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SUMMARY

Intertidal flats and salt marshes are ecologically important areas providing major ecosys-
tem services. These areas undergo exploitation beyond their natural resilience, and their
fast degradation requires coastal managers to undertake restoration efforts. Ideally, such
restoration efforts serve multiple purposes. Beneficial use of sediments is a concept
where sediment is removed from a place where it is undesired, to a place where it is
needed. A potential restoration measure called the “Mud Motor” is to dispose fine sedi-
ments dredged from a port into a nearby tidal channel on a location chosen to maximally
nourish the nearby intertidal area and salt marsh. Such a measure has two benefits,
strengthening ecological development of the salt marshes while reducing maintenance
dredging requirements. The Mud Motor Pilot Project was carried out in the Dutch West-
ern Wadden Sea in the years 2016-2017, and involved an intense research program, in-
cluding the PhD work presented in this dissertation.

The success of fine sediment nourishments requires a thorough understanding of the
mechanisms controlling the sediment dynamics and the morphological evolution of in-
tertidal flats. These mechanisms are directly influenced by the combined action of tides,
waves, and wind. Unravelling these mechanisms forms the core of this thesis.

Numerous studies have been focusing on the contrasting effects of tidal currents and
wind waves. Where every day tidal currents contribute to the building up of intertidal
flats, wind waves (during events) tend to erode the tidal flats. Much less scientific atten-
tion has been paid to the role of wind, affecting the intertidal flats hydro-morphodynamics
via three main processes. Wind is responsible for (i) the generation of wind waves; (ii)
it induces water level set-up/—down (especially in closed/semi-enclosed estuarine sys-
tems); and(iii) it generates wind—-driven currents. Moreover, the combination of these
processes can lead to enhanced sediment transport.

In order to assess and quantify the role of wind in the hydro-morphodynamics of in-
tertidal areas, we conducted three field campaigns in the Dutch Wadden Sea: the inter-
tidal flats of Koehool and Westhoek (i.e. the targeted intertidal flats of the Mud Motor
nourishments). Frames were installed during for an overall period of four months dur-
ing the years 2016, 2017 and 2018. Water levels, suspended sediment concentrations,
waves, currents and bed level changes were monitored, at four sites, via the deployment
of Acoustic Doppler Velocimeters, Optical Back Scatter sensors, Acoustic Doppler Cur-
rent Profilers and Wave Gauges.

We first quantified the role of wind in the hydrodynamics of intertidal flats. A clear ef-
fect of wind was found. Winds directed opposite to the main flood (ebb) current direc-

tion are able to reverse the tidal flow, such that the flow is ebb—(flood-) directed during

Xi



Xii SUMMARY

the full tidal cycle or even during consecutive tidal cycles. This control exerted by wind
is more pronounced at the higher intertidal zone, where the contribution of the tidal
flow progressively decreases. Through a newly developed analytical model, based on
the Momentum Balance Equation, we determined the non-linear interaction between
the wind-driven component and the tide-driven component of the flow. The field data
was used to calibrate and validate the model.

Second, the sediment fluxes are addressed. Fine sediment is easily resuspended by wind-
waves and mainly transported by currents as suspended load (advection). Our field ob-
servations attest the key-role of wind direction in determining the amount of sediment
advected during one tidal cycle, overall controlling the fate of the residual sediment flux.
Low to moderate winds (timescales of weeks to months) in the same direction as the
tide-induced residual transport promote an accumulation of sediment in relatively low-
energy environments of the tidal basin (e.g. the higher intertidal zone) which temporar-
ily work as a “sediment storage”. This accumulated sediment is resuspended and trans-
ported back into the basin by fairly short windy periods (timescales of hours-days) from
the opposite direction. Wind-driven sediment fluxes are therefore a crucial part of short-
and long-term sediment dynamics in muddy systems such as the Wadden Sea.

The third part of our research focuses on the effect of wind on the long-term morpho-
logical development of intertidal flats. A window of opportunity for long-term tidal
flat accretion is identified as the temporal sequence of sediment deposition and over—
consolidation. Bed level change data evidences that sediment may deposit for several
tidal cycles during conditions with relatively large supply and mild hydrodynamic con-
ditions. However, on longer timescales (weeks-months) the combined forcing of waves
and currents easily erodes this relatively fresh material. We show that although sediment
may deposit it does not gain sufficient strength to withstand even minor wave-induced
resuspension events. Underwater (self weight) consolidation is too slow to generate suf-
ficient strength in the bed to withstand even a mild storm event; sufficient strength is
only attained through over-consolidation resulting from a low water table, evaporation
and drying. These conditions are largely driven by the wind, that is able to provide the
“opportunity” for tidal flats accretion (hereby the title of this dissertation: “Winds of Op-
portunity”).

In conclusion, the dissertation illustrates the importance of wind on the hydrodynamics
and sediment dynamics of tidal flats. Restoration projects that rely on natural processes
therefore have to account for the effects of wind. This complicates the predictions, but it
might also bring new opportunities.



