2.12b). This shows how sand mining
influences the distribution of fines in two ways. Sand mining itself acts as a source of
fines due to overflow from the hopper. During post-dredging conditions, the resulting
pit becomes a sink for fines.

Directly south of MV2, accumulation potential increased, because of a local decrease
in bed shear stress. This is caused by a change in the tidal flow pattern, as MV2 protrudes
further into the North Sea, deflecting the tidal flow. This leads to a decrease in tidal cur-
rent magnitude directly to the north and south of MV2, but also to tidal flow contraction
directly west of MV2, where the tidal current magnitude increased (Figure 2.12b). In-
deed, the data show an increase in fines percentage over the pre- to post-MV2 period
directly south and north of MV2 (Figure 2.6 and Figure 2.11).
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Figure 2.12.: Changes in depth (a) and computed bed shear stress (b) between the pre-
MV2 and post-MV2 period. The MV2 sand mining pit is indicated with the
thick black line in the left panel.

Beyond 15-20 km offshore, the spatial distribution of accumulation potential is mainly
determined by large-scale bedforms, leading to alternating accumulation potential pat-
terns. A substantial part of the offshore area is thus classified as a potential accumula-
tion zone. Nevertheless, fines are virtually absent here (Section 2.3.2). This is explained
by a lacking supply of fines, reflecting either the absence of sources or because transport
pathways remain closer to shore.

Another zone with high fines percentages, earlier addressed by both Eisma (1968) and
van Alphen (1987a), is found within 2-3 kilometres from the shore along the Holland
coast (area 5 in Figure 2.11). In this area, computed tide-induced bed shear stresses are
so low, that it is classified as a potential accumulation zone (Figure 2.11), in spite of local
high DEV-values. At low T} ., data will mostly fall in the high accumulation potential
range (see Figure 2.8 and Figure 2.10).

2.5. DISCUSSION
2.5.1. ACCUMULATION POTENTIAL AND THE EFFECT OF HUMAN
INTERVENTIONS

The proposed conceptual framework can be used to assess the effect of different human
interventions on the spatial distribution of fines in the seabed. These interventions likely
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affect the local accumulation potential, which can be illustrated by the MV2 sand mining
pit and MV2 reclamation. Due to the reclamation,both the area directly south of MV2
(Figure 2.11), and the MV2 sand mining pit became accumulation zones.

These interventions affected local accumulation potential in different ways, as visual-
ized in the accumulation potential diagrams of Figure 2.13. DEVjggo values decreased
strongly in the sand mining pit because of its 20 m larger depth, accompanied by a
small decrease in bed shear stress. Thus, the accumulation potential in the sand min-
ing pit increased (Figure 2.13a). South of MV2, DEV;¢ values remain more or less con-
stant, implying small bathymetrical changes. While pre-MV2 data indicate accumula-
tion potential was already high in parts of the area, accumulation conditions became
even more favourable because of the decreased bed shear stress in the post-MV2 period
(Figure 2.13b).

Earlier human interventions in the DCZ have also led to a local increase in accumula-
tion potential. Closure of estuaries in the southwestern delta led to a strong decrease in
tidal currents, resulting in accumulation of fines in the former tidal channels (van Alphen
1987a). Such an area where bed shear stresses became very low, lies directly west of the
Haringvliet mouth, area (6) in Figure 2.11. Due to the closure of the Haringvliet estuary
and the construction of Maasvlakte 1, a sheltered area was created (Elias et al. 2017). Al-
though our sediment dataset does not provide information, multiple studies have shown
that accumulation of fines in this area is significant (Elias et al. 2017, Piekhaar and Kort
1983, van Alphen 1987a, van Heteren 2002). The computed accumulation potential is
indeed high both in the Haringvliet mouth and in the former tidal channels of the south-
western delta (Figure 2.11). This confirms that our conceptual framework is capable of
predicting the effect of closing tidal inlets on the distribution of fines in the seabed, and
is consistent with previous studies.

The accumulation potential concept can also be used to quantify sub-grid effects in
assessing the fines percentage in the seabed from numerical model simulations. The
computational grid size in numerical models always exceeds the spatial dimensions of
(small) bed forms. We have shown that small-scale elevation differences of the seabed
strongly influence the presence of fines in the bed, and therefore explain the large spatial
variability in observed fines percentage. Hence, if bathymetric data is available at scales
smaller than the computational grid size, the accumulation potential can be used to ob-
tain a first order estimate of the variability of fines percentage over the computational
cells. This may be relevant, for instance, for analyses of the ecological functioning of the
system.

2.5.2. VARIATIONS IN HYDRODYNAMIC FORCING AND RESPONSE OF THE
SEABED

The spatial distribution of fines in the seabed results from the hydrodynamic forcing and
the response of the seabed thereupon. The forcing is driven by tidal currents and waves.
The seabed response consists of two major parts. Fines which previously accumulated
are remobilized by wave action during storms and then transported by tidal currents.
Afterwards, during calm conditions, these fines will deposit and are buried in the seabed
again. Multiple timescales are associated with the forcing and seabed response, which
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Figure 2.13.: Pre-MV2 vs. Post-MV2 accumulation potential, in MV2 sand mining pit (a)
and south of MV2 (b). The MV2 sand mining pit data are based on the sam-
pling stations visited in 2014. The locations of the data points south of MV2
area are based on the points in the post-MV2 period, i.e. from 2011 on-
wards. At these locations, DEVjggp and T, . values for both the pre-MV2 and
post-MV2 periods were computed.

are crucial to our analysis.

Logically, the fines percentage in the seabed decreases during storms because of re-
mobilization. During subsequent calm conditions, fines percentages may increase again
due to deposition and burial. Since storms occur frequently in the DCZ during winter,
a seasonal variability in fines percentage is likely. Therefore, sampling was carried out
after winter (storm season) to allow for a proper assessment of anthropogenic effects,
undisturbed by seasonal variations (Section 2.2.2).

The accumulation of fines during calm conditions depends on the available time for
deposition and burial, which should be sufficiently long. Hence, it depends on the ra-
tio between the timescale for deposition and burial, and the timescale of hydrodynamic
forcing variations. This ratio should be reflected by the hydrodynamic contribution to
the accumulation potential. The first timescale is subject of ongoing research, but is
likely in the order of several days to a week. The second depends on the dominant contri-
bution to the hydrodynamic forcing, as currents and waves vary on different timescales
themselves.

Tidal currents vary on diurnal and fortnightly scales, while waves occur more erratic.
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If the wave height over water depth ratio is small apart from storms, calm conditions
are governed by the magnitude of the tidal current. Prolonged calm conditions then re-
late to the maximum currents that occur during a spring-neap cycle, i.e. the fortnightly
timescale. Therefore, we have schematised the hydrodynamic contribution to the accu-
mulation potential through the 90™ percentile of the current-only bed shear stress, as it
is representative for these maximum currents.

This approach is valid for the majority of the sampling locations, as they lie at water
depths larger than 10 meters. At such water depths in the DCZ, the seabed is only sub-
ject to large wave-induced shear stress during storms. However, with decreasing water
depth, waves become more important and will also define calm conditions. Therefore,
the accumulation potential is not accurately predicted in the shallow nearshore, i.e. the
breaker zone and around (e.g. parts of area 5 in Figure 2.11). The differences between ob-
served fines percentage and its prediction by the accumulation potential are thus partly
explained by how calm conditions are schematised.

2.5.3. APPLICATION OF CONCEPTUAL FRAMEWORK TO OTHER COASTAL
SHELF SEAS

The conceptual framework was developed for the southern North Sea, but its concept
is generic and it can be used to analyse the dynamics of fines in other coastal shelf seas,
provided they have a sandy substrate. The framework allows to study the effect of human
activities on these dynamics in a structured way. This enables engineers to effectively
assess and thus mitigate the impact of these activities. Here, we provide several examples
of how the conceptual framework could be utilized.

In the Seine estuary, France, material dredged from harbours is disposed at sites off
the coast of Le Havre. Marmin et al. (2014) demonstrated that relocating this disposal
site for, mostly fine, sediment is constrained by both economic and natural restrictions.
Apart from the local effects on biota at the dumping site, the far-field effects need to be
studied as well. Marmin et al. (2014) mention "these effects depend on a variety of en-
vironmental conditions (Essink 1999), but differ greatly from one site to the other, thus
general conclusions are difficult to draw". By estimating the transport pathways from a
site and determining accumulation potential in the area, the influence of this newly in-
troduced source can be assessed more specifically. Furthermore, the conceptual frame-
work can be used to assess the differences between a concentrated disposal strategy at
one location versus smaller disposal locations across a larger area.

Human interventions in the shelf seas surrounding Australia are subject to strict regu-
lations, as they pose a threat to the present coral reefs (Erftemeijer ef al. 2012). In terms
of the conceptual framework, accumulation potential is high between and on the coral
reefs (Fisher et al. 2015, Jones et al. 2015). Thus, to avoid smothering of the coral reefs,
the transport pathway envelope from disposal/dredging sites has to be established. This
can form the basis for revised project design or the implementation of mitigating mea-
sures.

The North Sea is one of the world’s most actively studied shelf seas. However, in many
shelf seas the seabed has only been sparsely sampled, such as the Andaman Sea. For
example, Kamp-Nielsen et al. (2002) and Feldens et al. (2012) observed patches of fine
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sediment off the coast of Thailand from local high-resolution surveys. The presence of
these patches depended on small-scale topography, with sharp boundaries between a
patch and the sandy environment. Combining hydrodynamic model results with bathy-
metric data provides a valuable first estimate of where to expect fines. This can then
be incorporated in the design of seabed sampling campaigns. The framework can be
utilized to trace back the fine sediment to its respective sources, once the pathways are
established.

2.6. CONCLUSIONS

In this chapter, we studied the processes and conditions which determine the distri-
bution of fines in the surficial seabed of the Dutch coastal zone (DCZ). A new dataset
was analysed to determine this spatial distribution and then compared with previous
datasets. The large extent and high spatiotemporal resolution of the new dataset enables
to study fine sediment dynamics in the North Sea at scales smaller than before.

At mega-scale, the spatial distribution of fines in the DCZ is generally in agreement
with previous work by Eisma (1968) and van Alphen (1987a). Virtually no fines are found
beyond 20 km offshore. Further nearshore, variability in fines percentage is found on
both smaller (tens of metres) and medium (kilometres) scales. Locally, fines percentages
exceed 10-20%. Highest percentages are found within 2 to 3 km from the shore, north
and south of the River Rhine outflow, and in the former tidal channels in front of closed
estuaries. Large-scale human interventions invoked local changes of the fines percent-
age in the seabed in the order of 10% and above.

To analyse the large-scale distribution of fines in the seabed and enable quantitative
prediction of the effect of large-scale human interventions, a conceptual framework was
developed. This framework consists of three components: (1) sources of fines; (2) trans-
port pathways from these sources; and (3) accumulation potential. It was shown that
the large-scale distribution of fines in the DCZ is mainly determined by the first two
components, whereas accumulation potential mainly influences the local distribution.
Differences in fines distribution in response to the construction of MV2, a seaward ex-
tension of the Port of Rotterdam, were caused by an additional source of fines released
from overflowing during sand mining, and by local changes in accumulation potential —
most notably in the deep mining pit and the sheltered zone south of MV2.

The new framework enables the assessment of individual human interventions in terms
of source, pathway and/or accumulation effects. It further allows for the assessment
of cumulative effects due to multiple interventions (and their interactions) in one area.
Such analyses can establish a sound basis for Environmental Impact Assessments and
may form a starting point for successive analyses on ecological effects. In this way, the
framework developed here can help engineers and policy makers to assess how human
interventions affect the ecosystems like the North Sea and to limit or mitigate their envi-
ronmental impact.
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3.1. INTRODUCTION

Shallow seas are increasingly exposed to human interferences (Degraer et al. 2019), like
beam trawl fishing (Rijnsdorp et al. 2008), dredging for land reclamation (Stolk and Dijk-
shoorn 2009) and construction of offshore wind farms (Breton and Moe 2009). These in-
terferences lead to a modification of the suspended sediment concentration (SSC) (Piet
etal.2019, Capuzzo et al. 2015). Most suspended sediment consists of fine sediment (i.e.,
fines, sediment smaller than 63 ym), which plays a major role in the ecological function-
ing of shallow coastal seas. When suspended in the water column, fine sediment leads to
an increase in turbidity (Fettweis et al. 2019), thereby impeding sunlight penetration into
the water column (Kirk 1994). This may lead to a decrease in phytoplankton growth rate
(e.g., Anthony et al. 2004, van Duin et al. 2001) and thus a decline in ecosystem health,
as phytoplankton form the base of the marine food pyramid. We focus on the southern
North Sea, where ecosystem functioning is strongly influenced by fine sediment dynam-
ics (van der Molen et al. 2017), even though its seabed is predominantly sandy.

In the southern North Sea, SSC varies strongly in both time and space. On short tem-
poral scales, it depends on the occurrence of storms (Stanev et al. 2009, van der Hout
et al. 2017). During storms, a simultaneous increase in SSC occurs in the entire south-
ern North Sea within days of the storm onset (Fettweis et al. 2012, Pietrzak et al. 2011,
Suijlen and Duin 2001). Subsequently, SSC steadily decreases, while still varying on tidal
timescales (Flores et al. 2017, van der Hout et al. 2017). Within a week, SSC in the en-
tire area has again decreased to pre-storm values (Fettweis et al. 2010, Suijlen and Duin
2001, Kleinhans et al. 2005). Spatially, mean SSC mainly depends on cross-shore dis-
tance (de Boer et al. 2009). Concentrations are generally high within 2-3 kilometres from
the shore, strongly decreasing in an offshore direction (Fettweis and Van den Eynde 2003,
van Alphen 1990, van der Hout et al. 2015).

Both the temporal and spatial variations indicate that SSC magnitude strongly de-
pends on the exchange of fines with the sandy seabed (van Kessel et al. 2011, van Prooi-
jen etal. 2007). The simultaneous increase of SSC during storms over a large domain can
only be explained from local sources of fines throughout the system. Advection, dispers-
ing sediment from one or a few isolated sources, is too slow of a process to explain the
quasi-instantaneous increase of SSC over this large domain. Likely, these local sources
consist of fines which are remobilised from the seabed by waves (Fettweis et al. 2010,
Flores et al. 2017).

The system-wide decrease in SSC within a week after a storm suggests local sinks of
fines within the system, forming the SSC source for the next storm. During calm con-
ditions, fines settle out of suspension and deposit. Due to their small settling velocity,
they deposit on top of the sandy seabed. As tidal currents resuspend fines into the wa-
ter column when they are readily available on the seabed (Terwindt and Breusers 1972,
van Maren et al. 2020, Widdows et al. 2007), a decrease in SSC implies that they are no
longer available, but are buried within the seabed. Thus, burial in the seabed provides
local sinks for fines. This short-term water-bed exchange leads to considerable short-
term variations in fines percentage in the southern North Sea bed (Hendriks et al. 2020,
Witbaard et al. 2016). However, it does not affect the fines percentage in the upper strata
of the North Sea bed on decadal time scales (Eisma 1968, van Alphen 1987a,Hendriks
etal.2020).
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Despite its importance for fine sediment dynamics, the burial of fines into a sandy
seabed is currently not well understood. A mechanistic description is lacking for this
process, thus only heuristic burial parameterisations are used in the literature (Sanford
2008, van Kessel et al. 2011, van der Molen et al. 2009). This limits the modelling of fine
sediment dynamics in shallow coastal seas (van Maren et al. 2020). To improve this, a
conceptual description for the burial of fines is required.

Previous research suggests three possible processes which may bury fines into the
seabed, but for none of these a mechanistic description is available. These processes
are: (1) pore water flow induced by pressure gradients over bedforms, (2) bioturbation
and (3) bedform migration (Dankers 2005, Eisma 1968, Graf and Rosenberg 1997, Huet-
tel et al. 1996, Huettel and Rusch 2000, Jennes and Duineveld 1985, Le Hir et al. 2007,
Martinius and van den Berg 2011). Pore water flow rates are generally small, and only
make a considerable contribution in coarse sediment where pressure gradients are large
(Harrison et al. 1983, van der Loeff 1981, Webb and Theodor 1968). Hence, it is expected
that they hardly bury fines in the southern North Sea bed, with median grain sizes (d5)
of 200-350 um, even over long timescales (Kleinhans ez al. 2005). Bioturbation is an ef-
fective mixing mechanism (Graf and Rosenberg 1997, Kleinhans et al. 2005, Kristensen
et al. 2012, Le Hir et al. 2007, Volkenborn et al. 2007, Witbaard et al. 2016), but is only
able to accumulate fines over longer timescales, on the order of weeks to months, or
even years (Kleinhans et al. 2005, Lecroart et al. 2007, Middelburg et al. 1997). As there
are no indications of increased biogenic activity after storms, bioturbation will not lead
to sufficient burial of fines in the days after a storm. This leaves bedform migration as
the only likely mechanism for the considered area.

The objective of this chapter is to develop a conceptual mechanistic model explain-
ing the burial of fines into a sandy seabed induced by the formation and migration of
bedforms. This model is inspired by in-situ observations in the North Sea, and its devel-
opment was an iterative process in concert with analysing the data. To properly assess
the data, one needs to be informed by the conceptual model. Therefore, we start by in-
troducing this model in Section 3.2, which provides a phenomenological description of
the burial process. It has been deduced from an analysis of the relevant bedforms in
the North Sea, and sedimentological theory on flaser bedding (Reineck and Singh 1980).
Subsequently, the data collected in the North Sea are presented (Section 3.3). Using these
data, we verify and discuss the proposed burial model (Section 3.4). Finally, we discuss
the implications of our findings and present our conclusions (Section 3.5 and 3.6). This
chapter only discusses the ingress of fines into a sandy seabed, not the remobilisation of
fines from that seabed during a storm.

3.2. BEDFORMS AND THEIR ROLE IN FINE SEDIMENT BURIAL

3.2.1. BEDFORMS IN THE SOUTHERN NORTH SEA

A wide variety of bedforms is found on the southern North Sea bed (Passchier and Klein-
hans 2005), formed by the interaction between hydrodynamic forcing and the seabed
(Damen et al. 2018, Hulscher and van den Brink 2001). Both the hydrodynamic forc-
ing and seabed characteristics vary in space and time and, as do the resulting bedforms.
Their length varies from multiple kilometres (i.e., mega-scale) to decimetres (i.e., small-




42 3. THE BURIAL OF FINES IN A SANDY SEABED

scale) (Figure 3.1). Smaller bedforms may develop atop larger ones, hence the seabed
topography may ultimately become quite complex (Kleinhans 2005).

Bedforms can be formed by tidal currents and waves, or a combination of both. This
affects their length, shape, and associated time scale. Mega- and large-scale bedforms
(wave lengths larger than tens of metres) are predominantly current-induced and tend
to be asymmetric (van Gerwen et al. 2018), while small-scale bedforms (wave lengths
smaller than several metres) can be formed by either tidal currents, waves or a combi-
nation thereof (Brakenhoff et al. 2020). Once formed, bedforms are not static but tend
to migrate, and then change both in form and size. Migration rates are inversely related
to bedform size (Baas et al. 2000). While mega-scale bedforms only migrate on decadal
timescales, small-scale bedforms can migrate multiple times their own length within
hours to days (Lichtman et al. 2018).

From this wide range of bedforms, we propose that only small- and meso-scale bed-
forms are relevant for the burial of fines. As burial predominantly takes place within the
week after a storm, the relevant bedforms should be mobile enough to migrate or change
shape over the course of a few days. Seaward from the surf zone, bedforms longer than
several decametres can partially transform (Houthuys et al. 1994), but do not migrate
nor transform entirely on these short timescales. Hence, we will not consider these in
our analysis. We thus only consider the small- and meso-scale bedforms, known as rip-
ples and megaripples (Figure 3.1 — lower 2 panels). At this length scale, bedform size
and shape vary strongly with time, due to wave and tidal flow (e.g. Amos et al. 1996,
Li and Amos 1999. Resulting (mega-) ripples and their characteristics are summarised
in Table 3.1. On the lower shoreface of the southern North Sea, ripple height is a few
centimetres during calm, tide-dominated, periods (Meirelles et al. 2016, Schrijvershof
et al. 2019, van der Werf et al. 2022, Wengrove et al. 2017). When the wave- and cur-
rent intensity increase, so do ripple length and height. Above a certain threshold, ripples
transform to megaripples (Soulsby et al. 2012. For current-induced bedforms, this trans-
formation occurs around a Shields value of 0.1 (Marten 2010), while for wave-induced
bedforms, this transformation occurs gradually as their length and height depend on
the orbital excursion (Table 3.1). The height of storm-induced megaripples and ripples
on the lower shoreface varies from 0.05 cm to 0.2 m (Wengrove et al. 2018, Wengrove et
al. 2019). However, bedforms need time to adjust to the governing hydrodynamic con-
ditions. Hence, the transformation from current-induced to storm-induced bedforms is
gradual (Soulsby et al. 2012, Traykovski 2007). Likewise, the transition back to current-
induced ripples is also gradual, and generally takes place within hours to several days
(Wengrove et al. 2018).