SAMENVATTING

Getijdenplaten en kwelders zijn ecologisch belangrijke gebieden die cruciale ecosys-
teemdiensten leveren. Deze gebieden worden zwaarder belast dan hun natuurlijke veer-
kracht aankan, en hun snelle achteruitgang vraagt kustbeheerders om herstelmaatre-
gelen te nemen. Idealiter dienen dergelijke herstelmaatregelen meerdere doelen. Een
mogelijke maatregel is het concept van het hergebruik van sediment. Dit houdt in dat
sediment wordt verplaatst van een plek waar het ongewenst is naar een plaats waar het
nodig is. Een mogelijke herstelmaatregel genaamd de "Mud Motor is het storten van fijn
sediment dat is gebaggerd uit een haven in een nabijgelegen getijdengeul, op een loca-
tie die is gekozen om de nabije getijdengebieden en kwelders optimaal te voeden. Zo'n
maatregel heeft twee voordelen: het bevordert de ecologische ontwikkeling van de kwel-
ders en vermindert de onderhoudsvereisten voor baggeren. Het Mud Motor Pilot Project
werd uitgevoerd in de Nederlandse westelijke Waddenzee in de jaren 2016-2017 en om-
vatte een intensief onderzoeksprogramma, inclusief het promotieonderzoek dat in dit
proefschrift wordt gepresenteerd. Het succes van fijn sedimentbeheer vereist een gron-
dig begrip van de mechanismen die de sedimentdynamiek en de morfologische evolutie
van getijdenplaten beheersen. Deze mechanismen worden direct beinvloed door de ge-
combineerde werking van getijden, golven en wind. Het ontrafelen van deze mechanis-
men vormt de kern van dit proefschrift.

Talrijke studies hebben zich gericht op de tegengestelde effecten van getijdestromingen
en windgolven. Waar dagelijkse getijdestromingen bijdragen aan de opbouw van getij-
denplaten, neigen windgolven (tijdens stormen) de getijdenplaten te eroderen. Er is veel
minder wetenschappelijke aandacht voor de rol van wind, die de hydro-morfodynamiek
van getijdenplaten op drie manieren beinvloedt. Wind is verantwoordelijk voor (i) het
genereren van windgolven; (ii) verandering van het waterpeil door opwaaiing (vooral in
gesloten of half-gesloten estuariene systemen); en (iii) het genereren van windgedreven
stromingen. Bovendien kan de combinatie van deze processen leiden tot vergroting van
het sedimenttransport.

Om de rol van wind in de hydro-morfodynamiek van getijdengebieden te beoordelen
en te kwantificeren, hebben we drie veldcampagnes uitgevoerd in de Nederlandse Wad-
denzee: de getijdenplaten van Koehool en Westhoek (d.w.z. de doelgebieden van de Mud
Motor). Frames werden geinstalleerd gedurende een totale periode van vier maanden in
de jaren 2016, 2017 en 2018. Waterstanden, concentraties van gesuspendeerd sediment,
golven, stromingen en veranderingen in het bodemniveau werden op vier locaties ge-
meten met behulp van akoestische Dopplervelocimeters, optische backscattersensoren,
akoestische Doppler-stroomprofilers en golfmeters.

Allereerst hebben we de rol van wind in de hydrodynamica van getijdenplaten gekwanti-
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ficeerd. Een duidelijk effect van wind werd waargenomen. Wind die tegengesteld is aan
de dominante vloed- (eb-) stromingsrichting kan de getijdenstroom omkeren, waardoor
de stroom gedurende de volledige getijdencyclus of zelfs gedurende opeenvolgende ge-
tijdencycli eb- (vloed-) gericht blijft. Deze invloed van wind is sterker in het hogere deel
van het intergetijdengebied, waar de bijdrage van de getijdenstroom geleidelijk afneemt.
Door middel van een nieuw ontwikkeld analytisch model, gebaseerd op de impulsverge-
lijking, hebben we de niet-lineaire interactie bepaald tussen de windgedreven en getij-
gedreven component van de stroming. De veldgegevens werden gebruikt om het model
te kalibreren en te valideren.

Ten tweede worden de sedimentfluxen behandeld. Fijn sediment wordt gemakkelijk

door windgolven opgewerveld en voornamelijk door stromingen als gesuspendeerde

last (advectie) vervoerd. Onze veldwaarnemingen bevestigen de cruciale rol van de wind-
richting bij het bepalen van de hoeveelheid sediment die tijdens één getijdencyclus wordt
afgevoerd, wat uiteindelijk de bestemming van de residuele sedimentflux bepaalt. Lage

tot matige winden (tijdschalen van weken tot maanden) in dezelfde richting als het getij-

gedreven residuele transport bevorderen een accumulatie van sediment in relatief ener-

giearme gebieden van het getijdenbekken (bijv. de hogere getijdenzone) die tijdelijk als

“sedimentopslag” fungeren. Dit opgehoopte sediment wordt weer opgewerveld en terug

het bekken in getransporteerd door korte periodes met hogere windsnelheden (tijdscha-

len van uren tot dagen) uit de tegenovergestelde richting. Windgedreven sedimentfluxen

zijn dus een cruciaal onderdeel van zowel de korte- als de langetermijnsedimentdyna-

miek in modderige systemen zoals de Waddenzee.

Het derde deel van ons onderzoek richt zich op het effect van wind op de langetermijn-
morfologische ontwikkeling van getijdenplaten. Een “window of opportunity” voor lange-
termijn-getijdenopbouw wordt geidentificeerd als de temporele volgorde van sedimentaf-
zetting en overconsolidatie. Bodemhoogteveranderingen tonen aan dat sediment gedu-
rende meerdere getijdencycli kan worden afgezet tijdens omstandigheden met een re-
latief groot aanbod en rustige hydrodynamische omstandigheden. Op langere tijdscha-
len (weken-maanden) kan het gecombineerde effect van golven en stromingen echter
dit relatief verse materiaal gemakkelijk eroderen. We tonen aan dat, hoewel sediment
kan bezinken, het niet voldoende sterkte ontwikkelt om zelfs een kleine forcering door
golven te weerstaan. Als er water op de platen staat, verloopt consolidatie door eigen
gewicht te traag om voldoende sterkte in het sediment te creéren om zelfs een geringe
storm te weerstaan. Voldoende sterkte wordt pas bereikt door overconsolidatie, veroor-
zaakt door een laag waterpeil, verdamping en uitdroging. Deze omstandigheden worden
grotendeels door wind gedreven, die daarmee de “opportunity” biedt voor getijdenaan-
groei (vandaar de titel van dit proefschrift: “Winds of Opportunity”).

Samenvattend illustreert het proefschrift het belang van wind voor de hydrodynamiek en
sedimentdynamiek van getijdenplaten. Herstelprojecten die athankelijk zijn van natuur-
lijke processen moeten daarom rekening houden met de effecten van wind. Dit maakt
voorspellingen ingewikkelder, maar kan ook nieuwe kansen bieden.









About the Photo
A human footprint in soft mud, surrounded by the delicate tracks of birds. Photo taken on May 15,
2017, at the Westhoek intertidal flat.



INTRODUCTION

Why are intertidal flats and salt marshes important? What are the main engineering so-
lutions used to protect and restore them? And what knowledge is necessary to enhance the
success of such engineering interventions? Our scientific research, focused on the hydrody-
namics and morphodynamics of intertidal flats, is presented within the broader context
of intertidal system creation and restoration. This chapter also introduces the Mud Motor
Project, an experimental fine sediment nourishment conducted in the Netherlands along
the years 2016 and 2017. The research presented in this dissertation is framed in the con-

text of this Project. Eventually, this chapter delves into the research questions addressed in
this dissertation.



6 1. INTRODUCTION

1.1. INTERTIDAL FLATS

Intertidal flats are mildly sloped coastal environments originating from the action of
tides. The tidal forcing is generated by the gravitational force of the Moon and Sun on
the Earth’s water body. This leads to the alternation of high and low water levels and a
consequent flooding and ebbing flow. Intertidal flats are identified as those areas with
elevations between the low water level and the high water level and hence provide a
transition zone between aquatic and terrestrial environments.

Intertidal flats develop especially in low-energy environments, where waves are gen-
tle, allowing for sedimentation (Friedrichs and Perry, 2001). As a consequence, inter-
tidal flats are typically found in sheltered environments, such as estuaries and coastal
lagoons. They furthermore develop in areas with sufficient sediment supply. Two main
types of tidal flats exist: fringing intertidal flats, which are attached to the shore, and in-
tertidal shoals, which are surrounded by water. Fringing tidal flats are found in bays (e.g.
sheltered by barrier islands, left panel in Figure 1.1), but also on open coasts (right panel
in Figure 1.1). In most cases these intertidal environments are characterized by a high
percentage of fine sediment (i.e. clayey-silty sediments, also referred to as mud), rich in
organic matter. Examples are the broad tidal flats fringing the Yangtze Estuary or Yellow
River Delta in China (e.g. Wang et al., 2014; Chen et al., 2016), the intertidal coast of In-
donesia (the country with the greatest extent of tidal flats worldwide (e.g. Murray et al.,
2019; Winterwerp et al., 2020) or the Guyana’s and Suriname’s fringing flats, influenced
by the Amazon River dynamics (e.g. Anthony et al., 2019).

A. Estuarine or back-barrier tidal flat B. Open coast tidal flat

Figure 1.1: Sketch of intertidal flats found on estuarine or back-barrier systems (e.g. the Wadden Sea, The
Netherlands, Germany, Denmark) and on open coast (e.g. Yangtze mouth, China). Redrawn from Friedrichs
(2012).