3.2.2. FINES BURIAL BY A MIGRATING RIPPLE

We argue that small, current-induced ripples are the principal bedform type burying
fines into a sandy seabed. This burial process is sketched in Figure 3.2, showing a ripple
cross-section. It presumes that ripples migrate in a single direction, with intermittent
periods of slack water, and are two-dimensional. These presumptions aim to make the
process description more straightforward. The first presumption is based on the fact that
tidal currents along the Dutch shore are flood-dominated (Grasmeijer et al. 2022). As
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Figure 3.1.: Bedforms on different length scales along the Dutch coast. Length scales
vary from 10 4 metres (top panel) to 10 -1 metres (bottom panel). Upper two
panels from NLHO data (Arcadis and Deltares 2019). Lower two panels using
data from the Coastal Genesis 2.0 dataset (van der Werf et al. 2022). Top left
corner of each map in ETRS89 UTM31N coordinates: 1. (563971, 5837427), 11.
(580136, 5805159), I1I. (656068, 5927954), IV. (584832, 5793243).

current-induced ripple migration rates scale non-linearly with flow velocity (Table 3.1),
this asymmetry leads to a dominant migration direction. This is consistent with the find-
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Table 3.1.: Ripple and megaripple characteristics based on dominant hydrodynamic
forcing. Ripple properties : 17,4 — equilibrium ripple height, 1., - equilibrium
ripple length, v;,;¢ — migration rate. Parameters : D — dimensionless grain
size (e.g., van Rijn 2007), dso — median grain size, dy — near-bed orbital ex-
cursion, @ — Shields parameter, u. — current-induced velocity and u,, — wave-
induced velocity. The typical values are for fine sand, and for wave-induced

bedforms only apply to orbital (mega-) ripples.

Type -> | Current-induced Wave-induced rip- | Combined wave-
Property ripples ples current
Teq m] Neq = ds0202D; 0554 Neq =0.1dy Neg = @0.1dp, where
(Soulsby et al. 2012) (Wiberg and Harris | a = f (D, uc, uy)
1994) (Tanaka and Dang
1996)
Aeg m] deg = ds50(500 + | Aeq = 0.62dy deq = a0.62dy,
1881D; 1 (Wiberg and Harris | where a = f (D, U,
(Soulsby et al. 2012) | 1994) Uy)
(Tanaka and Dang
1996)
Steepness 0.06-0.1 approx. 0.16 0.1-0.15
(Meg! Aeg) [-]
Shape [-] asymmetric symmetric asymmetric
Umig [m/s] Umig = 0.11546%% | depends on wave | depends on wave
for dsp = 238 um skewness skewness and 6
(Baas et al. 2000) (Traykovski 2007) (Amos et al. 1999)

ings of van van der Werf et al. (2022), who showed that the critical Shields parameter is
only occasionally exceeded on the Dutch lower shoreface by ebb currents alone. In real-
ity, ripples will likely be three-dimensional and can also migrate in opposing directions.
Though this may affect burial rates (quantitative) it will not affect the relevant processes
(qualitative). Below, we elaborate on the different steps in the burial process.

Due to tidal currents, asymmetric current ripples of 2-3 cm high are formed in fine
sand with a steepness of 0.06-0.1 (Figure 3.2a) (Soulsby et al. 2012, van der Werf et al.
2022). Due to this asymmetry, flow separation occurs from the ripple crest (flow separa-
tion area indicated by the dash-dotted lines in Figure 3.2). Hence, a wake forms at the
steep lee side of the ripple. In this wake, the bed shear stress is (at least) 20% lower than
on the crest (Fernandez et al. 2006, McLean et al. 1994). These ripples will migrate along
the bed if the tidal currents are strong enough to exceed the critical Shields parameter.

During slack water, current velocities decrease and ripple migration ceases. Con-
sequently, fines settle out of suspension and deposit on the seabed (Figure 3.2b). The
amount of deposited fines depends on the slack water duration, concentration of sus-
pended fine sediment and characteristic settling velocity (Winterwerp 2007). The largest
net deposition is expected to occur on the lee side and in the ripple trough (Reineck and
Wunderlich 1968). As the in-situ density of suspended fines is relatively low (i.e. water
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content is high), a relatively thick, but soft layer of fines is expected to build up in the
trough (Terwindt and Breusers 1972). The critical shear stress for resuspending these
freshly deposited fines is generally low, on the order of 0.1 Pa (van Kessel et al. 2011, van
Maren et al. 2020, Widdows et al. 2007).This is lower than the critical shear stress for fine
sand, which is approximately 0.2 Pa (van Rijn 2007).

When the tidal current increases again, so does the bed shear stress. Fines on the lee
side of the ripple are (partially) eroded because of their low critical shear stress. How-
ever, in the wake of the bedform and the induced return flow, part of the fines remains
within the trough, also at larger flow velocities. When the bed shear stress exceeds the
critical shear stress for sand, sand grains on the stoss side will be transported as bedload
(Figure 3.2c). As the bed shear stress is not uniformly distributed over the ripple, sand
transport on the stoss side starts shortly after fines start to be eroded on the lee side.
Once the sand grains are transported over the ripple crest, they deposit atop the fines
still present in the trough. As more sand grains are transported, the ripple migrates.

After a short period of time, the ripple has migrated by distance x,;z and has buried
some fines (Figure 3.2d). Due to the load imposed by the overlying sand, the layer of fines
consolidates. As a result, its density increases while the layer thickness decreases. These
fines are buried in the upper seabed strata as individual lenses, and likely not mixed with
the sandy substrate. This yields a flaser bedding, as described in sedimentology (Mar-
tin 2000, Reineck and Singh 1980, Reineck and Wunderlich 1968, Terwindt and Breusers
1972).

This process is relatively fast, as current-induced ripples can migrate several times
their own length within a tidal cycle (Lichtman et al. 2018). Because of the non-uniformity
of bed shear stress over the ripple, this process explains why not all fines are eroded be-
fore they are covered by sand. However, the explanation provided here is not yet com-
plete, for two main reasons. Firstly, due to the limited height of these ripples, fines would
only be buried in the top centimetre of the seabed. Measurements indicate that fines are
present not only in the top 1cm, but are also found 10-15 cm below the seabed surface
(Hendriks et al. 2020, Passchier and Kleinhans 2005). Secondly, when the ripples migrate
further than indicated in Figure 3.2d, the fines which were previously buried at their lee
side become exposed again at the stoss side within a short time. If the increase in critical
shear stress of buried fines is limited, this would imply that only a little net burial would
take place. Hence, an additional process must occur. In the next section, we hypothesise
how the interaction between bedforms of different length scales leads to a net burial of
fines.

3.2.3. HYPOTHESIS: BURIAL DUE TO INTERACTION OF SCALES

Interaction between bedforms of different length scales enables deeper burial of fines
which therefore remain within the seabed for longer periods (i.e., between storms). As
Figure 3.1 shows, a multitude of different bedforms can occur on the North Sea bed,
which can co-exist in both space and time. Bedforms of different scales, from mega-
to small-scale, interact with one another. Our hypothesis elaborates on the interaction
between bedforms of small- and meso-scale, i.e. ripples and megaripples (two lower
panels Figure 3.1).

This interaction is sketched in Figure 3.3, which proposes four distinct phases in the
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Figure 3.2.: Sketch of different steps for burial of fines by migrating small-scale bedforms.
(a) Current-induced ripples migrating from left to right due to tidal current.
Flow separation, indicated by the dash dotted lines, leads to a wake on the lee
side of ripples. (b) During slack water, fines settle out of suspension, form-
ing soft layers on the seabed. Largest net deposition is expected in the ripple
troughs. (c) When tidal currents increase again, part of the previously de-
posited fines are eroded. Sand grains transported over the ripple crest de-
posit on the fines accumulated in the ripple troughs. (d) The ripples have
migrated by distance xp;g, burying fines into the seabed. Fines are present
as thin lenses.

burial process. Together, these form a dynamic cycle. For each phase, we discern be-
tween the behaviour of the sandy seabed and the presence of fines. The latter can either
be suspended in the water column, deposited on, or buried within the seabed.

We start with phase 1, which occurs in a relatively calm period, dominated by tidal cur-
rents. Only small current-induced ripples are formed on the seabed. Hence, the height
of the active ripple layer is limited to 2-3 cm Most fines were buried in the seabed during
previous cycles, deeper than this active layer. SSC is low and at slack tide, thin layers of
fines deposit on the seabed, preferentially in the ripple troughs. The small-scale ripples
migrate (similar to Figure 3.2), but the exchange of fines is limited.

Phase 2 represents a storm build-up phase. Wave energy increases and wave-induced
bedforms are formed on the seabed. These gradually develop into megaripples. During
this phase, bedform height increases and fines are remobilised from the seabed. Since
bed shear stresses are high, fines are not likely to deposit on the seabed. Thus, burial will
be absent or limited. Combined, this leads to a net flux of fines into the water column
and therefore an increase in SSC.
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Phase 3 represents the storm peak, with maximal wave energy. The developed megarip-
ples have reached their maximum height. We assume that these bedforms do not mi-
grate substantially, owing to the symmetry of the waves. Most fines buried during the
previous cycles have now been remobilised, leading to high SSC in the water column. As
bed shear stresses are high, deposition of fines on the seabed is unlikely.

Phase 4 represents the post-storm phase, when wave energy is low again and tidal
currents are dominant. Current-induced ripples form, superimposed on the megarip-
ples. These ripples will migrate, leading to a net sand transport towards the megaripple
troughs for two reasons. First, bed shear stresses on the stoss and crest of the megarip-
ples are higher than on the lee side and troughs. Second, the bed elevation gradients lead
to net sand transports (van Rijn 1984, Walstra et al. 2007). As a result, the storm-induced
megaripples gradually flatten out and the smaller ripples become dominant again.

phase 1: calm

phase 4: post-storm phqse 2: storm build-up

Figure 3.3.: Schematic of burial of fines in a sandy seabed due to reconfiguration and mi-
gration of larger and smaller bedforms. Yellow polygon indicates the sandy
seabed. Brown lenses indicate fines in and on the seabed, while brown dots
indicate suspended fines. Dashed grey line indicates maximum ripple di-
mensions formed during phase 3.

Fines are buried into the seabed during phase 4, because of the migrating small-scale
ripples. Similar to Figure 3.2, fines deposit in the troughs of the small-scale ripples dur-
ing slack tide. Since SSC is still high due to the preceding storm, deposition rates will
be high and a relatively thick layer of fines is formed. Subsequently, the fines are buried
when the ripples migrate. Because of the asymmetry in sand transport, the ripples mi-
grating towards the trough of the former megaripple will be covered by subsequent mi-
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grating ripples. In this way, fines end up at different depths in the bed and become un-
available for resuspension by the tidal currents.

This process generates distinct signatures of where and how fines are found in the
seabed. Burial depth is contingent on bedform height, thus the maximum depth at
which fines are buried depends on the height of bedforms created during storms. When
fines have been buried in the seabed, they are present as distinct lenses. Furthermore,
fines predominantly end up in the former troughs of megaripples and not in their crests.
This implies that fines percentages vary substantially on megaripple length scales, from
zero at the former megaripple crest to a high fines content in the former trough in the
form of (multiple) lenses.

3.3. MATERIALS AND METHODS

3.3.1. STUDY SITE AND MEASUREMENT PERIOD

The conceptual model was developed and tested with data collected in the southern
North Sea. As the seabed and water column form a coupled system, simultaneous mea-
surements of both elements are required. Seabed samples were taken along a cross-
shore transect offshore of Egmond aan Zee, the Netherlands (Figure 3.4a) in 2017. This
transect starts at 1 km offshore (52.6371 °N, 4.6054 °E) and extends to 10 km offshore
52.6389 °N, 4.4722 °E). Itis located approximately 80 km north of the River Rhine outflow,
thus in the far-field region of the Rhine Region of Freshwater Influence (ROFI). There-
fore, the water column at Egmond aan Zee periodically experiences weak stratification
(Rijnsburger et al. 2016). It lies 20km north of the port of Jmuiden, where no significant
volume of freshwater is discharged into the North Sea. However, approximately 1 MT of
dredged fine sediment is disposed of directly north of the harbour entrance channel an-
nually (Winterwerp 2001. This disposal site lies 15 km south of the studied transect, and
fines deposited there will eventually reach the Egmond aan Zee transect as the residual
transport direction of fines along the Dutch coast is in north-easterly direction (de Boer
etal. 2009).

The seabed along this transect is mostly sandy, with a d5p of 200-250 ym and a fines
percentage of up to 10% (Witbaard et al. 2016). A net shoreward transport of fine sedi-
ment exists during calm periods (van der Hout et al. 2015), inducing elevated levels of
turbidity between 1-3 km from the shore (van (van Alphen 1990, van der Hout et al.
2015). Morphologically, the area is characterised by the presence of several shoreface-
connected ridges (van de Meene and van Rijn 2000a). The bed level along the transect
varies from -10 m to -20 m (Figure 3.4b), situating it entirely on the lower shoreface (An-
thony and Aagaard 2020, Grasmeijer et al. 2022). All bed levels are referenced to the
Dutch Ordnance level (NAP, Nieuw Amsterdams Peil).

The first sampling campaign took place from 9 to 11 June 2017 and the second from
19 to 26 October 2017. In the remainder of the text, we refer to them as the June’ and
‘October’ campaigns, respectively. These campaigns were performed using the RV Pela-
gia of the Royal Netherlands Institute for Sea Research (NIOZ). During both campaigns,
multiple measurements were done along this transect, comprising seabed sampling and
measurements from instrumented landers. The applied techniques and data postpro-
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cessing are discussed in Section 3.3.2 and Section 3.3.2.
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Figure 3.4.: (A) Egmond aan Zee cross-shore transect. Bathymetry based on NLHO Dig-
ital Terrain Model (DTM), based on bathymetric surveys from 2009, 2012
and 2014 (Arcadis and Deltares 2019). The inset indicates the location of the
study site along the Holland coast and the location of the wave buoy IJgeul
1. (B) Bed level along the transect as determined from the NLHO DTM and
multibeam echosounding during the campaigns, also indicating the seabed
sampling stations for both Multicorer (MC) and Sediment Profiling Imagery
(SPI).
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3.3.2. SEABED SAMPLING

The seabed was sampled at predefined stations along the transect (Figure 3.4b) using
two methods. The first method was the Multicorer (MC), which simultaneously collects
up to 8 bed sediment samples at a station. The MC was deployed at 1000-m intervals
in both campaigns. The second method, Sediment Profiling Imagery (SPI), was used
to take images of the upper seabed layer. The SPI stations were evenly spaced at 500-m
intervals in June and October (Figure 3.4b). However, in the latter campaign, we adjusted
the spacing of the stations in the most offshore 5 km part of the transect to a 1000 m
interval, as preliminary results from the June campaign showed more fines within the
inner 5 km. This allowed us to sample the stations within 5 km twice. As the vessel was
not equipped with Dynamic Positioning, seabed samples from the same station were not
collected exactly at the same position in June and October but 10 to 30 metres apart.

a)

‘0000

45 cm

O0O00O

15cm

Figure 3.5.: (a) SPI deployment sketch (VLIZ 2022), (b) Photo of Multi Corer (MC) with
collected sediment samples, (c) MC array with indication of dimensions.

A standard protocol was followed to collect sediment samples with the MC. The device
is equipped with eight 10-cm diameter cores (see Figure 3.5b for image of MC frame).
These are arranged in a fixed layout of two rows (Figure 3.5¢), which are 45 cm apart.
Within a row, the centres of adjacent cores are 15 cm apart.

Atleast six sediment cores were required per station. Three of these were used to deter-
mine the grain size distribution, while the other three were used to determine substrate
permeability (Cheng et al. 2020). In this chapter, we only discuss the grain size distri-
bution results. Cores with more than 10 cm of sediment were processed. If not enough
cores of sufficient length could be collected within a single MC deployment, sampling
was repeated until at least six sediment cores of sufficient length were collected. Addi-
tional sampling locations were located within 20 m from the initial location and taken
within 30 minutes after the first deployment. The total number of MC deployments per
station is listed in Table 3.2.

Once the sediment cores were retrieved from the MC, the overlying water was siphoned
off carefully, without disturbing the sediment interface. The main cores were then sub-
sampled using smaller acrylic tubes (length 15 cm, diameter 3.5 cm). These sub-cores
were sliced at 1cm intervals for the upper 5 cm and at 2-cm intervals for the lower part.
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Table 3.2.: Number of MC deployments per sampling station, for the June and October
campaigns

km offshore 10/ 9|8|7|6|5|4|3|2]|1

MC deployments - June 1

MC deployments-October | 1 |1 |2 |2 |16 |3 |3 |1]|1

—
—
—
—
'S
—
w
—

Sediment slices were stored in a freezer at -20° C in labelled vials. After the campaign,
these vials were transported to the NIOZ laboratory ensuring the sediment remained
frozen. There, the subsamples were first freeze-dried for 48 hours, followed by sieving
over a 1 mm mesh. During sieving, the material was thoroughly homogenised and wet-
ted in tap water. A small subsample was analysed with a Malvern Mastersizer 2000 parti-
cle sizer. This instrument determines the grain size distribution by laser diffraction (Mc-
Cave et al. 1986), yielding the volume percentage of different size classes. The size class
of particles smaller than 63 pm is referred to as fines. We do not distinguish between
the clay and silt fractions. Similar to Callesen et al. (2018) and Hendriks et al. (2020), we
assume that volume percentages are representative for mass percentages.

The SPI system consists of a camera held within a frame, initially developed by Rhoads
and Germano (1982) (Germano et al. 2011). Figure 3.5a shows how the SPI system is de-
ployed. Ten seconds after each landing on the seabed, the first photo is taken. A dupli-
cate photo is taken ten seconds later. After collecting two photos, the SPI frame is hoisted
up several metres and lowered again at several decametres from the first sampling point.
Here, another two photos are collected before it is brought back up to the ship deck.

The SPI photos provide a profile of up to the top 30 cm of the seabed. For sandier
beds, the depth to which the camera prism penetrates the bed reduces to 5-10 cm and
sometimes even less. If the penetration depth of the SPI camera is limited, the SPI image
provides a pseudo-3D image of the seabed-water interface, showing parts of the seabed
surface located away from the SPI prism (Figure 3.6). Furthermore, the impact of the
frame when landing on the seabed likely redistributes part of the fines on the seabed.

SPI images were post-processed following a standard procedure, illustrated in Fig-
ure 3.6. The original images (Figure 3.6-1) were cropped to 60% of their original height,
and the RGB colours were converted to greyscale. The histogram of these greyscale im-
ages was then normalised based on the greyscale intensity limits of the substrate. A grid
was laid over the images to measure lengths and heights. These normalised greyscale
images (Figure 3.6-2) were then converted back to a coloured image (Figure 3.6-3) by
applying the ‘seismic’ false colour map in matplotlib (Hunter 2007). Normalisation and
colouring of images made it easier to discern between fines and sand. In the coloured
images, patches of fines show up as red, textureless patches (Figure 3.6-3). The sandy
substrate, on the other hand, is mainly light to dark blue. Each coloured image was then
assessed using the criteria in Table 3.3, similar to Karakassis et al. (2002) and Romero-
Ramirez et al. (2013), which enabled a quantitative assessment of the SPI images.
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Figure 3.6.: SPI image processing. Original image (1) is cropped and normalised (2).
Then coloured (3) using the 'seismic’ colour map, after which the fines in and
on the substrate can be distinguished better. Assessment criteria are shown
for each image. Original image taken in June 2017, at 2.5 km offshore.

Table 3.3.: SPI image assessment criteria

Criterion Classification Attribute
Penetration depth N/A Depth in cm
Fines on substrate Yes / no Thickness of deposited layer
Fines in substrate Yes / no Patchy/well-mixed

3.3.3. INSTRUMENTED LANDERS
DEPLOYMENT AND CONFIGURATION

At the beginning of both campaigns, multiple instrumented landers were deployed on
the seabed to measure a variety of physical parameters. In this chapter, we focus on
the data collected with the TUD lander at 4 km offshore (June: 52.6400 °N, 4.5644 °E;
October 52.6401 °N, 4.5651 °E). At this location, the bed level is -15 m NAP. A suite of
instruments mounted on the lander measured flow velocity, turbidity and small-scale
bathymetry (Table 3.4). Flow velocity and turbidity were measured at multiple heights in
the water column.