Figure 1.1 illustrates, in its left panel, a sketch of the succession of subtidal, intertidal
and supratidal areas across back-barrier fringing intertidal flats. Barrier islands defend
the inner coast from the action of waves generated in the open sea. A well-known ex-
ample of intertidal back barrier systems is the Wadden Sea. With about 40 islands, the



1.1. INTERTIDAL FLATS 7

Dutch-German-Danish Wadden Sea is the world’s largest unbroken system of intertidal
flats, running along a 500 kilometer’s coastline and covering about 1 million hectares
(e.g. Frazier, 1999; Dankers et al., 2012; Elias et al., 2012). Additional information re-
lated to the Wadden Sea intertidal system is provided in Chapter 2. Another example is
the Virginia’s back barrier system (USA Atlantic coast, Figure 1.2), with 23 barrier islands
stretching along a 122 km coastline (e.g. Deaton et al., 2017). Intertidal shoals are es-
pecially found in estuaries and, being largely exposed to the hydrodynamic action, the
morphology of these areas can be particularly dynamic. Extensive intertidal shoals are
found in the Yangtze Estuary in China (Gao et al., 2010; Wei et al., 2017), and in numer-
ous estuaries in New Zealand (e.g. Hume and Herdendorf, 1988) but also in back-barrier
systems, such as the above mentioned Wadden Sea (GE, NL, DK), and Virginia’s barrier
islands (USA). Examples of a low-lying chain of barrier islands, intertidal shoals and tidal
marshes, located along the coast of Delmarva Peninsula (Virginia, USA) are visualized in
Figure 1.2.

The morphological evolution of intertidal flats is mainly influenced by the action of
hydrodynamic forcings (i.e. tides, waves, wind), and by the availability of sediment.
Furthermore, biological components can play a key role in sediment transport (Le Hir
etal., 2007, e.g.). The interaction between biotic and abiotic processes, and the positive—
negative feedback related to such interactions, contribute to a long-term morphody-
namic (quasi) equilibrium of intertidal flats (Fagherazzi et al., 2007; Friedrichs, 2012;
Coco et al., 2013; Zhou et al., 2017; Maan, 2019). Given the large number of processes af-
fecting the morphological evolution of intertidal flats, simplifications have been adopted
to understand how intertidal flats are shaped by the diverse hydrodynamic forcings. Ac-
cording to a generally accepted dichotomy, tidal currents promote accretion, whereas
wind waves lead to degradation of the tidal flats. The contrasting consequences of tide-
dominated conditions versus wave-dominated conditions have been studied by means
of numerical modelling and arise from field observations as well. Tide-dominated con-
ditions result in the accretion (and seaward progradation) of tidal flats. Oppositely, wave-
dominated conditions, e.g. storms, lead to the erosion of the tidal flat with sediment
export in the offshore direction (e.g. Friedrichs and Aubrey, 1996; Janssen-Stelder, 2000;
Le Hir et al., 2000; Friedrichs, 2012). Van Straaten and Kuenen (1957) emphasized the
difference in time scales: on the one hand weak net sediment import by tidal currents
occurs during relatively long periods of predominant calm conditions and, on the other
hand, large but brief export of sediment occurs during storms, when sediments are washed
off the intertidal flats. The net effect of these two mechanisms ultimately determines the
long-term evolution of the flats.

Although hydrodynamics play a key role in the development of tidal flats, it has been
known for decades as well that biogenic processes provide additional mechanisms shap-
ing the flats. Tidal flats are in fact identified as ’bio—geomorphic systems), as their mor-
phological evolution relates to the interaction between physical (abiotic) and biotic pro-
cesses (e.g. Reed et al., 2018). In temperate zones, upper tidal flats are typically colo-
nized by salt marsh plant species, differing from tropical zone where mangrove forests
are found along the intertidal coasts. Colonisation by salt marsh vegetation takes place
whenever the mudflat reaches a sufficiently high level in relation to the tidal regime (e.g.
Boorman et al., 2002; Marani et al., 2004; Balke et al., 2016; Boorman and Hazelden,
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Figure 1.2: Virginia’s back barrier islands and shoals (USA). Top left satellite picture: Virginia back barrier is-
lands top view (source: Google Earth, Image Landsat Copernicus). Top right picture: Conn Island, Virginia
(credits to Gordon Campbell, At Altitude Atlas). Bottom pictures: Myrtle and Ship Shoals, Virginia (credits to
Gordon Campbell, At Altitude Atlas), with its branching channel system and tidal marsh.