In June, the landers were retrieved from the seabed at the end of the campaign. In
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October, the landers were retrieved one day before the end of the sampling campaign
because of workability conditions.

Table 3.4.: Instruments mounted on the TUD lander. Instruments measured at different
heights, indicated in metres above bed (mab). This table only lists the instru-
ments of which the data was used in this chapter.

Instrument name Measurement volume at | Parameter Period

(in metres above bed -

mab)
Nortek Vector ADV 0.15, 0.3 mab Velocity in single point June & October
Campbell OBS 3 0.15, 0.3, 0.45, 0.6 mab Turbidity June & October
Marine Electronics Ripple Profil- | 1.0 mab (sonar head) Small-scale bathymetry October
ing Sonar

POSTPROCESSING LANDER DATA

The two Acoustic Doppler Velocimeters (ADVs) both measured at a 16 Hz frequency. The
ADV installed closest to the bed (measurement volume at 0.15 mab) operated in bursts
of 10 minutes, measuring for 9 minutes and 50 seconds with a 10 second interval before
starting a new burst, while the ADV at 0.30 mab operated in continuous mode.

Velocity timeseries were first corrected for pitch and roll of the lander, followed by a
transformation from a local XYZ coordinate system to global ENU (East-North-Up) co-
ordinates. The data were then filtered using a correlation and signal-to-noise (SNR) ratio
mask (Elgar et al. 2005). Data points for which the beam correlation for all three ADV
beams was below 80% and with an SNR smaller than 15 were removed from the data. If
more than 30% of the samples within a moving 5-minute window had to be filtered out,
the entire 5-minute window was removed. After filtering the data, the velocity time series
were despiked (Goring and Nikora 2002). Velocities were then rotated 6° in clockwise di-
rection to obtain along-shore and cross-shore velocity components. Subsequently, the
sign of the cross-shore velocity component was then reversed, so that it is defined as
positive in the offshore direction.

The local bed elevation is determined from the ADV positioned at 0.15 mab, which
recorded the distance to the seabed at the beginning of each 10-minute burst. This data
was filtered in two steps. First, values equal to zero were removed from the data. Second,
a moving average with a time window of two hours was implemented. Values with an
absolute difference larger than 4 cm from this mean were removed. Local bed elevation
was then computed by subtracting the distance to the bed at the start of the deployment
from the filtered signal.

Turbidity readings from the optical backscatter sensors (OBS) were calibrated for SSC
using sediment-laden water samples collected at the Egmond aan Zee site. These sam-
ples were collected at the end of each campaign, stored in four 10-L buckets and trans-
ported to the TUDelft laboratory There, all OBS’s were calibrated following the procedure
by (Colosimo et al. 2020). Concentrations were generally smaller than 1 g/1, hence a lin-
ear regression was sufficient to convert turbidity to SSC.

The ripple profiling sonar was used to obtain a small-scale 2D bathymetric map in
the vicinity of the lander. The raw ping data from the sonar was converted to bed levels
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using the Bearing Direction Indicator method (Wengrove et al. 2017). These bed levels
were then corrected for pitch and roll and interpolated to a regular grid witha 0.5 cmx 0.5
cm resolution, As the sonar head was positioned at 1.0 mab, and collected pings within a
150° arc, the maximum radius of the small-scale bathymetry was 3.8 m. Since the sonar
steps through the swath at 0.9° increments, the resolution at the edges of the swath area
is quite coarse. Hence, only the gridded data within a 2x2 m? area around the lander
was used. A low-pass filter was then applied to remove the small-scale spikes deviating
more than 10 cm from their direct surroundings. Missing values were interpolated using
alinear interpolation from the nearest 5 cm in both directions. Finally, bedform heights
and lengths were then computed using the 2D-spectral method of Wengrove et al. (2018).

3.4. RESULTS
3.4.1. HYDRO- AND MORPHODYNAMIC CONDITIONS

In June, the campaign took place several days after a fierce summer storm. During this
storm, maximum significant wave heights of up to 4.5 m were measured at the nearby
IJGeul 1 wave buoy (Figure 3.7c — grey hatch indicates campaign duration). During the
storm, wave direction was west to southwest. Hydrodynamic conditions were calm dur-
ing the campaign (Figure 3.7b). Near-bed flow velocities (at 0.15 mab) show a semi-
diurnal flood-dominant tide (Figure 3.7a), with maximum along-shore velocities of 0.5
m/s and maximum cross-shore velocities of 0.15 m/s. Near-bed SSC shows a decreasing
trend with peaks of up to 0.2 g/1 on 09-06, and generally less than 0.1 g/1 on the sub-
sequent days (Figure 3.7d). Note that the SSC signal at 0.15 mab overlaps with the 0.3
mab SSC signal in Figure 3.7d. The SSC peaks seem uncorrelated with the tidal velocity,
though some peaks occur during the peak ebb phase (dashed lines in Figure 3.7a, d).
Moreover, the local bed elevation (Figure 3.7e) appears fairly constant throughout the
measurement period, showing oscillations of 1-2 cm only during the peak flood phase.

In contrast, the campaign in October took place during a storm, with maximum wave
heights of approximately 3 m at the IJGeul 1 buoy (Figure 3.8c). Wave directions gradu-
ally varied over the course of the storm from southwest to northwest. While the velocity
still has a semi-diurnal character, it is modulated by waves from 20 until 23 October (Fig-
ure 3.8a, b). This leads to higher onshore velocities during the flood phase, together with
a higher along-shore velocity. Ebb velocities decrease during the storm. Near-bed SSC
increases from less than 0.05 g/1 on 19-10 up to 0.7 g/l on 22-10 (Figure 3.8d). Small-
scale bathymetry suggests that the steep increase in SSC takes place shortly after the
storm peak, roughly 2 days after the onset of the storm (Figure 3.8e, ). The delay in SSC
increase after storm onset is similar to the observations by van der Hout et al. (2017) at 1
km offshore from Egmond aan Zee. The subsequent SSC peaks mostly occur during the
ebb phase, similar to the June measurement (dashed lines in Figure 3.8a, d). These do
not coincide with the peaks in local bed shear stress. A possible explanation could be the
advection of fines from a nearby sediment patch. The preceding storm remobilised fines,
which are not uniformly deposited in space. During the ebb phase, a larger amount of
sediment could have been available for resuspension, even by weak tidal currents. There
is no clear decrease in maximum SSC until the end of the measurement period.
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Figure 3.7.: Hydrodynamic conditions in June 2017. (a) ADV flow velocity; (b) wave
heights and period during campaign at TUD lander and Ijgeul 1 wave buoy;
(c) timing of campaign compared to wave height in June at IJgeul 1 wave
buoy; (d) SSC; (e) local bed elevation - ADV.
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The energetic conditions during the October campaign are confirmed by the local bed
elevation as measured by the ADV (Figure 3.8e — brown line). This varies strongly over
the course of several hours to days. In the night from 21-10 to 22-10, local bed eleva-
tion increases from -3 to +9 cm. However, on 22-10 it decreases from +9 to -1 cm. These
single point measurements cannot distinguish between vertical bed level changes in re-
sponse to erosion/deposition or migration/reconfiguration of bed forms. The results of
the ripple profiling sonar (see below) mainly suggest the latter.

Generally, the mean bed elevation measured by the sonar (z) increased during the
measurement period (Figure 3.8e — blue line). It shows similar trends as the bed ele-
vation from the ADV, though the peaks are less pronounced. Before the onset of the
storm, the ripple height () is generally small, i.e., 3 to 5 cm (Figure 3.8f). During the
storm, ripple height gradually increases to a maximum of approximately 0.1 m on 22-10
02:00. The maximum ripple height roughly coincides with the peak in local bed elevation
(Figure 3.8e). After reaching a maximum on 22-10, ripple heights first decrease strongly
to 2 cm, then increase to 6 cm. In the wake of the storm, ripple heights are similar to
pre-storm values, while the mean bed elevation under the sonar is still 5 cm higher (Fig-
ure 3.8e).

In total, three sonar images collected before, during and after the storm (Figure 3.8g, h,
and i, respectively) to illustrate the seabed state. The blanked out areas in these sonar im-
ages represent removed data points; the colour map indicates the bed elevation. Before
the storm, ripples are relatively short and are generally oriented from left to right (Fig-
ure 3.8g). At the ripple height peak, the domain is almost entirely dominated by a few
large storm-induced megaripples (Figure 3.8h). These are longer and higher than the
small-scale ripples. Their orientation is not clear since their length scale is similar to the
sonar footprint. Some scouring seems to have taken place directly left of the lander legs
after the storm. After the storm, small-scale ripples can be observed again (Figure 3.8i).
These are oriented left-to-right and are superimposed on the decaying storm-induced
bedforms. The contours of the latter are still visible in Figure 3.8i, but much less pro-
nounced than during the storm peak.

3.4.2. TRENDS IN BED SEDIMENT COMPOSITION

Figure 3.7a and Figure 3.8a depict when the seabed was sampled with the SPT and MC, in
June and October, respectively. In October, MC samples and the second part of the SPI
images were collected after the TUD lander had been retrieved. This means no direct
sampling conditions are available, but the preceding conditions nevertheless provide a
reliable estimate of these conditions (Figure 3.8a).

First, we search for large-scale sediment distribution trends along the transect, com-
paring the results of both campaigns. In Figure 3.9a, we show the mean fines percentage
(Pfines) for the three sister samples taken at the ten sampling stations along the tran-
sect. These samples are grouped per station and plotted at the corresponding distance
to shore. The mean fines percentage of each sample is indicated by the height of the
coloured bars. Those collected in June are plotted above the line representing the bed
level (indicated with the red line) while those of October are plotted below this line.

In June, more samples contained fines than in October, 60% versus 50%, and Pfines
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Figure 3.8.: Hydro- and morphodynamic conditions in October 2017. (a) ADV flow veloc-
ity; (b) wave heights and period during campaign at TUD lander and IJgeul
1 wave buoy; (c) timing of campaign compared to wave height in October at
IJgeul 1 wave buoy; (d) SSC; (e) local bed elevation — ADV, mean bed eleva-
tion with standard deviations — ripple profiling sonar; (f) ripple height from
elevation spectrum of sonar data; (g, h and i) small-scale bathymetry at three
points in time.
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was also higher. The conditional mean percentage, i.e. averaging only over the samples
which contained fines, decreased from 2.4% in June to 1.0% in October. However, these
averages are not representative for the fines distribution along the transect.

In addition, as Figure 3.9a shows, fines percentages vary considerably on multiple spa-
tial scales and over time. In June, the majority of the samples had a mean fines percent-
age of 0-3%. However, maximum fines percentages per sample of up to 8.5% (2 km off-
shore), 6.7% (4 km offshore) and 4.8% (6 km offshore) were observed (Figure 3.9a). In
October, the mean fines percentage mostly ranged from 0-1.5%. The only exception are
the mean fines percentages at 6 km offshore (bed level at -18 m), which ranged from 2.4
to 3.1%.

Moreover, the variation in mean fines percentage is not only observed between differ-
ent stations, but also between sister samples collected at a given station (Figure 3.9a).
For instance, the mean fines percentage between sister samples from June varied from 0
to 6.5% (4 km), from 0.7 to 4.8% (6 km) or from 0.1 to 2.0% (9 km). As these sister sam-
ples were collected through a single MC deployment (Table 3.2), this means that fines
percentages vary substantially within 0.5 metres.

Similarly in October, the mean fines percentages between sister samples differed from
0.1-1.0% (2km) and 0-0.8% (5km) (Figure 3.9a). Absolute differences are smaller than in
June, but relative differences are on the same order of magnitude. As these sister samples
were collected through one or multiple MC deployments, the fines percentage at these
stations varied either on a spatial scale of metres or decametres.

Figure 3.9b and c present the fines presence of the upper 15 cm of the three sister
samples taken at the 10 stations of Figure 3.9a. Here, fines presence is defined as the
mean fines percentage per 1-cm or 2-cm slice. This has been categorised according to
van Alphen’s classification (van Alphen, 1987). The sister samples have been coded using
the distance to shore and a letter. For instance, the third sister sample at 7 km offshore is
marked ‘7C’ (Figure 3.9b).

Furthermore, Figure 3.9b and c show that vertical variations in fines percentages are
at least as pronounced as the horizontal variability. Most of the sediment slices contain
no fines (pjines = 0), but if they do contain fines, they usually fall within the 2-10% range.
Only a few of the slices fall either within the 0-2% or >10% classes. As an example, we
analyse the sister samples 4B and 4C, collected in June (Figure 3.9b). In sample 4B, fines
are only found at 2-4 cm below the seabed surface and these slices contain 8-9% fines.
None of the other slices from this sample contained any fines. In sample 4C, fines are
only found at 5-9 cm below the seabed. Here, the slice from 7-9 cm even contained 38%
fines, while the slice underneath contained no fines. This heterogeneity is observed in
both the June and the October profiles. The only station where the fines percentage over
depth was relatively constant, was at 6 km offshore in October.

Above, we focused on specific trends per sampling campaign and general differences
between the June and the October campaign. Comparing the results of both campaigns
per station is disputable, as the length scale of fine sediment presence is of the same
order as the positioning accuracy of the research vessel.
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Figure 3.9.: A) Mean fines percentage per sediment sample for both June and October,
plotted along transect bed level (from NLHO digital terrain model). Mean
percentage indicated by height of bar, 1 m = 1%. (B, C) Fines percentage
in sediment slices collected in June and October, respectively. Slice colour
indicates fines percentage, as per the classification of van Alphen (1987a) and
Hendriks et al. (2020). Average penetration depth of the SPI per station is
indicated with the dashed line.

3.4.3. SMALL-SCALE SEABED STRUCTURE

The sediment sample data show how the presence of fines varies over multiple length
scales, both in the horizontal and vertical directions. The SPI images contain additional
information on the small-scale seabed structure. The average penetration depth of the
SPI per station, as indicated in Figure 3.9b and c with the dashed lines, was generally
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smaller than 10 cm. Within the width of the image, i.e. 15 cm, the presence and layer-
ing of sand and fines varies considerably. Examples of small-scale seabed structure are
shown in Figure 3.10, which includes SPI images taken in June, at 9.5, 4.0 and 2.0 km
offshore.

From 10 to 8 km offshore the substrate is mostly sandy, judging by its texture and uni-
form sediment colour (Figure 3.10a). Small-scale bedforms are observed in most images,
with heights ranging from 1-3 cm. Generally, only very limited fines are present. Closer
to shore, the sediment texture becomes less uniform. Patches of several cm wide are vis-
ible in the bed, having a texture different than the rest of the bed, indicated in red colour
(Figure 3.10b). These are to be interpreted as patches of fines (Section 3.3.2). The water
column above the bed is much richer in suspended sediment and the seabed topogra-
phy is more irregular. At 1.5 and 2 km offshore, the most fines are observed, suspended
and both on and in the seabed (Figure 3.10c and Figure 3.11). Figure 3.10c exhibits two
bedforms of at least 5 cm length (majority outside the picture), with the trough between
them filled up with fines. The thickness of this deposited layer varies strongly over the
small scale, from 2 cm to only several mm within a length of 10 cm (Figure 3.10c), follow-
ing the seabed topography. The maximum observed thickness is 4 cm, at 1.5km offshore
(Figure 3.11 —right panel).

9.5 km offshore 4.0 km offshore 2.0 km offshore

0 5 10 15

Figure 3.10.: SPI images taken during the June campaign at a) 9.5, b) 4.0 and c) 2.0 kilo-
metres offshore. The grid scale is centimetres. For an explanation of the
colours, see Section 3.3.2.

Figure 3.11 shows two SPI images collected in June at 1.5 and 2.5 km offshore, within
30 minutes from each other. Even on the micro-scale of these images, the presence of
fines on and in the seabed varies greatly.

In the left panel of Figure 3.11, two patches of fines are buried in the top 2 cm of the
seabed by overlying sand. These patches are similar to the lenses drawn in Figure 3.2d,
but oriented in the opposite direction. Their shape follows the profile of the asymmetric,
current-induced ripples. The depth at which they are buried is larger than the current-
induced ripple height, likely immobilising them until the next storm.

In contrast, the right panel of Figure 3.11 shows the fines deposited in the trough of a
small-scale bedform —in fact the entire trough is filled in. This small-scale bedform has a
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maximum height of approximately 4-5 cm, which is larger than current-induced ripples
as the latter have a height of approximately 2 cm. This is possibly a relic bedform from
the summer storm which preceded the June sampling campaign.

2.5 km offshore 1.5 km offshore
2017-06-09 12:45 2017-06-09 12:12

0 5 10 15

Figure 3.11.: SPI images taken at 2.5 and 1.5 km offshore, which show the interaction
between fines and small-scale bedforms. This interaction leads to small-
scale variations in the presence or absence of fines.

Figure 3.12 quantifies the number of images where fines were either found on or in the
substrate. It is formatted as Figure 3.9a. Each bar along the transect indicates a station
where SPI images were taken. As the number of SPI images differed per station, all bars
were normalised by the total number of images taken at that station. Hence, all bars have
equal length. These bars are coloured partly brown and partly white. The brown colour
indicates the fraction of images in which fines were observed, while the white colour
indicates the fraction in which they were absent. The bars above the bed level indicate
fines on the substrate (such as Figure 3.10c), while the bars below it indicate fines in the
substrate (such as Figure 3.10b).

In October (Figure 3.12b), fines were rarely observed on the substrate along the entire
transect. The only exception is the station at 1.5 km offshore. Furthermore, very little or
no fines were observed within the substrate from 2.5 to 7 km. Closer than 2.5 km offshore
and further than 7 km offshore, fines were regularly observed within the substrate.

Qualitatively, the presence of fines as determined from the sediment samples and SPI
images agrees well. In 80% of the SPI images where fines are observed, they occur as
distinct patches, which is also illustrated by Figure 3.11. This confirms the fines presence
observed in the sediment samples (Figure 3.9b and c).

The results from June differ substantially from the October campaign. In June, fines
were frequently observed on the substrate up to 5 km offshore (Figure 3.12a), while they
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were much less frequently observed further offshore. For fines within the substrate, the
same trend generally prevails, with the highest occurrences close to shore. The high fines
percentages at 2 km offshore (Figure 3.9a) are also reflected by the SPI images taken at
that location.
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Figure 3.12.: A) fraction of SPI images with fines on and in substrate for June B) fraction
of SPI images with fines on and in substrate for October.

3.4.4. SYNTHESIS OF DATA AND CONCEPTUAL MODEL

In this section, the observations from both campaigns are compared to the conceptual
model phases. For each sampling period, we determine to which phase of the dynamic
cycle (cf. Figure 3.3) the observations correspond and assess if the presence of fines
(suspended, on or in the seabed) agrees with our hypotheses.
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First, we consider the hydrodynamic conditions preceding and during the sampling
period, as the four phases of the dynamic cycle are related to the occurrence of storms
and transitions to and from calm conditions. We then establish the presence or absence
of fines in the seabed. Next, we discuss the small-scale seabed morphology, i.e., whether
the seabed is morphologically active or static during the measurement period. Both
campaigns are first discussed separately. Then, both the spatial and temporal patterns
are interpreted using the conceptual model.

JUNE CAMPAIGN

In June, sampling took place during a calm period, 3-4 days after a summer storm (Fig-
ure 3.7c). Depending on the adjustment period after the storm, this should either be
phase 4 (post-storm) or phase 1 (calm period) of the dynamic cycle. We can infer these
phases from the bedform characteristics and fine sediment concentrations in both the
water column and the seabed.

The small variations in bed elevation (Figure 3.7¢) at 4 km offshore suggest that the
seabed was mostly morphologically static, and thus in phase 1. This is confirmed by
the relatively low SSC at this location (Figure 3.7d). SSC showed a decreasing trend, but
were low throughout the observation period. We would thus expect a limited exchange
of fines between the seabed and water column as the majority of the fines would already
have been buried. This is confirmed by the relatively high fines percentage in the seabed
for most of the transect (Figure 3.9a). Furthermore, fines are rarely observed on the sub-
strate from 3 to 10 km offshore (Figure 3.12a).

However, likely not the entire transect was in phase 1. Within 2 kilometres from the
shore, the seabed was probably still in phase 4. Here, the majority of SPI images showed
fines both on and in the substrate, rather than solely within the substrate (Figure 3.12a).
The thick layer of fines on the substrate at 1.5 km offshore (Figure 3.11 - right panel) is
characteristic of phase 4. Furthermore, bedforms higher than 2 cm were observed on SPI
images at 2 and 1.5 km offshore.