2017). The tolerance of salt marshes to sea water inundation differs between species,
so that a succession of plant species exists across the flat (Brereton, 1971; Davy et al.,
2000). According to Boorman and Hazelden (2017) vegetation generally develops where
the inundation period is lower than 50% of the time. However, several other studies de-
duced different elevation thresholds for salt marshes establishment from local analyses.
To provide a few examples: McKee and Patrick (1988) indicates mean low water level as
elevation of the border between tidal flat and salt marshes, at some macro-tidal estuar-
ies along the USA Atlantic coast; Marani et al. (2004) reports that, at elevations of 30 cm
above mean sea level, salt marshes develop within the Northern Venice Lagoon (Italy);
in the Dutch Wadden Sea Bakker et al. (2002) suggests the 20-40 cm below mean high
water level to be the local seaward limit for pioneer species development. This large
variability is attributed to numerous factors, among which the tidal range (Balke et al.,
2016) — and its variation due to human interventions — and the positive/negative feed-
backs between abiotic and biotic factors. Non-vegetated mudflats are also influenced by
biological processes. Benthic species activity, such as cockles (Cerastoderma edule), or
lugworms (Arenicola marina),lead to bioturbation, biostabilisation, bio-irrigation, or di-
rect resuspension by their fouraging behaviour and locomotion (e.g. Gibson et al., 2001;
Murray et al., 2002; Le Hir et al., 2007; Mariotti and Fagherazzi, 2012; Van Regteren et al.,
2017). The abundance of these organisms can be so large that their presence and activ-
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ities affect the characteristics of the substrate hosting them. On the other side, also the
physical processes occurring on the tidal flat affect the biological activities (e.g. Mariotti
and Fagherazzi, 2012; Cozzoli et al., 2021; Holzhauer et al., 2022): e.g. waves can dis-
rupt the biofilm produced by benthos, that would act as a sediment stabilizer, ultimately
affecting the evolution of the tidal flat.

Several studies highlighted the 'bi-stable nature’ of intertidal elevations, with low-
lying bare flats and elevated vegetated marshes being two alternative stable states (Fagher-
azzi et al., 2007; Carniello et al., 2009; Wang and Temmerman, 2013). Rapid shifts occur
from the vegetated state to the bare state (e.g. Kirwan et al., 2011) and vice versa (e.g.
Wang and Temmerman, 2013). Large-scale losses of vegetated marshes have been doc-
umented in relation to decreased sediment supply, limiting the ability of marsh to cope
with sea level rise (Kirwan et al., 2011). Oppositely, the transition from a bare to a veg-
etated flat may occur due to increased sediment supply (Yang et al., 2001; Kirwan et al.,
2011). Wang and Temmerman (2013) demonstrated that an elevation threshold exists,
above which the vegetation patches colonize the pioneer zone, and the positive feed-
back between sediment and vegetation drive the rapid shift to the vegetated state.

The prediction of the morphological evolution of intertidal flats is hence complex,
due to the high number of biotic and physical processes simultaneously contributing to
it. A thorough system understanding is needed to support coastal managers in planning
interventions that protect such valuable environments.

1.2. ECOSYSTEM SERVICES

Intertidal flats and salt marshes are ranked among the most valuable habitats regarding
to the benefits provided to human life (Temmerman et al., 2013). The positive contribu-
tion of these ecosystems to our health and society are numerous, and result in a wide
range of services (the so-called ’ecosystem services’), from production and regulating
services to cultural and supporting services (e.g. Groot et al., 2018).

Salt marsh ecosystems contribute to maintaining a high water quality, especially in
regions where high suspended sediment concentrations would result in euthrophication-
related issues (e.g. Sanger and Parker, 2016). The vegetation, in particular its root system,
captures sediments and pollutants, filtering them out of the water, hereby guaranteeing a
natural water treatment (Mudd et al., 2010; Lin and Yu, 2018). Moreover, benthic species,
inhabiting the tidal flat bed, play a key role in the food web, both locally and on global
scale (Christianen et al., 2017).

Intertidal flats and salt marshes act as a natural barrier, minimizing damage from
storm surges (Barbier et al., 2008; Gedan et al., 2011; Suykerbuyk et al., 2012). The veg-
etation augments the rate of sedimentation by intercepting and trapping the sediment
transported by the tides. With its roots system, vegetation reduces sediment erosion
and enhances sediment consolidation (Barbier et al., 2008; Mudd et al., 2010; Temmer-
man et al., 2013; Li et al., 2014; Méller et al., 2014). Both laboratory and field studies
have demonstrated that wave impact is significantly attenuated in presence of a vege-
tated flat compared to the case of a bare flat (e.g. Vuik et al., 2019; Blackmar et al., 2014;
Kobayashi, 1993). For this reason, salt marshes in temperate areas - as much as man-
groves in tropical areas - are considered as natural flood defenses, and appointed as
'bio-engineers’. The accelerated rise in mean sea level, and the more extreme meteo-
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rological events posed by climate change, amplify the importance of these natural flood
defenses in protecting coastal cities and communities (Temmerman et al., 2013).

Intertidal flats and salt marshes also contribute to the carbon sequestration. The
reduction of carbon dioxide captured by marsh species is considered 30-50 times more
efficient than the one for forest plants (e.g. Pendleton et al., 2012; Ouyang and Lee, 2013;
Malak et al., 2021).