The multiple seabed states are best illustrated by the SPI images shown in Figure 3.11.
The thick layer of fines on the substrate at 1.5 km offshore (Figure 3.11 — right panel)
is characteristic of phase 4, while the SPI image collected 1 km further offshore clearly
showed buried fines (Figure 3.11 - left panel). As these images were collected within
30 minutes of each other, this suggests a variation in burial phase over larger distances
(kilometres). Thus, the seabed can be in one phase closer to the shore, while in another
phase further offshore.

OCTOBER CAMPAIGN

In October, measurements commenced shortly before a storm, while the seabed sam-
pling took place during the storm peak and shortly post-storm (Figure 3.8a, c). Hence,
either phase 3 or phase 4 of the dynamic cycle (Figure 3.3) is expected. The relatively
large bedform height (Figure 3.8f) and large variations thereof at 4 km offshore indeed
suggest phase 3. Furthermore, the near-bed SSC was high (Figure 3.8d), while the fines
percentages in the seabed were low (Figure 3.9a).

Significant reconfiguration and migration of bedforms were recorded at 4 km offshore
before seabed sampling took place. However, none of the sediment samples collected at
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4 km offshore in October contained fines (Figure 3.9a). This either means that phase 3 of
the dynamic cycle was still ongoing when the seabed was sampled, or that conditions in
the post-storm period (phase 4) were too energetic for fines to be buried at this location.
Possibly, the swift decrease in bedform height shortly after the storm peak (Figure 3.8f)
prevented the burial of fines.

Moreover, the limited amount of burial in October is confirmed by sediment samples
(Figure 3.9c) and the SPI images (Figure 3.12b). For the majority of the stations, hardly
any fines were observed either on or in the substrate. Only the stations at larger wa-
ter depths (at 6 and 8 km offshore) had considerable amounts of fines in the substrate.
Moreover, at 6 km offshore, the SPI images and sediment samples are not entirely con-
sistent as all sister samples at this station contained fines while this was not observed in
the SPI images.

INTERPRETATION OF SPATIAL PATTERNS

In June, measurements were collected during phase 1 and 4, while in October measure-
ments were collected during phase 3 and 4 of our conceptual model. The observed pres-
ence of fines support the formulated hypothesis. We expected a strong vertical variation
in, and patchy occurrences of, fines percentage in the seabed due to the burial process.
This is confirmed by the sediment slices (Figure 3.9b and c), which show fines in the
seabed in distinct patches. Transitions from layers with fines to pure sand are abrupt,
i.e., slices with a fines percentage of 4-5% are often adjacent to purely sandy slices. Fines
are found both in isolated lenses and in adjacent slices. The latter are encountered either
as larger patches of fines, or as successive layers of fines separated by thin layers of sand.
In October, both were observed along the transect. At 8 kilometres offshore, SPI images
(not shown here, but available via the data repository) showed larger patches of fines,
while at 6 kilometres, images of the sediment cores exhibited successive layers of fines.
Only the larger patches of fines may indicate another process than burial by small-scale
bedforms. Both the abrupt transitions from fines to sand and successive layers of fines
support the hypothesised burial process.

The presence of fines does not only vary vertically within the bed, but also horizon-
tally. This is quantified through the variance in pg;,s at three spatial scales, i.e. along the
transect, per station and per sample (Figure 3.13). For the entire transect, the mean fines
percentage per station was used. For the stations, the mean fines percentage per sister
sample was used, while per sample, it was the mean fines percentage per slice. The vari-
ance is of the same order of magnitude at all scales (Figure 3.13). If fines were present,
the variance within this sample sometimes even exceeded the variance along the entire
transect, i.e. a larger vertical than horizontal variability.

This quantification agrees with qualitative observations from the SPI. These images
(Figure 3.10, Figure 3.11) show how bed structure and the presence of fines vary signif-
icantly within 15 centimetres, which is the length of small-scale bedforms, i.e. decime-
tres. The variance within single stations is attributed to the variability in fines burial on
megaripple scale (phase 4 of the dynamic cycle — Figure 3.3), since fines are only buried
in the former trough of a megaripple and not under its former crest. Hence, the hori-
zontal variation in fines percentages occurs within a metre (Figure 3.9a), with significant
variance.
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Figure 3.13.: Variance in fines percentage in June and October on three different spatial
scales. (1) Grey dash-dot line : variance along the transect. (2) Black dashed
lines : variance per station. (3) Black dots : variance per sediment sample.

INTERPRETATION OF TEMPORAL PATTERNS

Another source of variability exists on the meso-scale. The approximate position on the
shoreface determines if megaripples will form, owing to the combination of local hy-
drodynamic conditions and sediment characteristics. However, ripples and megarip-
ples initially develop from small perturbations on the seabed, which are randomly dis-
tributed. Hence, the exact megaripple locations will also be randomly distributed. As net
burial of fines only occurs in the trough of these megaripples, the presence of fines in the
seabed inherits this stochastic behaviour. This may further explain the large variability
in fines percentage over both decametres and hectometres. Interpretation of temporal
patterns

The observed sediment compositions are two snapshots in time and we cannot de-
termine when the sampled sediment was actually deposited. However, we did observe
a considerable change in fines percentages and distribution in the bed between June
and October (Figure 3.9a). As there are no indications that large-scale sedimentation or
erosion took place between June and October, this implies that the fines present in the
seabed in June were no longer there in October. Thus, they were remobilised from the
bed between these two campaigns.

However, fines must still have been present in the seabed in the Egmond aan Zee area
at the onset of the storm in October. Otherwise, the observed near-bed SSC at 4 km off-
shore (Figure 3.8d) could not have increased up to 0.7 g/l within 1.5 day after the storm
peak. However, if all the fines in the June samples at 4 km offshore would have been
remobilised only during this single storm, this would have led to near-bed SSC of more
than 3 g/1. Thus, the majority of fines must have been remobilised prior to the October
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storm and advected away from the site. Hence, the data suggest that remobilisation of
fines during storms can almost completely deplete the upper strata of a sandy seabed of
fines. In that case, the SSC at this location is supply-limited through the limited avail-
ability of fines in the seabed.

3.5. DISCUSSION

The field data collected in the southern North Sea corroborate the conceptual model
with the dynamic burial cycle proposed therein. The presence of fines on and in the
seabed varies considerably, both in time and space. In this section, we place our results
into a wider perspective and discuss the implications of the hypothesised burial process
for understanding fine sediment dynamics in shallow coastal seas.

3.5.1. MEGARIPPLE AND RIPPLE DEVELOPMENT AND IMPLICATIONS FOR
BURIAL

We argue that the interaction between wave-induced megaripples and tide-induced cur-
rent ripples is essential for the burial of fines into a sandy seabed (see Figure 3.3). Dur-
ing tide-dominated conditions, only current-induced ripples are found on the seabed.
These bury and release fines during their migration, but are not expected to contribute to
net burial after their initial capture, nor are they expected to bury fines at larger depths.
Net burial only takes place in the wake of storms, when megaripples formed during the
storm gradually adjust, flattening and reforming into current-induced ripples. Hence,
in order to understand where and when burial of fines takes place, understanding the
formation and subsequent flattening of megaripples is crucial.

When a storm occurs, bedform height and length swiftly adjust to governing condi-
tions. The maximum megaripple length, height, and associated timescale depend on
the wave-induced Shields parameter (0,, = m) (Soulsby et al. 2012, Traykovski
2007), thus on the wave-induced bed shear stress and dsg. As this shear stress increases
quadratically with decreasing water depth, 8,, strongly varies in both space and time in
the southern North Sea (Brakenhoff et al. 2020, Wengrove et al. 2018). On the ebb-tidal
delta of Ameland, for instance, 6,, varies by three orders of magnitude within several
kilometres during a one month period, from 1073 to 10° (Brakenhoff et al. 2020). Hence,
the critical Shields parameter for fine sand (6, = 5%10°%) is not exceeded in some areas
while in others, sheet flow can occur (6, = 10°). On the lower shoreface of the southern
North Sea, where bathymetric gradients are less pronounced than on ebb-tidal deltas,
differences in 0, are still considerable over larger areas, with reported values ranging
from 2%1073 to 10° (Passchier and Kleinhans 2005, van der Werf et al. 2022).

The timescale associated with the flattening of wave-induced megaripples to current-
induced ripples (T;) dictates the period during which deep burial can occur. It depends
on the megaripple dimensions formed during storms and the current-induced Shields
parameter 6.. The latter depends on tidal flow velocity and dsp. Tidal flow velocities
vary over multiple timescales (e.g., diurnal and fortnightly, spring-neap) and in space.
Variations in 8, are generally smaller than 6, with values for the lower shoreface of the
southern North Sea ranging from 2103 to 2%107! (Passchier and Kleinhans 2005, van
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de Meene and van Rijn 2000b). Moreover, the velocity magnitude decreases in onshore
direction (Kleinhans and Grasmeijer 2006).

To illustrate this timescale for deep burial, we sketched how bedform height (1) de-
velops during and after a storm (Figure 3.14a). Before the storm, only tide-induced cur-
rent ripples with height 7, are found. A storm takes place, and megaripples with height
Nstorm are formed. Three potential pathways are sketched (dashed lines in Figure 3.14a),
each having a different ratio between 6. and the critical Shields parameter 8.,. These
are: (I) no change in bedform height as the tidal current is too weak to mobilise sand (0
< 0¢p), (D) a strong decrease (0. » O¢;) and (III) a gradual decrease (8. = 6). For each
path, the timescale is indicated by T},.

The first path (I) represents calm post-storm conditions. Hence, fines accumulate in
the troughs of the bedforms, atop the seabed. However, no burial takes place as there are
no migrating ripples. The associated timescale T is thus (theoretically) infinitely large.
Along the second path, megaripples reconfigure swiftly to the post-storm conditions,
T, 11 is small, leaving little time for deposition of fines in the megaripple troughs. Hence,
burial is probably limited. Along the third path, megaripples flatten out gradually, with
an associated timescale of several days (7). Fines may settle atop the seabed during
several successive slack tides and are subsequently buried into the seabed.

These examples imply that if tidal currents are too small or too large, little to no burial
takes place. Optimal burial efficiency is likely found somewhere in between at moder-
ate tidal currents. We conceptualised this argument through the relationship between
burial and 8. in Figure 3.14b. This provides a possible way forward for modelling and
parameterising the burial of fines in the seabed of coastal shelf seas.

Parameterisations which aggregate the burial process on larger spatial and temporal
scales are required, as hydro- and morphodynamic models typically operate on length
scales of one to several orders of magnitude larger than the proposed burial process.
Hence, these parameterisations should aim at correctly representing large-scale pat-
terns of fines in the seabed, and consider the temporal and spatial variations of wave
and current bed shear stress. However, this is beyond the scope of this chapter. For
upscaling and validating the conceptual model on a regional level, we advise to study
seabed dynamics in detail on other sites in the southern North Sea. Collecting multi-
beam bathymetry and backscatter with sufficient resolution seems crucial to validate
the occurrence of (mega-) ripples (Koop et al. 2020). The mobility of small-scale ripples
is of interest and may be validated by using instrumented landers.

3.5.2. SPATIAL VARIABILITY IN PRESENCE OF FINES

We have combined the conceptual model and observations to explain why fines pres-
ence varies on a small scale, down to metres or decimetres. In this model, seabed struc-
ture has been simplified to bi-modal conditions, i.e., indicating the presence or absence
of fines. Seabed data have been simplified using similar classifications (Figure 3.9, Fig-
ure 3.12). In reality, the surficial seabed and underlying strata are often more complex
than a bi-modal classification would suggest. Geological deposits, benthic species, (rem-
nants of) shells can all be found in the upper seabed strata (van der Spek et al. 2020).
These other elements can be considered passive, not disturbing the burial process, for a
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Figure 3.14.: a) Conceptual sketch of bedform height during and after a storm, showing
different possible paths determining burial efficiency. b) Hypothetical rela-
tionship between burial rate and 6..

seabed that is predominantly made up of sand and fines. The formation and migration of
bedforms is disturbed if such elements are abundantly present, e.g., as erosion-resistant
layers (e.g. peat or stiff clay) (Passchier and Kleinhans 2005) or by abundant presence of
shell fragments (Cheng 2021).

For the Egmond aan Zee transect, this bi-modal classification seems justified. The

SPIyielded valuable information on seabed structure, which is often lost when sampling
it (van Hoey et al. 2004). The SPI images show a bed which primarily consists of sand
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with distinct patches of fines. Quantification of the seabed structure from the SPI obser-
vations was possible as fines were present in patches with a distinct colour and texture
compared to other seabed features (Figure 3.12). Further validation of this approach
with quantitative methods (e.g. grain size distribution) is recommended.

There is not only a variability in fines presence on the small-scale but also on hectometre-

kilometre scale (van Alphen 1987b, Hendriks et al. 2020). On these larger scales, the
presence of fines in and on the seabed is governed by a combination of three factors: (1)
sources of fines, (2) transport pathways and (3) accumulation potential. The latter is de-
termined by a combination of current-induced bed shear stress and seabed topography
(Hendriks et al. 2020). Whether fines are actually buried in the seabed after deposition
depends on the local burial process.

The variability in fines presence on both large and small scale makes it virtually im-
possible to predict the exact fines percentage in the upper seabed strata at a certain lo-
cation. Statistical approaches to estimate the probability of encountering fines in the
seabed seem more valuable, either by geostatistical approaches (Bockelmann et al. 2018,
Stephens and Diesing 2015 or physics-based classifications (Hendriks et al. 2020).

3.5.3. TEMPORAL VARIABILITY IN PRESENCE OF FINES

When fines are regularly exchanged with the seabed, the water column and seabed must
be analysed as a coupled system. Fines presence in the seabed depends on deposition
of fines from the water column and subsequent burial. Vice versa, suspended sediment
concentrations cannot be understood by only considering processes taking place in the
water column.

The presence of fines in the seabed depends on a succession of storms and subse-
quent calm conditions over the course of months to years. This dependency leads to
substantial memory effects, as the individual storms determine how much fines can be
buried at which depth. On the short term, the storm’s magnitude determines how long
the seabed remains affected by that particular storm. Wave-induced megaripples be-
come longer and higher when storms are more intense, leading to a potential deeper
burial of fines. Without significant reworking of the sediment by biota, it would require a
storm of similar magnitude to remobilise the previously buried fines. The larger a storm,
the longer it takes for a similar storm occurs. Hence, some fines are then buried deep
for long periods. For weekly to monthly timescales, the burial depths are thus on the
order of 10-20 cm, corresponding to megaripple heights formed during a single storm.
On longer timescales, on the order of years to decades, burial depths of 30 cm (Laane et
al. 1999) are probable. On these timescales, the active layer, and thus burial depth, may
even be up to 50-60 cm as long-term shoreface erosion and migration or reconfiguration
of larger geomorphological features start to play a role (van der Spek et al. 2022).

In the water column, SSC magnitude depends on local fine sediment availability
(Eleveld et al. 2008, Flores et al. 2017,Stanev et al. 2009, Suijlen and Duin 2001, van der
Hout et al. 2017). This availability is determined by storms, which remobilise fines that
were previously buried within the seabed. Once fines have been remobilised, SSC varies
on diurnal and fortnightly timescales (McCandliss et al. 2002,Stanev et al. 2009, van der
Hout et al. 2017). Though, their magnitude differs substantially before and after storms.
Under similar hydrodynamic forcing, SSC may be up to an order of magnitude higher



70 3. THE BURIAL OF FINES IN A SANDY SEABED

after storms than before (Flores et al. 2017). How long a storm affects SSC depends on
how effectively fines are buried within the seabed after a storm (Figure 3.14). This mem-
ory in the system should be considered when interpreting SSC time series, meaning that
observed SSC cannot be interpreted as an instantaneous response to prevailing hydro-
dynamic forcing (Stanev et al. 2009, van der Hout et al. 2017).

3.6. CONCLUSIONS

In this chapter, we have shown how small-scale bedforms can bury fines in the sandy
seabed of the southern North Sea. We developed a mechanistic description of the pro-
cess, using field data collected in the southern North Sea to develop and test this model.

The burial process consists of four distinct phases forming a dynamic cycle. These
phases are related to the occurrence of storms. Fines remobilised during storms will
subsequently settle and deposit on top of a sandy seabed. Interactions between bed-
forms of different scales are then crucial to bury fines in the seabed. Megaripples formed
during storms gradually adjust to calmer conditions in the wake of storms. During this
adjustment period, fines are buried by current-induced ripples in the troughs of the for-
mer megaripples. Thus, fines can be buried in the seabed at depths of up to 10-15 cm.
This burial process affects the presence of fines in the bed, both in time and space. The
observed temporal variation in fines percentage implies that the seabed is occasionally
depleted of fines, resulting in supply-limited conditions. Furthermore, fines percent-
ages in the seabed vary considerably on multiple spatial scales. They both vary on the
mega-scale (kilometres) and on the micro-scale (metres-centimetres). Fines are found
in distinct patches, both horizontally and vertically. The micro-scale is multiple orders of
magnitude smaller than the scale on which hydro-morphological models operate. This
means that small-scale variations in monitoring data cannot be reflected in a numerical
model outcome. Model parameterisations are needed to aggregate the effects of burial
on larger spatial scales.

Moreover, the effectivity and associated timescale for burial depend on the ratio be-
tween storm intensity and current magnitude. Theoretically, this leads to an optimum
in burial conditions. If tidal currents are too small, sand is not mobilised and no burial
takes place. For large tidal currents, the time window for burial is short and likely results
in limited burial. Hence, an optimum burial condition is found somewhere in between.

These findings provide a basis for mechanistic model parameterisations of fines burial
into a sandy seabed. These are required, since fine sediment dynamics strongly depend
on the exchange of fines with the sandy seabed. As suspended fine sediments affect the
ecological functioning of shallow coastal seas, a better understanding of these dynamics
will prove crucial in conserving these vital ecosystems under increasing anthropogenic
pressure.



3.7. DATA STATEMENT 71

3.7. DATA STATEMENT

The data that support the findings of this study are openly available in standardised
formats through the 4TU.ResearchData repository at https://doi.org/10.4121/c.
6001987.
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4.1. INTRODUCTION

In the two previous chapters, we investigated where fines are found in the seabed of the
Dutch Coastal Zone (Chapter 2) and which process is responsible for their burial into the
seabed (Chapter 3). The final step is to explore under which conditions the remobilisa-
tion of fines from the seabed takes place and how long the fines stay in suspension after
they have been remobilised.

During storms, SSC values increase rapidly in the Dutch coastal zone (Eleveld et al.
2008, Suijlen and Duin 2001). Depending on the magnitude of the storm, an increase can
be found in the entire area from Zeeland to the Wadden Sea. This increase can only be
explained by wave-driven remobilisation of local sources of fines distributed throughout
the area (van Kessel et al. 2011, van Prooijen et al. 2007). Advection, which disperses sed-
iment from isolated sources, takes too long to explain the quasi-instantaneous increase
of SSC over this large domain. After a storm, SSC steadily decreases, while still varying
on tidal timescales (Flores et al. 2017). This decrease is governed by the deposition of
fine sediment and subsequent deep burial within the seabed. This burial process takes
place within several days to a week (Chapter 3). Although previous studies already indi-
cated that storms lead to a strong increase in SSC (Flores et al. 2017, van der Hout et al.
2017, Kleinhans 2005), it is not fully understood what limits the remobilisation of fines.
Although it is likely determined by the properties of the sandy seabed rather than the
characteristics of the fines (Le Hir et al. 2007, van der Molen et al. 2009, van Kessel et al.
2011, Winterwerp et al. 2021), itis still debated to what extent the seabed is eroded. Exist-
ing modelling approaches use the concept of an active layer. The thickness of this layer
is either set equal to an instantaneous bedform height (van der Molen et al. 2009, Wiberg
et al. 1994) or assumed constant (van Kessel et al. 2011). However, a direct link between
the time-dependent seabed development and the remobilisation of fines is lacking.

The objective of this chapter is to better understand and quantify (a) the rate at which
and (b) how much fine sediment is remobilised during storms. Therefore, we analyse
a 21-month in situ data set collected in the Dutch coastal zone near Egmond aan Zee
(Witbaard et al. 2013). An iterative cycle is followed by analysing the data, building a
conceptual model, and quantifying the fluxes. In this chapter, the result of this process
is reported by first describing the conceptualisation of how remobilisation takes place
(Section 4.2). The dataset and data analysis methods are described in Section 4.3, while
the results are presented in Section 4.4. An interpretation of the results and comparison
with literature is provided in Section 4.5, as well as an outlook on how these results can
be used to improve existing modelling approaches.

4.2. BEDFORM RELEASE MODEL

Several formulations describe the remobilisation of fines from a sandy seabed (e.g. Le
Hir et al. 2007, van der Molen et al. 2009, van Kessel et al. 2011, van Ledden and Win-
terwerp 2005, Wiberg et al. 1994 ). They all acknowledge that remobilisation rates are
determined by hydrodynamic forcing, the properties of the sandy seabed, and the frac-
tion of fines within it. Aggregated parameters, such as the resuspension parameter (van
Kessel et al. 2011) or a near-bed reference concentration (van der van der Molen et al.
2009, are used to compute these rates.
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While effective for modelling, these approaches describe only the outcomes of remo-
bilisation, not the underlying mechanisms. This results in a gap between the underly-
ing physical processes and the parameters used to represent them. To address this, we
propose a new conceptual formulation that directly relates remobilisation to the forma-
tion of storm-induced bedforms. Therefore, we call it the bedform release model. This
process-based perspective aims to clarify the physical basis of existing formulations and
guide the interpretation and calibration of their aggregated parameters.

To take a systematic approach to quantifying remobilisation, we take the buffer model
of van Kessel et al. 2011 as a starting point. This model is widely used and calibrated
for modelling fine sediment dynamics in the Dutch Coastal Zone of the North Sea. A
crucial element of this model is its ability to incorporate the stochastic nature of the
exchange of fine sediment with the seabed. This stochastic nature is an essential concept
for understanding the remobilisation of fines. First, we briefly introduce both the van
Kessel et al. (2011) buffer model and our bedform release model.

In the buffer model, the seabed is schematised into two layers, a lower buffer layer and
a flufflayer on top. A visual representation of this schematization is shown in Figure 4.1a.
The fluff layer mainly consists of fines and is easily eroded, while the lower buffer layer
is more difficult to erode. Generally, sediment from the fluff layer is resuspended every
tidal cycle, while sediment from the buffer layer is only remobilised during high-energy
events such as storms or spring tides. As we focus on remobilisation during storms, we
will discuss only the properties of the buffer layer, displayed in black (Figure 4.1a). Dur-
ing those storms, the fluff layer is already in suspension.

The buffer layer represents the sandy seabed with a small fraction of fines in it. For
a sandy seabed, its thickness is assumed constant and is generally set at a value of 10-
30 cm (van Kessel et al. 2011). Remobilisation of fines from the buffer layer (E» in Fig-
ure 4.1a) is described by the multiplication of the fines fraction with the erosion rate
(pick-up rate) of the sandy seabed, leading to the first-order erosion formulation:

1.5
EZZEbufferZPZMZ( _1) (4.1)

Ter2
where:

M, = resuspension parameter for the buffer layer [kg m? s™']

7 = bed shear stress [Pa]

T2 = critical bed shear stress for remobilisation of fines from the buffer layer [Pa]
p2 = fines fraction in buffer layer [-], defined as:

]

=— = 4.2
(1-1n) psdo @2

p2
where:
my = fines mass in buffer layer [kg]
n = porosity of the sand matrix [-]
ps = density of solids in the seabed [kg/m?3], mainly sand
dy = thickness of buffer layer [m]
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Figure 4.1.: a) Definition of the two-layer buffer model by van Kessel et al. (2011), indicat-
ing the fluff and buffer layer and their associated parameters. b) Definition of
our bedform release model, based on the burial model from Chapter 3. Fines
are indicated with the brown colour while sand is shown in yellow. The upper
sketch illustrates the upper seabed layer during calm (current-dominated)
conditions, while the lower panel illustrates the seabed state during a storm
peak.

The buffer model implicitly assumes erosion of the sandy seabed to release fines. We
want to make this process explicit and hypothesize that the development of bedforms
(megaripples) is responsible for the release of fines; see Figure 4.1b. We hypothesise that
fines, buried up to 10-20 cm within the seabed (Figure 4.1b — upper panel), are remo-
bilised during storms due to the formation and migration of megaripples (Figure 4.1b —
lower panel). We assume that these processes take place simultaneously and represent
both of them by estimating the time-dependent change in ripple height. We then for-
mulate remobilisation (Eje0p) similar to the buffer model (E») by multiplying the fines
fraction with the formation of bed forms:

dn
Eremob:pfines'Y'ps‘(l_n)'% (4.3)
where:
Pfines = fines percentage in the seabed [-]
Y = remobilisation efficiency factor, ranges between 0 and 1 [-]
ps = density of solids in the seabed [kg/m3]
n = porosity [-]
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The time-dependent change in bedform height is computed using the Soulsby et al.
(2012) model:

an _p. _
a; = Mea =1 4.4)

where:

71 = time-dependent bedform height [m]

T, = characteristic timescale for bedform formation [s]
B = rate of change coefficient [-]

Teq = equilibrium bedform height [m]

Both the relaxation timescale (T,/ ) and the equilibrium bedform height (r.;) depend
on hydrodynamic forcing, through a representative bed shear stress (7). Full details of
the Soulsby et al. 2012 model and required input are provided in Appendix A.

Combining Equation (4.3) and Equation (4.4) leads to the following formulation for
Eremobn:

Eremob=pfines'Y'ps'(l_n)'?(neq—'f]) (4.5)
e

The parameters and fluxes of the buffer model and our bedform release model are
comparable, see Table 4.1. For example, the thickness of the buffer layer (d,) roughly
corresponds to the maximum ripple height during a storm (1s0rm). Furthermore, the
aggregated resuspension parameter M, is proportional to the total seabed volume put
into motion during a storm. Vice versa, the buffer model provides a framework for ag-
gregating complex seabed dynamics. We will use the latter to describe the remobilisation
efficiency factor (y) in the following section.

Table 4.1.: Buffer model parameters and how these relate to the novel bedform release

parameters
Description Buffer model Bedform release
(van Kessel et al. model
2011)
Fines percentage in p2 Pfines
seabed
e L5 d
Remobilisation rate M, (T;Z - 1) Y ps-(l—n)- Gt
Maximum d> Nstorm
remobilisation depth

The starting point for the derivation of the bedform release model is the mechanis-
tic burial model introduced in Chapter 3. This describes how the interaction between
current-induced ripples and storm-induced megaripples leads to the deep burial of fines
in the seabed (Figure 4.2), where deep burial means up to tens of centimetres. This
causes fines to remain trapped within the seabed for longer periods (i.e, between storms).
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Four distinct phases in the burial process are proposed in the model, forming a dynamic
cycle (Hendriks et al. 2022). Here, we focus on phases 2 and 3 of this dynamic cycle (Fig-
ure 4.2), describing the state of the seabed during the build-up and peak of a storm.

During these phases, megaripples are formed by a combination of current- and wave-
induced forcing (van der Spek et al. 2022, van der Werf et al. 2022). They are not formed
instantaneously, but need time to develop (Figure 4.2 — phase 2) (Soulsby et al. 2012,
Traykovski 2007). As they grow, they gradually release the fines buried within the seabed
together with the sand. We argue that when the bedforms have reached their maximum
height (Figure 4.2 — phase 3), the remobilised amount of fines also reaches its maximum
and that further erosion stops.

phase 1: calm

phase 4: post-storm

phase 2: storm build-up

phase 3: peak of storm

— .
Ly x e

Figure 4.2.: Conceptual burial model introduced in Chapter 3. The green dashed rectan-
gle indicates the phases examined in this Chapter, i.e., phase 2 and 3.

We quantify this with three components: (1) sand volume mobilised during a storm;
(2) the mass of fines per unit volume of the seabed, i.e. the fines fraction; (3) a factor
quantifying the stochastic nature (i.e. uncertainty) of the presence of fines in the seabed
and bedform development. Each of these components is described below.

(1) The sand volume mobilised during a storm is assessed using the time-dependent
ripple model of Soulsby et al. (2012), as provided in Appendix A. Essentially, their model
is formulated as a simple differential equation describing relaxation towards an equilib-
rium bedform height. The mobilised volume is proportional to the bedform height if we
assume that the megaripples are uniformly distributed over the seabed.

(2) The fines mass per seabed unit volume, i.e., the fines fraction, relates the remo-
bilised sand volume to the fines mass flux. In the case of a sandy substrate with a gran-
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ular skeleton, the fines are found within the pores of the skeleton only. If their solids
density is equal to that of the sand, the fines mass per unit volume is given by:

mfines:pfines'(l_n)‘Ps (4.6)

where:

Mfines = fines mass per seabed volume [kg/m
Pfines = fines fraction [-]

n = porosity [-]

ps = density of solids in the seabed [kg/m?3]

3

We assume that the composition of the sand-mud mixture does not influence sand
erosion rates, which holds when Pfines 18 smaller than 13% (van Ledden et al. 2004, Win-
terwerp et al. 2021). These fines percentages are rarely exceeded in the southern North
Sea (Chapter 2 and references therein).

(3) The third and final element of our bedform release model is a factor quantifying
the stochastic nature (i.e. uncertainty) of fines presence in the seabed and bedform de-
velopment. Figure 4.3 conceptually shows the different aspects of this uncertainty, com-
plementing the simplified sketch of Figure 4.1b.

The first aspect is the large spatial variation in fines presence in the seabed (indicated
by the brown lenses in Figure 4.3). In Chapter 3 we showed how the actual fines per-
centage in the seabed varies strongly down to the meso (metres) and micro (centime-
tre) scale. This is caused by the stochastic nature of bedform formation and migration,
which leads to an irregular distribution of fines within the seabed, both horizontally and
vertically.

The second aspect is similar to the formation and migration of megaripples. On the
scale of single megaripples, remobilisation depends on where these megaripples will
actually develop (Figure 4.3). Whether their troughs coincide with where the fines are
buried depends on chance. However, when these megaripples migrate they will mobilise
larger parts of the seabed, thereby reducing the uncertainty of fines being remobilised.

These stochastic processes can be parameterised with a remobilisation efficiency fac-
tor (y) when the spatial domain of analysis is large enough — here we propose a 100x100

m? domain. Hereby, y aggregates the spatial heterogeneity in fines percentage and megarip-

ple formation, with its value varying between 0 and 1. If the megaripple troughs align
perfectly with where the fines are buried up to a certain depth (7srm), ¥ equals 1. Vice
versa, if the troughs only mobilise parts of the seabed without fines, y will equal 0 (van
Kessel and Vanlede 2009, Winterwerp et al. 2021).

4.3. DATA AND METHODS

This section describes the dataset of Witbaard et al. 2013 and how we analysed it to study
fine sediment dynamics during and after storms. This dataset contains both SSC time
series and other elements required to test the bedform release model presented in the
previous section.

The bedform release model (Figure 4.1b) revolves around the formation of storm-
induced megaripples. Hence, to test it, we need to identify storms in the dataset. Fur-
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Figure 4.3.: Sketch showing two-dimensional megaripple variations and difference in
fines presence. Horizontal scale : meters, vertical scale tens of centimeters.
Brown patches indicate fines in the seabed, which are drawn as concave-up
lenses further to the burial model (Chapter 3).

thermore, the dataset should be long enough to distinguish between the different phases
of the dynamic cycle in Figure 4.2. As the formation of megaripples is driven by waves
and currents, we need a measure for both their intensity. Furthermore, we need to know
whether large-scale bedforms actually develop on the seabed. All these aspects are dis-
cussed in the following sections.

4.3.1. STUDY SITE AND MEASUREMENT SET UP
The study site is located on the lower shoreface of the Holland coast, 1 km offshore of
Egmond aan Zee. Therefore, we refer to it as the Egmond site. It is located in the far-
field region of the Rhine Region of Freshwater Influence (ROFI), and periodically experi-
ences weak stratification (Rijnsburger et al. 2016, van der Hout et al. 2015). The seabed
is mostly sandy, with a median grain size (dsp) of 200-250 um (Witbaard et al. 2016).

The Egmond site is located 20 km north of the port of IJmuiden. Approximately 1 MT
of dredged fine sediment is disposed directly north of the harbour entrance channel an-
nually (Winterwerp 2001). This disposal location is located 15 km south of the Egmond
site, and the fines deposited there will eventually reach the study site as the residual
transport direction of fines along the Dutch coast is in northern direction (de Boer et al.
2009).

From February 2011 until October 2012, a measurement frame (i.e., the lander) was
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deployed at a ~10 m deep location off the coast (52°38.249'N 04°36.294'E — Figure 4.4 )
Witbaard er al. 2015. The lander was equipped with a set of sensors measuring tidal cur-
rents, water pressure, turbidity, temperature, salinity, and fluorescence. Here, we only
elaborate on the measurements of tidal currents, water pressure, and turbidity.

Tidal currents were measured every 10 min at 15 cm above the seabed with a Nortek
Vector ADV. Every 10 minutes, the ADV recorded a burst of 2 minutes with a frequency of
1 Hz. The water pressures were measured by the ADV on an identical time interval at 30
cm above the bed. The ADV measured the distance to the seabed at the start and end of
each burst, thus detecting the formation and/or migration of bedforms.

Simultaneous measurements of optical backscatter (OBS) and fluorescence were made
at four heights above the seabed, i.e. 30, 80, 140 and 200 cm, using ALEC Compact-CIW'’s
(http://ocean. jfe-advantech.co. jp). To convert the turbidity data from the OBS
to SSC, all ALEC sensors were calibrated in the lab over a range of SSC by Witbaard et al.
(2015).

The site was visited every 3 to 6 weeks to service the lander and to collect sediment
samples from four locations around the platform (Figure 4.4). In 2011 and 2012, the site
was visited 19 times in total. During each site visit, at least two boxcorer samples were
collected at each location. If a boxcorer sample was of sufficient quality, i.e. with an
undisturbed surface layer and more than 10 cm high, small sub-samples were taken for
grain size analysis. In 2011, only the top 5 cm was subsampled. In 2012, both the upper
5 cm and the lower 5 cm (5-10 cm below the seabed surface) were subsampled. These
subsamples were frozen and then transported (Witbaard et al. 2015).

4.3.2. DATA PROCESSING
HYDRODYNAMIC AND SSC DATA

Hydrodynamic conditions are derived from the ADV data. Here, we distinguish between
tidal currents, wave height, and wave period.

Tidal current data were preprocessed by van der Hout et al. 2017. For this study, we
transformed the velocities from global East-North-Up coordinates to alongshore and
cross-shore currents, by rotating them by 6° in clockwise direction.

The water pressure was recorded by the ADV. The pressure fluctuations were translated
into wave heights using linear wave theory. The two-minute bursts are split into two
time series of one minute. After detrending, a spectrum is determined for each minute.
The spectra are averaged over an hour, implying 12 spectra per hour. The wave spectra
are used to deduce the significant wave height (H,,p) and the wave period (T},92). The
zeroth, first, and second order moments of the wave spectrum (m0, m1, m2, respectively)
are used to compute these properties, according to Madsen et al. (1988):

Hy0=4vmo0 4.7)
m0

Timo2 =\ — (4.8)
m2

The SSC data were preprocessed by van der Hout et al. (2017). These ten-minute fil-
tered data were smoothed by applying a two-hour wide moving average.
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Figure 4.4.: Egmond study site, indicating the lander and sediment sampling locations.
Bathymetry from NLHO Digital Terrain Model, based on bathymetric surveys
from 2009, 2012 and 2014 (NLHO and Deltares, 2019). The dashed box in the
inset indicates the location of the lander along the North Holland coast. All
bed levels are referenced to the Dutch Ordnance level (NAP, Nieuw Amster-
dams Peil).

SEDIMENT SAMPLES FROM THE SEABED

The sediment samples collected with the boxcorer were transported to the NIOZ labora-
tory in frozen condition. There, they were first freeze dried for 48 h and then thoroughly
homogenised. From these samples, a subsample was taken for the actual analyses. This
subsample was first sieved over a 2 mm mesh and then transferred to a measurement
tube, which was shaken for 30 seconds to produce a homogeneous suspension, see Wit-
baard et al. (2013).

This suspension was analysed with a Beckman Coulter LS 13 320, to determine its grain
size distribution. This instrument determines the grain size distribution by laser diffrac-
tion, yielding the volume percentage of different size classes. The size class of particles
smaller than 63 pm is referred to as fines. We do not distinguish between clay and silt
fractions, as the larger mudflocs were broken during treatment. Similarly to Callesen et
al. (2018) and Hendriks et al. (2020), we assume that volume percentages are represen-
tative of mass percentages.



4.3. DATA AND METHODS 83

BED ELEVATION

The local bed elevation represents the formation and/or migration of bedforms and is
calculated from the distance to the seabed as recorded by the ADV. The distance to the
seabed is filtered in two steps. First, all zeros (erroneous data) are removed from the
dataset. Subsequently, a 3-hour moving median is computed for the time series. Values
that deviate more than 40 mm from this median are removed from the dataset. The local
bed elevation is computed by subtracting the mean distance to the bed during the first
day of each three-to-six week deployment. As a final step, the sign of the time series is
reversed, so a positive bed elevation corresponds to local deposition and negative values
to local erosion.

[DENTIFYING STORM PERIODS IN THE DATASET

To analyse the effect of storms on SSC, we identified storm events in the data set. For
this, we used the computed significant wave height (Hy,) defined in Section 4.3.2. We
consider a period as a storm when the peak H,;, exceeds 0.8 m, which is consistent with
van der Hout (2024). Furthermore, there should be a clear response in SSC beyond reg-
ular tidal behaviour. From these storm periods, we selected individual storms that do
not occur shortly after another storm or during a sustained stormy period. This condi-
tion was assessed using SSC time series, ensuring that the pre-storm SSC peaks did not
exceed 200 mg/1 (Schmidt 2021).

4.3.3. ESTIMATING THE TOTAL SUSPENDED MASS AND REMOBILISATION
FLUX
To test the bedform release model (Section 4.2), we compute the cumulative remobili-
sation flux (ZE;¢mop) for each storm and compare it to the total maximum suspended
sediment mass during a storm (M5 srorm). We therefore assume that the rate of change
in the measured suspended sediment mass during storms depends only on remobilisa-
tion. During the considered short period, we neglect deposition (and subsequent burial)
and transport gradients, allowing us to describe the change in suspended matter per unit
area (Mg,s) as:

dM.
d;us = Eremob (4.9)
Mg, is defined by:
Zsurf
Mys(1) =f c(z,)dz (4.10)
Znb
where:

¢ (z,t) = SSC as a function of height above the bed and time [kg / m3];
zup = areference height near the seabed = 0.1 m
zsyur f = areference height near the water surface = 10.0 m
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Following from Equation (4.9), we define (M5 storm) as:
Msus,storm = Msus,onset + zEremob (4.11)

where:
Mgy, 0nser = total suspended matter at the storm onset [kg / m?]

and where:

tpeak
2Eremob =f Eremopdt (4.12)

tDﬂSE[

tonser = the onset of the storm
Ipeak = the moment when M, s reaches its maximum

To obtain c(z), we extrapolate the measured smoothed SSC time series. For each time
step in the dataset, we check if SSC was measured correctly at more than 2 heights. If so,
SSC values are log-transformed, and a linear regression is computed based on the non-
zero SSC values. If this regression has a negative slope, the fit is extrapolated from z,, to
Zsur f- Msuys is then found by integrating ¢(2). To find Mjys,s¢orm, We compute Mgy s over
the course of a storm and subtract My onse:-

The cumulative remobilisation flux (E;en0p) is computed by quantifying Equation (4.5).
In order to do so, time-dependent ripple heights (% ) are computed using the Soulsby
etal. (2012) model (Appendix A). For this model, we need to provide both hydrodynamic
input and ripple predictors. The hydrodynamic input consists of the wave height (Hj,0),
the wave period (T},02) and the depth-averaged tidal current magnitude (U). The wave
height and wave period are defined in Equation (4.7) and Equation (4.8), respectively.

U is computed from the ADV timeseries, assuming a logarithmic velocity profile. First,
u, is computed using:

Us z

u(z) = —ln(—) (4.13)
K 20

where:

z = height above the seabed of the ADV measurement volume = 0.15 [m]

x = von Karman constant = 0.4 [-]

zg = roughness height = %

ks = Nikuradse roughness height = 1-1073 [m]

After obtaining u., we reconstruct the logarithmic velocity profile over the full water
depth using Equation (4.13). Averaging over the depth leads to U. Finally, we take its
absolute value (|U]) as input for the ripple model.