The societal and economical values of these ecosystems also relate to the widely ap-
plied production services. Intertidal areas are largely used for commercial fisheries and
shell-fisheries (e.g. Barbier et al., 2011), providing an important source of food and in-
come (e.g. Adam, 2002; Taylor et al., 2018; Wang et al., 2022). Reclamation of the veg-
etated intertidal areas to accommodate the continuously increasing demand for habit-
able and agriculture or aquaculture land resulted in massive coastal erosion end ecosys-
tem degradation (Groot et al., 2018). An example is the case of Demak, Indonesia, were
massive coastal erosion (about 100 m/yr) followed the disruption of mangrove forests
(Winterwerp et al., 2020). These mangrove forests were removed for aquaculture and
agriculture, wood production, and urban infrastructure (Winterwerp et al., 2005; Marfai,
2011; Van Wesenbeeck et al., 2015; Winterwerp et al., 2020).

1.3. THE IMPACT OF ANTHROPOGENIC PRESSURE

In the current era of climate change and anthropogenic pressure, coastal ecosystems are
among the most vulnerable areas of our planet (Day and Rybczyk, 2019). The human
pressure on coastal areas resulted in an increasing demand for a fixed coastline, and,
through the process of land reclamation, the coastal defence structures (dikes and other
embankments) have been gradually moved seaward. Under natural conditions, in re-
sponse to sea level rise, intertidal flats and salt marshes would migrate land inwards (e.g.
Rezaie et al., 2020). The artificial land boundaries though, hamper such natural migra-
tion, and intertidal habitats are lost due to the so called ‘coastal squeeze’ (Yang et al.,
2011; Pontee, 2013). Human activities resulting in land subsidence, such as sub-surface
water withdrawals and drainage (M. Parry et al., 2007), and in the reduction of sediment
supply to river deltas (Yang et al., 2003; Besset et al., 2019) can locally increase the relative
rise in sea level. The health and functioning of coastal ecosystems are further challenged
by those engineering interventions required to maintain navigation channels and ports
operational, i.e. dredging activities (PIANC, 2011).

Land reclamation is the human activity that majorly reduced the intertidal area over
the last century worldwide (Kirwan et al., 2016). Extensive salt marshes and mangrove
forests have been claimed and converted into agricultural lands, aquaculture ponds and
fisheries (Valiela, 2006; Li et al., 2018; Friess et al., 2019). Over the past 30 years, the Yel-
low Sea (China) and the Yangtze Estuary (China) lost, respectively, 28% (Murray et al.,
2014), and 36% of their surrounding tidal flats (Chen et al., 2016). Europe, in the last 300
years, was the area with the highest rate of wetland degradation, with Ireland losing more
than 90% of its wetlands, Germany, Lithuania and Hungary more than 80% and the UK,
the Netherlands and Italy more than 75% (Fluet-Chouinard et al., 2023). However, dur-
ing the 20th century and early 21th century, the degradation of wetlands in Europe has
slowed down, with a rate loss of approximately 1% of the total area per year (Davidson,
2014). In the Netherlands, land reclamation is the main reason for tidal flats loss (Mai
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and Bartholomd, 2000). The story of the country closely relates to the land reclamation
process, starting already back in the 16! century (De Mulder et al., 1994; M. Parry et al.,
2007). The Dutch polders have been the largest and most effective land reclamation
works in the world (Hoeksema, 2007), and the polderization process acted pivotal for the
existence of the country: about 17% of the current land is formed by land reclaimed from
either sea or lakes (Damen, 2004).

In absence of coastal protection works a rising mean sea level leads to longer and
more frequent flooding (Reed, 1990; Friedrichs and Perry, 2001). Whether intertidal sys-
tems are able to keep pace with the increasing inundation regime depends on several
factors, primarily the sediment availability in the system (e.g. Friedrichs and Perry, 2001).
Recent modelling-based studies demonstrate that, if sediment is available, intertidal
flats and salt marshes will likely be able to keep pace with the increase in mean sea
level (e.g. Kirwan et al., 2016). However, other studies predict major losses due to the
accelerated sea level rise. According to Crosby et al. (2016), 60% of the salt marshes will
gain elevation at a rate insufficient to keep pace with the sea-level rise predicted by 2100.
Similarly, Huismans et al. (2022) predicts up to 10% loss of intertidal flats in the Dutch
Wadden Sea tidal basins in the coming 40 years, considering the scenario of sea level rise
accelerating from the current rate of 2 mm/yr up to 6 mm/yr in 2060.

The loss of intertidal areas directly impacts the biodiversity, compromising the natu-
ral food-web functioning. In the Yellow Sea a 30% of mudflat loss corresponds to a 5% of
bird population decrease per year (Studds et al., 2017). At twelve of the most productive
estuaries worldwide, human impacts caused loss of 65% of seagrass and wetland habitat
(Lotze et al., 2006). On the long term, models predict that this ecosystem loss will have
consequences for human health as well (Crosby et al., 2016).