For the provided ripple predictors, we distinguish between predictors for current-dominated
and wave-dominated conditions. The current-dominated predictor is taken from Baas
et al. (2000). For wave-dominated conditions, a wide range of predictors exist. We com-
pared four different predictors, being: Traykovski (2007) — TR07, Traykovski (2007) as
implemented by Marten (2010) — MN10, Soulsby and Clarke (2005) — SW05 and Wiberg
and Harris (1994) — WH94. The full details of these predictors are given in Appendix A.
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Eventually, we compute the cumulative remobilisation flux (ZE;¢p0p) :

2Eremob = Pfines' Y Ps* (Nstorm —Mc) (4.14)

where:
Nstorm = the maximum storm-induced ripple height [m]
7. = the current-induced ripple height [m]

The median fines percentages from the sediment samples are used (Section 4.3.1). We

used a weighted average to interpolate the fines percentage (pjines) between the sediment
sampling dates. The values of the other applied parameters are given in Table 4.2.

Table 4.2.: Parameter values used for quantifying XE; .05

Parameter Value [unit]
Y 0.5 [-]
0s 2650 [kg m™]
n 0.4 [-]
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4.4. RESULTS

4.4.1. IDENTIFIED STORMS

Twelve individual storms were identified in the dataset using the definitions of Section 4.3.2
(Schmidt 2021, van der Hout 2024). Table 4.3 lists the selected storms, including peak
wave heights and wind characteristics for these periods.

According to the definition in Section 4.3.2, each storm has a peak H,,o that is larger
than 0.8 m. Most of these storms are from the north-westerly to south-westerly quad-
rant. They are spread fairly well throughout the year (Figure 4.5a), both including sum-
mer and winter conditions. In November and December 2011, a succession of storms
occurred, but none of them could be classified as an individual storm. Hence, no storms
from these months were included in the analysis.

The duration of most storms was approximately one week, varying from 4 to 11 days.
Generally, pre-storm SSC is re-established within several days to a week after the storm
peak. This will be discussed in more detail in Section 4.4.4.

Table 4.3.: Individual storms identified in the dataset

Storm number Start date End date Peak H;,y [m] at
Egmond site
#1 25-02-2011 03-03-2011 1.54
#2 07-03-2011 18-03-2011 1.60
#3 31-03-2011 04-04-2011 0.83
#4 04-04-2011 09-04-2011 0.93
#5 26-08-2011 05-09-2011 1.39
#6 04-10-2011 10-10-2011 2.52
#7 16-10-2011 24-10-2011 1.82
#8 14-01-2012 18-01-2012 1.11
#9 03-03-2012 18-03-2012 0.93
#10 15-05-2012 19-05-2012 1.37
#11 06-06-2012 16-06-2012 1.95
#12 09-07-2012 14-07-2012 1.08

4.4.2. SEDIMENT DATA

The fines percentages as obtained from the boxcorer data are shown in Figure 4.5b.
These are grouped by sampling date in the box plots. In 2011, only the upper 5 cm within
the seabed was sampled, while in 2012 additional samples were taken 5-10 cm below the
seabed surface.

More than 95% of the sediment samples contained fines. The median fines percentage
of the upper layer varies moderately with time, between 2 — 9%, though no clear seasonal
trend is visible.

For the lower layer, this varied between 2 and 5%. The percentages of the lower layer
follow the same trend as those of the upper layer. Generally, vertical variations in the
fines percentages appear to be limited for the 5-cm layer thicknesses.
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The horizontal variations in fines percentage are more pronounced. They reach max-
ima of approximately 30%, while the 75" percentile generally does not exceed 10% (Fig-
ure 4.5b). Fines percentages vary both between stations and between samples collected
at the same station. This implies that fines percentages vary on the scale of metres, i.e.
the positioning accuracy of the vessel and boxcorer deployment, to hundreds of metres.
These strong spatial gradients have been explained in Chapter 3.

4.4.3. SSC DYNAMICS BEFORE, DURING AND AFTER STORMS

Two storms are selected to explain the behaviour of the SSC dynamics before, during and
after a storm. These are storms #2 and #5, which took place in March 2011 and August
2011, respectively (Table 4.3). For both storms, we plot SSC, wave characteristics, bed
elevation, and computed ripple heights in Figure 4.5. The subplots in the left column
(Figure 4.53, ¢, e, g and i) correspond to storm #2 while the subplots in the right column
(Figure 4.5b, d, f, h and j) correspond to storm #5.

In the days prior to each storm, we observe similar behaviour. SSC is low in both cases,
even at 30 cm above the seabed (SSC1 in Figure 4.5 a, b). Wave heights are generally low
during these days (Figure 4.5 ¢, d) and the seabed level hardly varies (Figure 4.5 e, ). The
predicted ripple heights (Figure 4.5 g, h) are equal to the predicted equilibrium ripple
height for current-dominated conditions (1eg,currens = 18 mm).

However, there is one major difference between the two considered storms. Storm #5
was preceded by more than two weeks of calm weather (Figure 4.5a), while storm #2 was
preceded by storm #1 (Table 4.3). The latter took place approximately one week before
the onset of storm #2, and SSC returned to pre-storm conditions in between. Although
it is not certain whether the short succession of these two storms has had an effect, it is
good to be aware of it when interpreting the results.

During storm #2, the wave height develops in two steps, first peaking at 0.7 m and then
peaking at approximately 1.5 m the day after. SSC peaks during both occasions, although
the second peak in SSC is more pronounced (Figure 4.6 a, c, e, g). This peak occurs half a
day after the maximum wave heights have been reached. It then takes 3 to 4 days before
SSC returns to pre-storm levels, which corresponds to previous observations (Flores et
al. 2017, Hendriks et al. 2022, van der Hout et al. 2017). The observed bed elevation
decreases strongly around the storm peak and subsequently increases by 50 mm. After
the storm, there is hardly any variation in bed elevation. This is likely due to the low flow
velocities after the storm, which do not exceed the critical threshold of motion, which is
indicated with the dashed line in Figure 4.6c.

The predicted ripple heights (Figure 4.6i) increase strongly when the wave height ex-
ceeds 1 m (Figure 4.5¢). Ripple maxima are predicted to lie between 50 and 60 mm. All
ripple heights then gradually decrease as the wave height decreases. The predicted rip-
ple heights agree with the observed changes in bed elevation (z,,4x — Z2min) (Figure 4.6g
and h), both in terms of magnitude and their temporal development.

During storm #5, the wave height gradually increases, reaching a peak of almost 1.5 m.
SSC begins to increase when the wave heights have reached their maximum (Figure 4.6b,
d). The SSC peak occurs at the maximum wave height. Afterwards, SSC then returns to
pre-storm levels in 5 to 6 days. The bed elevation shows pronounced fluctuations during
the storm. It first increases by 50 mm during storm build-up, decreases by 80 mm during
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Figure 4.5.: a) Hy, at the Egmond site during the full measurement period. The identi-

fied storm periods are indicated with the grey hatch and labelled with their
storm number (Table 4.3). b) Fines percentage of sediment samples, grouped
in boxplot per sampling date. Samples from upper and lower layer are indi-
cated with orange and blue boxes, respectively. The dashed black line indi-
cates the weighted average between sampling dates. The box for each date
extends from the first quartile (Q1) to the third quartile (Q3) of the data, with
a line at the median. The whiskers extend from the box to the furthest data
point lying within 1.5x the inter-quartile range (IQR) from the box (Hunter
2007). The diamonds indicate data points outside this range.

the storm peak, and shortly thereafter increases again. The rapid decrease in bed level
coincides with the SSC peak. Afterwards, the bed elevation varies by 10-20 mm during
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several successive tidal cycles. Again, the ripple predictors predict a strong increase in
bedform height when the wave height exceeds 1 m, reaching up to 80 mm. In the days
after the storm, they gradually decreased to the current-dominated ripple height of 18
mm.

storm #2 storm #5
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Figure 4.6.: SSC, tidal current, wave height and period, seabed elevation and predicted
ripple height for two individual storms in 2011. (a, c, e, g, i) Storm #2 in March
2011. (b, d, f, h, j) Storm #5 in August 2011. The dashed line in subplots c and
d indicates the threshold of motion for sand based on the Shields criterion
for a median grain size of 250 um. Predicted ripple heights based on four
predictors: TRO7 (Traykovski 2007), MN10 (Marten 2010), SW05 (Soulsby and
Clarke 2005) and WH94 Wiberg and Harris 1994.

4.4.4. TIMESCALES FOR REMOBILISATION AND SSC DECAY

In addition to the detailed analysis of the behaviour observed during storm #2 and #5, we
investigated the timescales related to remobilisation and subsequent decay in SSC for all
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twelve storms. These timescales may provide us with further insight into the dominant
processes.

First, we compute the remobilisation timescale. We define this as the timelag between
the occurrence of the wave height peak and two local SSC maxima. The first is the maxi-
mum SSC at 30 cm above the bed (SSC1 in Figure 4.6), while the second is the maximum
total suspended mass (Mgys, storm) (Section 4.3.3). Both are taken from the SSC data, and
are correlated, as Mgy srorm is estimated from SSC at all four measurement heights. A
positive timelag means that these suspended matter maxima occurred after the wave
height peak.

The SSC peaks for all twelve storms occur during or after the wave height peak (Fig-
ure 4.7 — solid bars). The smallest timelag is observed for storm #5, where the SSC peak
coincides with the maximum wave height (see Figure 4.6b, d). The longest timelags oc-
cur during storms #9 and #12, with timelags of 4.5 and 3.5 days, respectively. The time-
lags for all other storms range from 0 to 2 days.

For most storm periods, maximum Mg, srorm is reached after the wave height peak
(Figure 4.7 — hatched bars). Storm #1 appears to be the outlier in this analysis, as it is
the only storm with a negative timelag to maximum Mg, storm. Of the other eleven
storms, the maximum Mgy szorm usually takes place within two days after the storm
peak. The longest timelags again occur during storms #9 and #12. For storm #9, this
could be explained by the long sustained period of high SSC, where the final peak was
slightly higher than the previous peaks. Storm #12 showed rather different behaviour, as
SSC only started to increase after the storm waned. Furthermore, near-bed concentra-
tions for this storm exceeded 2000 mg/L, which is considerably higher than for the other
storms.

For each storm, the maxima in SSC and M s1orm Occur within 2 days of each other,
with the majority occurring less than half a day apart. For 8 out of 12 storms, peak SSC
precedes maximum M, srorm- The mean timelag for both approaches is roughly the
same at approximately 31 hours. That these two approaches yield a similar result sug-
gests that the approach is fairly robust even though we are considering maximum values.

The timelag of 0 to 2 days for most storms suggests that fines are remobilised locally
and then resuspended, and not advected from distant concentrated sources.

Furthermore, this analysis shows that SSC does not react instantaneously when a storm
takes place. There are two possible explanations for this behaviour. The first is prompted
by our conceptual remobilisation model. It takes waves multiple hours to build up the
larger bedforms and for these bedforms to migrate. The second possible explanation is
provided by the remobilisation formulation of the two-layer buffer model (Equation (4.2)).
As long as the bed shear stress (1) exceeds the critical bed shear stress (7.,2), remobil-
isation continues. And as long as remobilisation exceeds deposition (D), the total sus-
pended mass will keep on increasing.

The second timescale describes the decay in SSC after a storm. Assuming that tidal
currents can resuspend all readily available fines, a decay in SSC means that fines are no
longer present on the seabed. Thus, SSC decay serves as a key indicator for fines burial:
the more efficient the burial, the shorter the decay timescale. We define it as the half-life
of the storm-induced SSC, which is determined by fitting an exponential function to the
SSC peaks at 0.3 m above the bed during the decay period:
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Figure 4.7.: Timelag between peak wave height and suspended matter maxima. For the
latter, we consider both the SSC peak at 30cm above the bed (solid white
bars) and the total suspended matter peak (hatched bars).

In(2
Moand res = 2 (4.15)

c(t)=cpe n

where:

¢ (t) = SSC peak at time t [mg/1]

¢p = maximum SSC during the storm [mg/1]
t = elapsed time since maximum SSC [days]

The peaks are selected from the period between the maximum SSC and when concen-
trations return to pre-storm conditions. The latter are reached when SSC remains below
200 mg/1 again during an entire tidal cycle (12.5 hours), which is the same as the pre-
storm threshold used for identifying storm periods (Section 4.3.2). From this period, we
select the SSC peaks during each half-tidal cycle.

To illustrate this procedure, Figure 4.8a shows the selected SSC peaks for storm #5 and
the fit applied to these data. The white dot indicates the maximum SSC value during this
storm. The peak during each half-tidal cycle is indicated with a small black dot.

Using this approach, we identified the half-life in SSC for each storm and summarised
the results in Figure 4.8b. This histogram divides all storms into separate bins according
to their half-life. It shows that for most storms, this timescale is between 0.5-1.5 days.
Two storms (#4 and #13) exhibited a decay period of less than a day. For storm #4, this
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was caused by low SSC throughout this period. For storm #13, it was caused by the afore-
mentioned maximum SSC that exceeded 2500 mg/L. Storms with a half-life of more than
1.5 days (#7 and #12) are characterised by a prolonged period of high wave heights. This
wave activity likely remobilised the fines for multiple days, allowing the tidal currents to
keep them suspended.

800 SSC peaks and curve fit for storm #5

a) — SSC1
700 A ---- exp. decay

SSC at 0.3 m [mg/l]
N w =3 (9] [=)]
(=] o o o [=]
o o o o o
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b)

number of storms

<0.5 0.5-1.0 1.0-1.5 1.5:2.0 =2
half-life [days]

Figure 4.8.: (a) Example of storm #5 illustrating how decay period is defined and esti-
mated. This is the period from storm peak (white dot) until peak SSC falls
below 200 mg/1 (black and white cross-hatched dot). (b) Histogram of SSC
half-life during the selected storms.
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4.4.5. TOTAL SUSPENDED SEDIMENT MASS DURING STORMS

The final step in our analysis is to validate whether the bedform release model provides
a reliable estimate for the cumulative remobilisation flux during a storm. Using the ap-
proach described in Section 4.3.3, we estimate the maximum suspended mass from the
measured SSC (M srorm) and from the cumulative remobilisation flux (ZEyepm0p) for
each individual storm.

Figure 4.9 shows the result of this analysis. In each subplot, M, srorm is plotted on
the x-axis, while E;¢p0p,st0rm 1S plotted on the y-axis. The four subplots correspond to
the four applied ripple predictors (listed in Table A.2). Dashed line indicates exact agree-
ment between Mgys storm and Eremob,storm-

For six storms, My srorm remains below 1 kg/m?, while another five do not exceed 2
kg/ m?. The storm with the highest Mgy storm is storm #9, as the total suspended matter

reaches approximately 3 kg/m?. u

The four different ripple predictors show considerably different results. Using the
TRO7 or WH94 predictor leads to substantial variation in computed masses (top left and
bottom right plot in Figure 4.9). The SWO5 ripple predictor leads to the smallest vari-
ation in the computed masses, with E,.pop,srorm Only just exceeding 1 kg/ m? for two
storms (lower left plot in Figure 4.9). The MN10 predictor leads to a moderate variation
in Eremob,storm-

The root-mean squared error (RMSE) for the applied predictors tells a similar story.
The RMSE is highest for the WH94 predictor, followed by TR07. This is due to an overes-
timation of the suspended mass. In contrast, the SW05 generally underestimates the sus-
pended mass, but as this only leads to small deviations between Mgy, srorm and Eremob, storm»
the RMSE is already substantially lower. The MN10 predictor has the lowest RMSE and
thus performs best for these storms. So, given all the uncertainties and assumptions
used to estimate these total masses, remobilisation from the seabed is predicted fairly
well by the time-dependent ripple model.

Interestingly, all four predictors strongly underestimated the suspended mass of storm
9. None of them predicts a suspended mass greater than 1 kg / m?, while M sus,storm Was
the highest for this storm. Interestingly, this was also the storm with the longest time-
lag between the peak wave height and suspended matter maxima (Figure 4.7. This long
time lag suggests that the SSCis less influenced by the instantaneous forcing. Other pro-
cesses than local resuspension might therefore play a role for this storm. If we exclude
it, the RMSE decreases for each predictor. However, their relative performance does not
change.
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Figure 4.9.: Maximum suspended sediment mass per unit area, estimated from mea-
sured SSC and cumulative remobilisation flux. For the remobilisation flux
approach, four ripple predictors were applied: TRO7 (Traykovski 2007), MN10
(Marten 2010), SW05 (Soulsby and Clarke 2005) and WH94 (Wiberg and Har-
ris 1994). Dashed line indicates exact agreement between Mgy storm and

Eremob,storm‘

4.5. DISCUSSION

In the previous section, we presented an analysis of the increase in SSC during storms
and the gradual decay afterwards, based on the dataset of Witbaard er al. (2013). We
analysed the general patterns in SSC during twelve storms and presented the involved
timescales. Finally, we provided an estimate of the amount of fines remobilised from the
seabed.
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In this section, we discuss how these timescales and magnitudes relate to previous
studies on sediment dynamics in the Dutch Coastal Zone. Furthermore, we discuss the
bedform release model presented in Section 4.2 and how it can provide guidance when
modelling the remobilisation of fines. This enables us to relate our findings to modelling
practice and provide a wider outlook.

4.5.1. TIMESCALES
REMOBILISATION TIMESCALE

The remobilisation timescale was defined as the time interval between the maximum
wave heights and the highest SSC peak during a storm (Figure 4.7). SSCincreases steadily
during storms, but it takes time before they reach their maximum value. For most storms,
this timescale varies between zero and two days (Figure 4.7), with maxima of approxi-
mately four days for 2 of the 12 storms.

These timescales are consistent with the observations of Kleinhans et al. (2005) and
Flores et al. (2017). They both observed storm-induced SSC peaks within 1 to 2 days
after maximum wave heights were reached. Their study sites lie closer to the river Rhine
outflow, at Noordwijk aan Zee and the Sand Engine, respectively. The offshore distance
is comparable for all three datasets and ranges from 1 to 2 kilometres. The observations
presented in Chapter 3 show similar behaviour.

The observed timelags can partially be explained by the time it takes for wave-induced
bedforms to adjust to the governing hydrodynamics. Figure 4.6 shows that the measured
bed elevation and the computed ripple heights exhibit a small timelag compared to the
wave heights. During storms, wave-induced ripples require several hours to adjust to
the governing wave conditions. This is observed not only for the two storms shown in
Figure 4.6, but also for most other storms. Hence, the delay in SSC peaks cannot be
explained entirely by just this adjustment period.

Another probable explanation for these timelags is the advection of fines to the study
site. Here, we should distinguish between alongshore and cross-shore fluxes. If the
timelag is due to alongshore advection, the sources of fines should be located within
several kilometres of the site. As fines are spread heterogeneously in the seabed (see
Figure 4.5b), fines that are remobilised near the location of the lander can be advected.
Another possible process is cross-shore advection, leading to an accumulation fines in
the nearshore zone (i.e. less than 2 km offshore). However, previous research shows
contrasting observations. Cross-shore transport in onshore direction was observed by
van der Hout et al. 2015 for calm conditions, while Flores et al. 2017 observed offshore
transport during storm conditions.

The final possible cause is how a storm develops once it has reached its peak. When
the wave heights during a storm decrease rapidly after its peak, bedform migration will
be limited, and thus limit additional remobilisation. The observed timelag will then be
short. If wave heights decrease slowly, the wave-induced bedforms are likely to migrate
substantially, thereby remobilising additional fines. This leads to an ongoing increase of
SSC within days after the storm peak.

Since the aforementioned processes operate on a similar timescale, we cannot deter-
mine which process is dominant based on the current analysis.
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DECAY TIMESCALE

For the decay timescale, we defined the half-life of the storm-induced SSC. For most
storms, this ranged from 0.5 to 2 days. This means that it may take up to three or four
days for the SSC to reach pre-storm levels, depending on the maximum SSC during a
storm.

During these decay periods, SSC s still high, though the hydrodynamic forcing is often
comparable to pre-storm conditions. This asymmetric response of SSC to hydrodynamic
forcing, i.e., hysteresis, was previously observed and was related to the local availability
of fine sediment (Eleveld et al. 2008, Stanev et al. 2009, Suijlen and Duin 2001, van der
Hout et al. 2017). Our bedform release model qualitatively links this hysteresis to re-
mobilisation of fines from the seabed. This further elucidates the effect of water-bed
exchange on SSC throughout the Dutch Coastal Zone, and implies that observed SSC
cannot be interpreted as an instantaneous response to occurring bed shear stress.

These observations corroborate the explanatory burial model of Chapter 3. There we
proposed that the interaction between storm-induced megaripples and current-induced
ripples is primarily responsible for the burial of fines in the sandy seabed. After storms
wane, the megaripples are gradually flattened by current-induced ripples, and fines are
buried in the former troughs of the megaripples. Hence, bedform height gradually de-
creases in the wake of storms, which may take days. Furthermore, SSC steadily decreases
as fines are buried within the seabed and cannot be easily resuspended by the tidal cur-
rents. For the burial of fines after a storm, we suggested a timescale of approximately a
week.

The gradual decrease in bedform height is supported by the measured bed elevation
(Figure 4.6e,f) and corroborated by the predicted ripple heights (Figure 4.6g,h). However,
for this dataset, it seems to be taking place within several days rather than a week. Thus,
the burial process may take place on a shorter timescale than we proposed in Chapter 3.

4.5.2. MAGNITUDE OF SSC INCREASE

When the upper strata of the seabed are mobilised during storms, the fines present in
this part of the seabed are eroded along with the sand. This assumes that all fines are
remobilised from this part of the seabed, thus depleting the supply of fines. Thus, the
seabed is regularly depleted from fines. Even when average fines percentages are in the
order of 2-5%, a succession of storms can deplete all the fines from the seabed (see Chap-
ter 3 and references therein).

However, this depletion is partly a matter of scale. As Figure 4.3 shows, both megarip-
ple dimensions and fines presence vary substantially, even on a centimetre to decimetre
scale. So, while part of the upper seabed strata may contain little to no fines, fines may
still be present several metres away or in the lower strata. This strong heterogeneity in
fines presence is confirmed by the sediment data (Figure 4.5b). Where fines are momen-
tarily buried in the seabed depends on the succession of burial and remobilisation in the
previous months to years, and even on older geological deposits.

In our analysis, we assumed that the total suspended sediment mass mainly depends
on the processes of remobilisation and resuspension, not taking lateral gradients into
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account. This is justified based on previous studies van der Hout et al. 2017. If this can
be applied to a wider area, the total suspended sediment mass depends on the storm-
induced bedform height (n5r,), the remobilisation efficiency factor (y) and the amount
of fines currently available in the seabed. As we readily discussed the last factor, we will
only discuss the first two here. Time-dependent bedform height () can be adequately
predicted by the time-dependent ripple model of Soulsby et al. (2012). However, the
computed ripple heights did vary substantially for the set of predictors used in this study;,
up to 5 cm for several storms. The Marten (2010) ripple predictor provided the most
accurate estimate for the remobilisation flux (Figure 4.9).

The remobilisation efficiency factor (y) lumps different uncertainties in the remobili-
sation process into a single parameter. We set it to 0.5 (Table 4.1), assuming that all fines
present in the seabed are remobilised where storm-induced megaripple troughs form.
We did not explicitly account for inhomogeneity in the seabed when setting this value
for y. This inhomogeneity could lead to a higher or lower value for y. Another factor
affecting the value of y is bedform migration. If this is taken into account, y should be
increased.

4.5.3. GUIDANCE FOR MODELLING

We have compared the proposed remobilisation flux with measured SSC and have inter-
preted the parameters that influence it (Section 4.4.5 and Section 4.5.2). As a final step,
we discuss how the bedform release model can provide guidance to select the appropri-
ate parameter settings for the buffer model of van Kessel ef al. (2011).

Both formulations were presented in Section 4.2, here we repeat them for convenience:

1.5
Epuffer = PzMz( - 1) (4.16)

Ter,2

d
Eremob:pfines*y*ps*(l_n)*d_TZ (4.17)

We apply the parameter settings for E,.,op as presented in Section 4.3.3. We assume
that wave forcing is dominant and neglect the bed shear stress due to currents. Further-
more, we use a constant fines fraction (p») of 5% for both methods. For the buffer model,
we set the resuspension parameter (M>) to 1-10"? kg/m?s, which is the van Rijn pick-up
parameter for fine sand for a dsp of 250 ym (van Rijn 2007). We note that this value for
(M>) is at least one to several orders of magnitude larger than values commonly applied
in North Sea sediment modelling (van Kessel et al. 2011, van Maren et al. 2020).

As discussed in Section 4.2, the change in ripple height (dn/d?) in Ej,0p depends on
two terms: (1) the difference between equilibrium ripple height (17¢;) and actual ripple
height () and (2) a relaxation timescale (T,/f). Both 1.4 and (T./ ) can be rewritten to
depend solely on the wave-induced bed shear stress (7). Thus, we can directly compare
the predicted remobilisation flux for both methods as a function of 7.

For E,, we compute the flux using two critical bed shear stresses,i.e. a 7,2 0f 0.17 and
1.0 Pa. E» depends substantially on 7.2, over the entire range of 7, since the calcu-
lated fluxes are an order of magnitude apart (Figure 4.10). The lower value for 7.» cor-
responds to the Shields criterion for incipient motion 8., for fine sand (ds¢ = 250um),
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while the higher value is often used to model the dynamics of fine sediment in sandy
shelf seas (e.g. van Kessel et al. 2011, van Maren et al. 2020). For a sandy seabed com-
posed mainly of fine sand, the latter falls well within the megaripple domain (Brakenhoff
et al. 2020,Kleinhans 2005). This means that in fine sediment modelling, it is implicitly
assumed that substantial remobilisation of fines only takes place when megaripples are
formed on the seabed.

For E;¢mop, the relevant variable is the difference between the equilibrium ripple height
and the actual ripple height (1.4 —1(#)). If we assume that the minimum value for n¢ is
the current-induced ripple height 1., we can compute a maximum remobilisation rate
Eremob,max for each value of 7, through:

Eremob,max = Pfines *Y * Ps* (1 — 1) * g(neq —1c) (4.18)
e

This results in the green line in Figure 4.10. The values for E;¢p0p,max generally fall
between the values of E, values. However, they are substantially larger than E, if 7.,2is
setto 1.0 Pa (Figure 4.10). This means that, in principle, the remobilisation rate predicted
by the bedform release model is larger. However, E; ..o Will gradually decrease over
the course of a storm, whereas E, remains constant with constant 7,,. As the bedforms
gradually adjust to the hydrodynamic forcing, the difference between the equilibrium
bedform height (1., and the actual bedform height (n(#)) decreases. To illustrate this,
we included the 50% value of E;¢;u0pmax- Even when bed shear stresses increase, the
smaller difference between 7)., and n(#)) will dominate.

Modelling the dynamics of fine sediment dynamics requires not only the prescription
of the erosion formulation but also the definition of the layer from which erosion can
take place. In most numerical models, an active layer is considered with inactive layers
below (van der Molen et al. 2009, Wiberg et al. 1994). The most straightforward solution
is to set a constant and uniform thickness (van Kessel et al. 2011). However, if bedforms
determine the erosion rates, as indicated above, the thickness of the active layer should
also change with the forcing. This implies that short intense storms will mobilise sed-
iment from deeper strata and thereby lead to more erosion of fines than longer milder
storms. Further exploration in numerical tests is needed to determine the impact of
these mechanisms.

4.6. CONCLUSIONS

The goal of this chapter was to quantify how fast and how much fine sediment is re-
mobilised during storms and to determine the underlying mechanisms. To this end, we
analysed the long-term dataset of Witbaard et al. (2013). From this dataset, we selected
twelve isolated storms, for which we investigated storm-related timescales and magni-
tude of the SSC increase.

Fines are only remobilised when storms are able to mobilise substantial parts of the
sandy seabed. The maximum SSC is reached within several days after the peak in wave
height. Fines then remain in the water column between one and six days before the
return to pre-storm conditions. This leads to an asymmetric response of SSC to hydro-
dynamic forcing.
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Figure 4.10.: Remobilisation flux estimated using the formulation from the two-layer
buffer model (E,) indicated by the solid and dashed black line; and the flux
Eremob,max as deduced from the bedform release model (solid green line)
The colour gradient underneath this curve indicates a decrease in the dif-
ference between 1.4 and 7(1).

To quantify the magnitude in SSC increase, we introduced a novel process-based for-
mulation, which describes the remobilisation of fines from the sandy seabed. This bed-
form release model relates remobilisation of fines to the formation and migration of
megaripples on the seabed. The latter is modelled using the time-dependent ripple
model of Soulsby et al. (2012), for which multiple ripple predictors can be used. The
predicted remobilisation was then compared to the total fines mass suspended during
storms. Generally, the predicted and observed remobilisation agreed well. Applying the
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Marten (2010) ripple predictor in our bedform release model led to the best fit with the
experimental data.

The proposed bedform release model provides guidance for setting parameters for
water-seabed exchange models for fine sediment modelling. To illustrate this, we com-
pared remobilisation rates predicted by the bedform release model with the two-layer
buffer model of van Kessel et al. (2011). Provided with the same set of parameters, they
predict similar remobilisation rates. The bedform release model can contribute to a bet-
ter understanding of the exchange of fines with a sandy seabed. Improving this under-
standing is essential as it enables us to more accurately predict the effect of human in-
terferences on the southern North Sea.
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The North Sea is one of the world’s busiest coastal seas. Apart from its economic im-
portance, we must realise that the North Sea plays a vital role as habitat for a wide va-
riety of marine species. To understand how human activities affect this ecosystem, we
must understand their impact on key physical processes. The transport of fine sediment
throughout the North Sea is such a process, and one of the main unknowns related to
it was the exchange of fine sediment between the water column and the mostly sandy
seabed.

Therefore, the main objective of this dissertation was to find out "How the seabed - wa-
ter column exchange of fine sediment affects the distribution of fines in the southern North
Sea". In this chapter, we provide answers to the questions related to this objective (Sec-
tion 5.1). Once we have answered these questions, we reflect on our research methods
and what it means for measuring, modelling, and monitoring of fine sediment dynamics
(Section 5.2). Section 5.2 is finalised by providing recommendations for future research
in Section 5.2.3. Eventually, we discuss how this research contributes to the major devel-
opments currently taking place in the southern North Sea: the energy, food, and nature
transitions (Section 5.3).

5.1. CONCLUSIONS

The seabed and the water column form a coupled system, where fine sediment is ex-
changed regularly. This leads to memory effects, as observations of sediment — both
suspended and in the seabed — result from past events, both in the recent and more
distant past.

On the short term, i.e., on a scale of days to weeks, storm timing strongly affects the
amount of suspended fines (Chapter 3). Only once fines have been remobilised from the
seabed, will hydrodynamic processes like tides and baroclinic forcing drive their trans-
port throughout the system. Over longer timescales (months to years), hydrodynamic
events govern the burial and remobilisation of fines. Together with the supply of fines,
these processes determine the amount of fines buried within in the sandy seabed. On
a seasonal scale, a succession of storms may lead to a locally depleted seabed (Chap-
ter 3). During successive calm periods, the fines stock in the seabed is built up once
again (Chapter 4).

Research question 1: Where are fines found in the seabed of the southern North Sea?

We focused on the Dutch Coastal Zone (DCZ) of the southern North Sea, where the
seabed is predominantly sandy and contains a fines fraction of approximately 1-10%.
Importantly, fines are not uniformly distributed in the seabed but show strong spatial
gradients. We identified three spatial scales on which their presence varies: the macro,
meso, and micro scale (Figure 5.1).

To explain this distribution, we developed a conceptual framework. This consists of
three components: (1) sources of fines; (2) transport pathways from these sources; and
(3) accumulation potential. The latter reflects whether alocation is calm enough for fines
to accumulate. It thereby implicitly expresses the balance between burial and remobili-
sation at a given location. All three components must be considered to understand the
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distribution of fines.

On the macro scale, fines are primarily concentrated in a 20-kilometer-wide band
along the Dutch coast. This is consistent with previous studies (Eisma 1968, van Alphen
1987a) which suggests that on a decadal time scale, the distribution of fines on a macro
scale is relatively stable. Although there is ample accumulation potential beyond 20 km
offshore — such as in the troughs of the tidal sand waves (Figure 2.10) — fines are virtu-
ally absent in this area. We therefore conclude that, on the macro scale, fines presence is
mainly governed by sources and the transport pathways from these sources. Upstream
changes in either component may affect downstream areas on a scale of tens of kilome-
tres or even further.

100 km Macro

10 km

A)transect profle and mean fnes percentage per sample

Micro

dm

cm

Fig4.3

Minutes Hours Days Weeks Months Years Decades

Time

Figure 5.1.: Presence of fines in the southern North Sea bed on distinct spatial and tem-
poral scales. Presence on the macro scale is mainly governed by sources and
transport pathways, while on the meso scale, accumulation potential plays
a more dominant role. On the micro scale, the distribution is determined by
small-scale burial processes.

Building on the macro-scale patterns, we examined fines distribution on the meso
scale. Here, fines percentages of 10-20% are concentrated within 2-3 km of the shore
near the Rhine outflow. These deposits are mostly temporary, as waves regularly remo-
bilise the upper parts of the seabed. Other local maxima in fines (up to 20%) occur near
sites where dredged sediment is spread and in former tidal channels of closed estuaries
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(Chapter 2).

On the micro scale, the distribution of fines distribution remains highly variable. This
variability likely originates from burial processes, which introduce vertical variation at
the centimetre scale and horizontal variation at the decimetre scale (Figure 5.1).

In the DCZ, large-scale human interventions clearly influence fines distribution. Our
conceptual framework can be used to explain these effects, by identifying which of its
three components is affected by an intervention:

(1) Human-induced sources of fines mainly originate from the spreading of dredged
(fine) sediment (Hendriks and Schuurman 2017) and sand mining (Spearman et
al.2011).

(2) Transport pathways are only altered if human interventions affect large-scale hy-
drodynamic patterns, such as tidal currents or density gradients. In the DCZ,
only large-scale interventions, such as the closure works in the Southwestern delta
(Elias et al. 2017) or Maasvlakte 2 (MV2), have had such effects.

(3) Accumulation potential is affected when a location becomes more sheltered or
more exposed. Over the past decade, the construction of MV2 has notably af-
fected accumulation potential in two key areas. South of MV2, ongoing fines accu-
mulation from the earlier closure of the Haringvliet estuary (Elias et al. 2017, van
Heteren 2002) intensified further. Additionally, accumulation potential increased
sharply in the deep sand mining pit created for MV2 (Chapter 2). Recent stud-
ies indicate similar behaviour in shallower sand mining pits, where fines percent-
ages are elevated relative to surrounding areas (Witbaard and Craeymeersch 2023,
Leewis et al. 2024).

Research question 2: How and when are fines temporarily buried in the seabed?

Storms remobilise fines from the seabed, leading to increased suspended sediment
concentrations (SSC) across the southern North Sea (Suijlen and Duin 2001, cf. Chap-
ter 4). SSC returns to pre-storm levels within days to a week, which is driven by the
temporary burial of fines. This burial process thus operates on a similar timescale as the
SSC decrease. Based on previous research (e.g. Kleinhans et al. 2005), we identified bed-
form migration as the only viable burial mechanism for the southern North Sea within a
week after a storm.

We developed a mechanistic description of fines burial (Chapter 3), consisting of a
four-phase dynamic cycle. All of these phases are related to the occurrence of storms.
Remobilised fines will eventually settle on the sandy seabed. The interaction between
bedforms of different scales is then crucial for burial. As storm-induced megaripples
adjust to calmer conditions, current-induced ripples bury fines in their (former) troughs.

This process explains the burial of fines into the seabed for depths of up to 10-15 cm
and a large variability in fines presence. Horizontal variation corresponds to megarip-
ple lengths (decimetres to metres), while vertical variation corresponds to ripple height
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(centimetres). Sediment cores and images of the upper seabed strata (Chapter 3) corrob-
orate this description, showing fines in distinct horizontal and vertical patches. Tem-
poral variations in fines percentage suggest occasional seabed depletion, resulting in
supply-limited conditions.

Burial effectivity and the associated timescale depend on the ratio between storm in-
tensity and current magnitude. Weak tidal currents prevent sand mobilisation, while
strong currents shorten the burial time window. Optimal burial conditions are likely to
be found in between, with timescales ranging from days to about a week.

Research question 3: Under which conditions are fines remobilised from the seabed
and how long do they remain in the water column thereafter?

Fines are only remobilised when storms are able to form megaripples on the seabed,
thereby mobilising substantial parts of the sandy seabed. This process triggers a rapid
increase in SSC, which reaches its maximum within one to several days after the wave
height peak. Fines remain suspended for one to six days before SSC returns to pre-storm
conditions, resulting in an asymmetric SSC response to hydrodynamic forcing.

To quantify the increase in SSC, we propose a new conceptual formulation based on
the mechanistic description of Chapter 3. This bedform release model directly relates
remobilisation to the formation of storm-induced bedforms. To model ripple dynamics,
we applied the time-dependent model of Soulsby et al. (2012), which allows for multiple
ripple predictors.

We validated the model against observations from a 21-month in situ dataset (Wit-
baard etal. 2013). The modelled values agreed well with the observations, and the Marten
(2010) ripple predictor showed the best agreement.

The process-based bedform release model clarifies the physical basis of existing ero-
sion formulations and guides the interpretation and calibration of their aggregated pa-
rameters. For example, comparing our model with the van Kessel et al. (2011) two-layer
buffer model revealed similar remobilisation rates, though standard parameter settings
for large-scale models show some discrepancies.

5.2. REFLECTION AND OUTLOOK

5.2.1. REFLECTION ON RESEARCH METHODS

We analysed data from various sources, including readily available sediment data and
numerical model output (Chapter 2), newly collected field data (Chapter 3), and a long-
term time series (Chapter 4). Although the data analysed in Chapter 2 and Chapter 4
were originally collected for other purposes, they were instrumental for our research.
The newly collected data presented in Chapter 3 required considerable effort and in-
vestment.

Reusing existing data (Chapter 2, Chapter 4) was only possible as these data followed
the FAIR principles (Findable, Accessible, Interoperable, and Reusable). The benefits of
FAIR data are clear, and it should be straightforward and rewarding for researchers to
adopt these practices. Providing training, assistance, and incentives to individual re-
searchers is essential to encourage them to follow these principles.
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The analysed datasets varied not only in source but also in spatial and temporal cov-
erage. While the sediment data from Chapter 2 covered most of the DCZ, the data from
Chapter 3 and Chapter 4 were both collected at sites offshore of Egmond aan Zee. The
campaigns presented in Chapter 3 particularly focused on high-resolution in-situ mea-
surements at this location. This focus enabled us to repeat measurements, revealing
substantial temporal and spatial variability in fines presence (e.g., Figure 3.9, Figure 4.5).
These insights were made possible by the combined use of the SPI camera and NIOZ
Multi Corer (Figure 3.5). Without these combined measurements, we would not have
been able to uncover the small-scale processes that lead to the burial of fines. Naturally,
focusing our efforts on this particular study site raises the question of whether these re-
sults are applicable to other parts of the southern North Sea, or more generally, other
coastal seas. Focusing on the underlying physical processes and translating these into a
conceptual framework proved to be essential for making these results more widely ap-
plicable.

Most of our research relied on in-situ measurements. While the techniques them-
selves were established, their combined application across multiple spatial and tem-
poral scales proved instrumental in uncovering key processes governing fine sediment
dynamics.

5.2.2. IMPLICATIONS FOR MEASUREMENTS, MONITORING AND
MODELLING

We discovered significant spatial and temporal variation in fines presence in both the
seabed and water column. How can we leverage these insights to improve the measure-
ments, monitoring, and modelling of fine sediment?

Selecting appropriate temporal and spatial resolutions for field observations is crucial,
and our research provides guidance. The dominant hydrodynamic forcing occurs on a
scale of hours to days (Chapter 3 and Chapter 4). Point measurements can quantify such
temporal processes (Chapter 4), but a theoretical or conceptual framework is necessary
to generalise such observations. Synoptic measurements, such as remotely sensed data,
provide valuable information on spatial variation, although they may be affected by the
system’s strong memory effects (e.g., Brandao et al. 2023).

Due to their spatial variation, it may be challenging to predict the exact fines percent-
age in the upper seabed strata. Statistical approaches to estimate the probability of en-
countering fines in the seabed seem more valuable, either through geostatistical meth-
ods (Stephens and Diesing 2015) or physics-based classifications (Chapter 2). Further-
more, duplicates (e.g. multiple sediment cores taken close together) may offer valuable
information, as they provide average fines percentages and allow for quantifying spatial
variability (Chapter 3).

Due to the pronounced variation in fines presence, drawing statistically significant
conclusions about human interventions requires numerous observations over multiple
years (Borst et al. 2013, Blaas and van den Boogaard 2006). This may be further compli-
cated by multiple human interventions taking place in each other’s vicinity or because
of long-lasting effects. Awareness of which interventions occurred where and when is
essential (Chapter 2). Furthermore, combining field observations with numerical mod-
elling may prove to be particularly useful here. Modelling can be used to isolate the
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effect of a single intervention, while field observations are essential for validating those
models.