Overall, the impact of human activities (including those enhancing climate change)
on intertidal systems far outweighs the pressure induced by natural variations (Valiela,
2006). As a result, numerous intertidal systems worldwide undergo exploitation beyond
their natural resilience (Frazier, 1999).

1.4. INTERTIDAL SYSTEMS RESTORATION

To counteract the loss of wetlands, restoration measures are being proposed. We focus,
in the following, on measures adopted for salt marsh restoration, but most of the con-
cepts have been applied for mangrove forest restoration as well. Restoration initiatives
involve the creation of new marshes, the re-creation of marshes on areas which had pre-
viously been claimed from the sea, and the restoration of degraded existing salt marshes
or intertidal flats. To create or restore marshes where a coastal dyke exists, managed re-
alignment methods (in the past named also as 'managed retreat’, 'setback’ or 'depolder-
ization’) are adopted. In managed realignment schemes, the sea defence line is moved
landward and sediment is released nearby in concert (or not) with the constructions of
permeable dams or embankments favouring sedimentation, so that a buffer of inter-
tidal habitat establishes (Boorman and Hazelden, 2017). Managed realignment schemes
allow both a creation/restoration of coastal habitats and a renewing of sea defenses as
well. The formation of the new vegetated buffer between the sea and the dyke reduces
the flood risk (e.g. Moller et al., 2014; Boorman and Hazelden, 2017; Vuik et al., 2019).
With this approach, coastal dykes can be reduced in size, with a significant drop in con-
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struction costs (Wolanski and Elliott, 2015).

A noted successful managed realignment experiment in Europe was carried out in
Tollesbury (Essex, England), where in 1997 new sea defences (low embankments) were
constructed behind the existing sea wall around an area of circa 21 ha. Following the
completion of the new sea defences, the existing sea wall was breached and the enclosed
area was exposed to tidal inundation for the first time after about 150 years. After 10
years the restored salt marshes covered 62% of the former bare flat, and after another 9
years (2016), the vegetation cover increased further by 18%, reaching a total 80% marsh
restoration (Reading et al., 2008; Boorman and Hazelden, 2017). Restoration initiatives
can further include the spreading of salt marsh seeds and/or the plantation of vegeta-
tion plugs, to fasten the recovery (Winterwerp et al., 2005). As an example, we show in
Figure 1.3 the case of Prime Hook marsh restoration project (Delaware Bay, USA), which
involved the usage of dredged sand over a surface of about 4000 ha. As evident from the
figure, this combination of beach nourishments, fences’ construction and plugs’ planta-
tion, resulted in a relatively fast and successful habitat recovery.

T 1
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Figure 1.3: Wetland restoration project in Prime Hook (Delaware, USA). Three pictures are taken from the same
spotonto a sandy tidal flat (credit to U.S. Fish and Wildlife Service, https://e360.yale.edu/features/the-science-
and-art-of-restoring-a-damaged-wetland)

The great majority of the salt marshes in the Wadden Sea (about 350 km?) were cre-
ated artificially by means of the so called 'Schleswig-Holstein method’, largely applied
already back at the end of the 19" century (Hofstede, 2003). With this method, intercon-
nected sedimentation basins (each measuring from 100x100 m? up to 400x400 m?) were
realized in front of the higher intertidal flats via the construction of permeable dams (e.g.
Dijkema et al., 1988; Bakker et al., 2002; Adam, 2019; Winterwerp et al., 2020), see Figure
1.4. The permeable dams (consisting of brushwood groins) allow sediment-rich water
to enter the basin. Wave energy is however reduced, leading to settling of the sediment,
and sediment poor water leaves the basin during ebb. This leads ultitmately to accumu-
lation of sediment and hence vegetation expansion. The contextual creation of draining
channels optimized the functioning of the method (Winterwerp et al., 2020).

As above mentioned, the focus here is on salt marshes system, but it is important to
highlight that permeable dams have also been adopted in mangrove restoration projects
in Guyana, Indonesia, Suriname, Thailand and Vietnam (e.g. Schoonees et al., 2019; Win-
terwerp et al., 2005, 2013, 2020; Manchefio et al., 2021).

Despite the progress in the success of restoration methods (both for salt marshes
and mangroves ecosystems), there are still several critical aspects that hamper the recre-
ation/restoration of fully healthy and functioning ecosystems. It takes a long time (usu-
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Figure 1.4: Salt marshes created through the development of sedimentation basins, realized with brushwood
groins (Zwarte Haan, Northern Netherlands). The background figure is captured from Google Earth while the
sketches are re-drawn from Winterwerp et al. (2020); the brushwood groyne picture is from Hofstede (2003).

ally more than 15 years according to Burden et al. (2013)) for artificial marshes to reach
biological characteristics that are comparable to those of a natural marsh. A fully func-
tional anthropogeneic alternative for a salt marsh is difficult to develop (Streever, 2000;
Mossman et al., 2012). The robustness and hence the resilience of an artificially cre-
ated marsh is often not sufficient to dissipate the wave-induced energy of a major storm
(Fagherazzi et al., 2013). Moreover, the sediment used to feed the intertidal areas re-
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quires similar characteristics as the local existing sediment, not only in terms of grain
size but also in its bulk density, pH, nutrients level and organic matter content, the latter
affecting the cohesiveness of the bed material, a key factor to achieve plant colonisation
(Hazelden and Boorman, 2001; Barkowski et al., 2009; Kadiri et al., 2011).