Finally, we learned that the burial process operates on a substantially smaller scale
than hydro-morphological model grid size. Hence, small-scale variations in fines pres-
ence cannot be represented in model outcome. The only way to represent this on the
level of single grid cells is by introducing additional variation in the seabed stratigra-
phy. More importantly, parameterisations should aim at correctly representing large-
scale patterns of fines in the seabed, considering the temporal and spatial variations of
wave- and current-induced bed shear stress.

5.2.3. RECOMMENDATIONS FOR FURTHER RESEARCH

The findings of this research highlight several opportunities for further research into fine
sediment transport in the southern North Sea. Follow-up studies should aim at integrat-
ing knowledge from different disciplines, as fine sediment dynamics lie at the intersec-
tion between hydrodynamics, morphodynamics, sedimentology and marine ecology.

The main uncertainty related to the exchange of fines between the water column and
seabed lies in the evolution of the sandy seabed. More specifically, we recommend in-
vestigating how small-scale bedforms develop in both time and space. In Chapter 3
we demonstrated how the interaction between bedforms of different scales leads to the
burial of fines in the sandy seabed. To quantify this burial flux (Figure 3.14), the rate
at which storm-induced megaripples are flattened by current-induced ripples needs to
be determined. This requires translating sedimentological concepts, such as phase dia-
grams (e.g., Brakenhoff et al. 2020) or bedding sequences (e.g., Reineck and Singh 1980),
to quantitative fluxes on the scale of (mega-) ripples. Research on hummocky cross-
stratification (e.g. Passchier and Kleinhans 2005) is a good starting point, as this bedding
sequence is storm-induced and consists of a mixture of fines and sand. Furthermore,
recent research by Lichtman et al. (2018) unveiled how small percentages of fines may
already affect the formation and migration of bedforms on intertidal flats. It remains to
be explored whether these effects play a similar role in subtidal environments.

In our analyses, we have implicitly assumed that the properties of fine sediment do not
change during and after deposition. The main assumption is that the critical shear stress
for the soft layer of fines (i.e, the fluffy layer) on top of the seabed is always lower than
the critical shear stress of fine sand (Chapter 3). This holds if the fines layer remains un-
consolidated. If the fines can actually consolidate, their critical shear stress may increase
substantially (Terwindt and Breusers 1972). This depends on several factors, such as the
time since deposition, layer thickness and the ambient hydrodynamics while the sedi-
ment is deposited on the bed (Tran and Strom 2019). In energetic, sandy environments,
consolidation does not seem likely, but this assumption warrants further investigation.

To further improve our understanding of fine sediment fluxes in the southern North
Sea, we need accurate estimates of the main sources and sinks within the system. These
sources and sinks dictate the alongshore sediment flux (van Alphen 1990). In turn, this
alongshore flux is used for calibrating numerical models (de Kok 1996, Gerritsen et al.
2001, van Kessel et al. 2011) and as input for sediment budgets of estuaries and tidal
basins adjacent to the North Sea (van Kessel and Vanlede 2009, Colina Alonso et al. 2024).
Accurate estimates are crucial, given the contribution of fines on sedimentation rates
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(e.g., van Maren et al. 2015, Colina Alonso et al. 2021).

One substantial but uncertain source is the flux of fines entering the southern North
Sea through the Dover Strait (van Alphen 1990, Fettweis et al. 2007. The most accurate
estimate of this flux is provided by Fettweis et al. (2007), who set it at 22-31 MT/year.
However, a recent study of sediment provenance has shown that the suspended material
in the Belgian and Dutch coastal zones originates mainly from Holocene deposits off the
Belgian coast (Adriaens et al. 2018). This casts considerable doubt on the dominance of
the Dover Strait flux and thus its magnitude. Accurately quantifying this flux is therefore
essential for constructing a reliable fine sediment budget for the southern North Sea.

Ultimately, and preferably sooner rather than later, the aforementioned knowledge
should be integrated into marine governance. Achieving this requires collaboration not
only across scientific disciplines, but also across the science-policy interface. As the next
and final section will show, such collaborations are more relevant than ever for safe-
guarding a healthy North Sea ecosystem.

5.3. IMPLICATIONS FOR TRANSITIONS ON THE NORTH SEA

This dissertation advances our understanding of how human interventions influence
fine sediment dynamics in the southern North Sea and how these changes may, in turn,
affect ecosystem functioning. Such insights are urgently needed as three major transi-
tions are currently taking place on the North Sea: the energy transition, the food tran-
sition and the nature transition (OFL 2020). Meanwhile, other human activities such as
maintenance dredging, shipping, and sand mining will continue to take place and will
likely intensify (Stolk and Dijkshoorn 2009).

Hence, it would be an omission to focus solely on these transitions, without account-
ing for the ongoing human activities. These activities already have clear effects on the
ecosystem, both directly (e.g., Witbaard and Craeymeersch 2023) and indirectly, through
the changes in fine sediment dynamics (see Chapter 2). Even when interventions took
place decades ago, they can still affect both the physical system and the ecosystem, as
these need time to adjust and recover (e.g., de Jong 2016).

These persisting and emerging human activities increase the complexity of the North
Sea system. This complexity makes it more difficult to ensure a healthy ecosystem,
as there may be unforeseen or compounding effects. Conceptual frameworks, such as
the one presented in Chapter 2, are essential tools for quantifying individual and com-
pounding effects, particularly as pressures continue to mount.

This is emphasized by recent assessments, which show that cumulative pressures from
human activities affect the marine ecosystem and biodiversity of the North Sea in signif-
icant and measurable ways. According to OSPAR, the net effect of these pressures has
resulted in a 'not good’ environmental status for many common species, as well as for
threatened and declining species (OSPAR 2023). This appears to conflict with the ambi-
tious goals of the energy transition.

Since the early 2010s, the main driver for developments on the North Sea is the tran-
sition from fossil fuels to renewable energy. The countries bordering the North Sea have
large ambitions: from a currently installed capacity of 25 GW, they aim to increase this
capacity to 76 GW in 2030 and on to 260 GW in 2050 (North Sea Energy Cooperation
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2022). To put this into perspective, this would mean that in 2050, 25% of the Dutch sec-
tor of the North Sea would be an offshore wind farm (OWF). This already leads to a "race
for space" in the southern North Sea. Apart from these spatial constraints, this will affect
the ecosystem directly and indirectly.

A direct effect of OWFs is that they will lead to a local decrease in fishing intensity, as
OWEFs will be closed for any kind of fisheries. Most notably, this means bottom-trawling
will effectively cease in OWFs, which theoretically leads to less disturbance of the seabed
and thus better development of benthic communities. Furthermore, this will lead to less
resuspension of fine sediment and therefore a decrease in turbidity. Both effects would
benefit the ecosystem. However, it is not yet clear if the fishing activity that took place
within OWFs will cease altogether or will take place elsewhere, resulting in more intense
fishing in other areas (Van Hoey et al. 2021).

In addition to these direct ecological effects, OWFs may also have significant indirect
impacts. Multiple studies have shown that the large-scale development of offshore wind
will lead to changes in stratification throughout the southern North Sea (Carpenter et al.
2016, Floeter etal. 2017, Dorrell et al. 2022, Zijl et al. 2023). Although this will not directly
change the availability of fine sediment, it will affect its transport. These changes may
alter fine sediment transport pathways,

These developments stress the need for integrated, science-based management of the
North Sea. In response, researchers and policy makers are increasingly focused on en-
suring that the combined effect of all human activities does not exceed the "ecologi-
cal carrying capacity” of the North Sea (OFL 2020). Multi-year research programmes
such as the Ecological Programme Offshore Wind (Wozep) and Nature Strengthening and
Species Protection Monitoring Survey (MONS) seek to understand how the ecosystem is
affected by human interventions, and how these effects can be minimised or mitigated
(van Nieuwpoort ef al. 2023, Asjes et al. 2021). As the ecosystem and the physical envi-
ronment are coupled, the insights from this dissertation provide essential input for such
research programmes.

As many economic activities depend on a healthy ecosystem, protecting the North Sea
may be seen as a pragmatic choice. It is up to us to leverage this with our ideals of what
the North Sea should look like. There is only one North Sea, and its future depends on
the choices we make today.
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A.1. SOULSBY ET AL. (2012) TIME-DEPENDENT RIPPLE

MODEL

The Soulsby et al. (2012) model describes the temporal evolution of ripple length (1)
and height (1) using a set of simple differential equations. For the conceptual model
presented in Chapter 4, we only consider ripple height. This is described by:

%=%(neq—n) A1)
where:

1 = time-dependent bedform height [m]

T, = characteristic timescale for bedform formation [s]

B = rate of change coefficient [-]

Teq = equilibrium bedform height [m]

Essentially, this equation describes the evolution of ripple height (1)) over time, given
a relaxation timescale (f/T,) and an equilibrium bedform height (n.4). The relaxation
timescale directly depends on the hydrodynamic forcing, while the equilibrium bedform
height is computed using a ripple predictor. For both, the model distinguishes between
current- and wave-dominated conditions.

During each timestep (#;), the model determines if conditions are (a) below incipient
motion, (b) current-dominated or (c) wave-dominated. This is done by computing both
the current-induced Shields’ parameter (8;), the wave-induced Shields’ parameter (6",)
and evaluating these against the Shields criterion (8 ). If conditions are below incipi-
ent motion, there is no change in ripple height. If conditions are current-dominated or
wave-dominated, the ripple height changes if it is not yet equal to the equilibrium ripple
height.

In the following sections we present the used hydrodynamic inputs and constants
(A.2), computation of the Shields’ parameters and how current- or wave-dominance is
established (A.3), how the relaxation timescale is computed (A.4) and finally, the defini-
tion of the applied ripple predictors (A.5).

A.2. HYDRODYNAMIC INPUT AND CONSTANTS

The model uses a set of constants and hydrodynamic input parameters. The used con-
stants are listed in Table A.1:

The hydrodynamic inputs are the radial wave frequency (w), near-bed orbital velocity
due to waves (u,,) and depth-averaged flow velocity (U). The wave-dependent parame-
ters (w and u,, ) are defined below, together with the formulations used to compute them
for our application.

w=— (A.2)

where:
T = characteristic wave period [s]
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Table A.1.: Constants for the time-dependent ripple model

Constant description
g gravitational acceleration [m/s?]
dso median grain size [m]
s= 5—; relative density [-]
Os sediment density [kg/m?]
Pw water density [kg/m?]
v kinematic viscosity [m?/s]

_ 0.5Hw A3
Y= Sinh (kh) (A-3)
where:

H = representative wave height [m]
h = water depth [m]
k = wave number [m™!]
The wave number (k) is defined according to the Guo (2002) approximation of the
dispersion relation:

g
The wave friction factor is determined following Swart (1974):

—0.194
(—5,977+(5.213(ﬁ] ))

e (1 - (e“’[\/g]z's)_w) (A4)

(A.5)

fw=e

where:
A= %” = the near-bed orbital excursion [m]

A.3. ESTABLISHING CURRENT- OR WAVE-DOMINANCE

The specified constants and hydrodynamic inputs are used to compute the current-
induced Shields’ parameter (6;), the wave-induced Shields’ parameter (6",).

In order to do so, first the current-induced bed shear stress (7,) and wave-induced bed
shear stress (7,,) are computed according to Soulsby and Clarke (2005):

Te = pwCpU? (A.6)
where
Cp= Lz = the bottom friction factor [-] (Soulsby 1997)
(1+1n(22))
zZp = % = bed roughness length [m]

1
Tw:Epwfwufu A7)
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The Shields parameter is then computed following:

g = to (A.8)

© glps—puw)dso

/ Tw

0 =——- (A.9)
Y glps—pw)dso

The Shields criterion is given by:

0.3
0, = (m) +(0.055(1 — e7002D+)) (A.10)

where D. is the dimensionless grain size:

g(s—l))é

D, = d50( > (A.11)

The wave-current dominance criterion is defined as (Marten 2010):

/ 10.47
e ifg, = max(0.4ZHC ,0.08), ripples are wave-dominated.

* Else, ripples are current-dominated.

A.4. COMPUTING THE RELAXATION TIMESCALE

The relaxation timescale (8/T.) determines how fast ripples will adjust to the governing
hydrodynamic conditions. This timescale differs for the current-dominated and wave-
dominated conditions. For current-dominated conditions, it is defined by:

, 15
; 20(0}, - 0cr a2
T 254 (0.-00)"" '

_ neq,caeq,c

= (A.13)
T gts-nad]"?

The equilibrium ripple height 7.,) and the ripple length (1.4) are given in AppendixA.5.
For wave-dominated conditions, it is defined by:

Ty=T (A.14)
2996w A15)
YT (21700 + WP107) '

where:

Y= is the wave mobility number

uw
g(s—1)dso
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A.5. PREDICTING THE EQUILIBRIUM RIPPLE HEIGHT

For both current-dominated and wave-dominated conditions, equilibrium bedform heights
Teq are computed using a set of predictors. For current-dominated conditions, the equi-
librium height of current-induced ripples depends chiefly on the grain size (Baas et al.
2000):

Neg,c = d50202D;%%** for1.2< D, < 16 (A.16)

For wave-dominated conditions, a wide range of wave-induced ripple predictors exist.
We summarize the four predictors used in Chapter 4 in Table A.2.

Table A.2.: Wave ripple predictors used in time-dependent ripple model

Yi:1-exp [(—2.0 x 10_4)1'5]

source Expression for Aeq,w Expression for 1.4,
Traykovski ~ (2007) | if uy <4.2w;: 1.53)—':’ :;LLKZ
TR_07 (assuming Wﬁézrz).
. . L 42w, .
the peak equilib- | if u, >4.2w;: o Neqp = 0.161 e,
rium wave number o=01
is dominant ripple)
Traykovski ~ (2007) | if u, <4.2ws: 1.24A 0.16A¢q,w
as implemented
by Marten (2010) | if uy >4.2w;: %ﬁ”s
MN_10
Soulsby and Clarke | [1+1.87x1073AY;] " A 0.15[Ya] Aeg,uw
(2005) SW_05 where: where:

Yy:1 —eXp{_ (¥)3.5}

Wiberg and Harris
(1994) WH_94

0.62A

where:

w; = settling velocity of sand [m/s]

- A
dso
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Het laatste loodje van mijn proefschrift: tijd om terug te blikken op de voorbije jaren en
om te reflecteren op de momenten dat het afronden van dit boekje ver weg leek. Maar
vooral om mijn dank uit te spreken naar de mensen die op hun eigen manier hebben
bijgedragen aan deze reis.

Mijn eerste woorden van dank gaan uit naar mijn begeleiders Bram, Stefan en Han. Tk
ben dankbaar dat we dit traject, wat een kleine tien jaar geleden begon, samen kunnen
volbrengen.

Bram, als ik terugdenk aan de afgelopen jaren dan springt boven alles je positieve en-
ergie eruit. Jouw enthousiasme, passie voor ons werk en je nieuwe ideeén werkten, en
werken nog steeds, aanstekelijk. Het zeegaande onderzoek was voor ons beiden nieuw
en we moesten daar onze weg in vinden. Ik ben dankbaar voor de vrijheid die je me
daarin hebt gegeven en dat je me hebt gesteund op de momenten dat dat nodig was.
In de afgelopen jaren stond het proefschrift meer dan eens op de waakvlam, dank voor
jouw geduld hierin en het blijven aanwakkeren van dat vuurtje.

Stefan, jouw aandacht voor het grotere plaatje is van grote waarde geweest. Dat kwam
vaak in de vorm van subtiele, maar beslist heldere aanwijzingen die de koers van dit
proefschrift mede hebben bepaald. Tijdens de pandemie heb je altijd oog gehouden
voor het welzijn van ons als promovendi. Daar ben ik je zeer dankbaar voor! Daarnaast
vind ik het mooi om te zien dat je ons Waterbouw-hardloopclubje op faculteitsniveau
voortzet.

Han, onze eerste kennismaking ligt al bijna 13 jaar achter ons en ik had niet kunnen
voorzien waar die toe zou leiden. Wat begon bij het vak Sediment Dynamics mondde via
een stage en afstudeerwerk uit in dit promotieonderzoek. Ik heb grote waardering voor je
kritische blik, je bevlogenheid en kunde. Je aanmoedigingen om beknopt te schrijven en
het proefschrift af te ronden heb ik ter harte genomen. Dank voor je oprechte interesse
en alle kansen die je me geboden hebt.

Mijn onderzoek vormde onderdeel van het project SANDBOX, waarin ik naast Johan
en Chiu een van de drie promovendi was. Ik heb veel van jullie geleerd als het aankomt
op zandgolven en benthische ecologie, en denk met plezier terug aan onze samenwerk-
ing. Daarbij springen onze vaartochten met de RV Pelagia en Navicula er uit, als eerste
kennismaking met het werk op zee. Een speciaal woord van dank voor Karline Soetaert,
die ons als jonge onderzoekers het vertrouwen gaf om deze campagnes in te vullen naar
ons eigen inzicht. In diezelfde adem wil ik de bemanning van deze onderzoeksschepen
noemen. Bedankt voor het warme welkom en jullie harde werk om de data te verzame-
len die in dit proefschrift zijn beland.

In Hoofdstuk 2 en 4 van dit proefschrift analyseren we datasets die tot stand zijn gekomen
door de jarenlange inspanningen van anderen. Wil Borst en Onno van Tongeren: ik ben
jullie zeer erkentelijk voor jullie inspanningen om de ecologische monitoring rond de
aanleg van Maasvlakte 2 zo nauwgezet uit te voeren. Het werk dat in Hoofdstuk 2 wordt
gepresenteerd was niet mogelijk geweest zonder jullie waardevolle inbreng. Voor Hoofd-
stuk 4 ben ik veel dank verschuldigd aan Carola van der Hout en Rob Witbaard. Jullie
aanmoedigingen om met de data aan de slag te gaan en het proefschrift af te ronden
waren een meer dan welkom duwtje in de rug.

Hoewel er (bijna) een volledig promotietraject past in de periode sinds ik de deur
van het Waterlab achter me dicht trok, koester ik de positieve sfeer als een blijvende
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herinnering. Aan mijn kamergenoten Yorick, Maria, Merel, Jianwei, Gonzalo en Zeinab:
hoewel we allen aan verschillende onderwerpen werkten was er altijd een welgemeende
interesse in elkaars werk en voelde het voor mij altijd als een fijne uitvalsbasis.

For the Waterlab as a whole, I fondly remember all the kind and talented colleagues.
Thank you for the little acts of kindness that give colour to our lives. Thanks for the help-
ing hands during field campaigns, going for early-morning or late-afternoon runs and
the great discussions over a coffee or a beer. I cherish the mildly weird but equally great
memories such as axe-throwing in our most beautiful Christmas sweaters, or an entire
office decorated with flamingos on my 30" birthday. A big thank you to Claire, Jaap,
Pieter, Andres, Nici, Victor, Liselot, Irene, Lodewijk, Stuart, Floris, Alejandra, Carine,
Matt, Anne, Jill, Ana, Patricia, Claudia, Lennart, and all the others.

Waar mijn tijd in het Waterlab eindigde, daar begonnen mijn eerste stappen als full-
time onderzoeker bij Deltares. In de jaren ervoor werkte ik er al part-time, maar begin
2021 was er maar weinig om zeker van te zijn. Dank aan Luca van Duren en Peter Her-
man voor het vertrouwen dat zij in mij stelden toen zij mij binnenhaalden voor een post-
doc onderzoek naar de ecologische effecten van wind op zee. Die dank gaat evengoed
uit naar directe collega’s en leidinggevenden, die mij de ruimte gaven om dit proefschrift
af te ronden.

Ik ben dankbaar voor mijn vrienden met wie ik het gelukkig ook over hele andere din-
gen dan de Noordzee kan hebben. Toch wel een woord van dank aan hen die me bleven
vragen 'Hoe is het eigenlijk met dat proefschrift?’. Ik ben blij dat ik mijn belofte 'Het is
nog niet af, maar dat komt het wel in heb kunnen lossen.

Dank aan mijn familie en schoonfamilie, voor het fijne, warme thuis waar ik altijd op
terug kan vallen. Jullie zijn en blijven op vele manieren een voorbeeld voor mij.

De laatste woorden van dit proefschrift zijn voor mijn allerliefste Stéphanie. Ons oog
viel op elkaar toen ik er net mee begon, met dit onderzoek. En het geduld wat anderen
met mij op moesten brengen, dat gold nog wel het meest voor jou. Ik ben zo dankbaar
voor je liefde, voor hoe attent je bent en hoeveel plezier we samen hebben. De afgelopen
jaren hebben ons al zoveel mooie herinneringen gebracht dat ik vol overtuiging uitkijk
naar wat er komen gaat. Zo lang als het samen met jou is, dan is het goed.

Erik Hendriks
Oosterhout, 7 Januari 2026
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