While coastal ecosystems are being progressively more restored, lack of funding and/or
time frequently leads to restoration efforts, insufficiently building on a solid scientific
basis. The restoration of an ecosystem obeys the timescale of the natural system, so that
a long-term vision is key in this perspective (Winterwerp et al., 2020). A robust system
understanding in terms of sediment dynamics, tidal regime, wave climate and biological
features, is key to successfully apply restoration methods, such that gathering site spe-
cific data and information, before defining a certain restoration strategy, is compelling.

1.5. BENEFICIAL USE OF SEDIMENT FOR SALT MARSHES RESTORA-

TION: THE MUD MOTOR STUDY CASE

For coastal systems where sediment availability is a limiting factor, restoration tech-
niques involve the nourishment of sediments. Dredging operations, needed to maintain
harbour and navigational channels operational, are an interesting potential source of
sediment for such interventions.

Back in the 1973, the United States Army Corps of Engineers (USACE) initiated a num-
ber of pilot projects (part of the broader Dredged Material Research Program (DMRP))
aimed at experimenting the usage of dredged sediment to enhance wildlife habitats in
salt marshes environments (e.g. Landin et al., 1989; LaSalle et al., 1991). Several fol-
lowing experiments provided recommendation to optimize and expand the usage of
dredged material for beneficial purposes (Yozzo et al., 2004). Dredged material has since
then not only been used to promote marsh habitat restoration, but also to e.g. restore
oyster reefs, create spits and bars, re-contour the coastline or remediate upland habi-
tats (Solanki et al., 2023). The beneficial use of dredged material lead to multiple pos-
itive outcomes (Suedel et al., 2022). An economic benefit arises from the reduction of
dredging operations and a reduced flooding risk, an environmental benefit results from
habitat creation/restoration, while a social benefit eventually comes by providing recre-
ational opportunities (Laboyrie et al., 2018).

Nowadays, the increasing size of commercial vessels is demanding increasing depths
of channels and harbours (De Vriend et al., 2011; Wang and van der Spek, 2015; Chen
et al., 2016) so that even the amount of available dredged material continuously in-
creases. The disposal location of dredged material is generally selected based on two
contradicting criteria: far enough to avoid direct return of the sediment, and close enough
to reduce transportation costs.

Since 2007, an innovative design approach in coastal hydraulic engineering named
"Building with Nature" (BwN) started being promoted in the Netherlands by the 'Echoshape’
consortium (Baptist et al., 2019). According to its definition, the BwN approach ’har-
nesses the forces of nature to benefit environment, economy and society’. The natural
forces (tides, wind, waves) are hence part of the hydraulic engineering solution, and con-
tribute to the achievements of the diverse goals.

Since the start, various projects have shown the potential of this approach (e.g. Laboyrie
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etal, 2018). One show case project is the 'Sand Engine’ (or 'Sand Motor’) i.e. a mega sand
nourishment (about 20 millions 7:%) realized in 2011 nearby Den Haag, aiming on one
side at optimizing nourishment operations and on the other side at creating recreational
areas (e.g. Stive et al., 2013; Herman et al., 2021). This Pilot Project further provided op-
portunity for a better understanding of sediment transport processes, encouraging sim-
ilar initiatives worldwide.

In line with this approach the 'Mud Motor’ Pilot Project was initiated at the North
Holland coast. Within the Mud Motor initiative, fine sediment dredged from a harbour
basin was disposed in a channel to feed nearby low-lying tidal flats. The increased sed-
iment availability introduced in the channel was expected to accelerate accretion of the
targeted mudflats, hereby promoting the salt marshes development. The "win-win" so-
lution foresees the reduction of dredging volumes in the harbour basins (and so a related
reduction in dredging costs) and the concurrent creation of salt marshes (enhancing the
related ecosystem services). The concept is visualized in Figure 1.5.
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Figure 1.5: 2D conceptual scheme of Mud Motor functioning. Fine sediments are released in the channel and
the tide-dominant regime result in net sediment import onto the intertidal flat. The increased mud concen-
tration enhances the sedimentation, such that the bed level vertically increases. The consequent tidal flat
progradation is followed by the lateral vegetation expansion.

Where traditional approaches release sediment directly on the salt marsh itself, (e.g.
Scott et al., 2017), within the Mud Motor nourishment the sediment is released directly
from the hopper’s bottom doors into the channel (Baptist et al., 2019). The underlying
assumption of the Mud Motor is that an increase in sediment availability in the channel
would lead to additional sediment transport towards the tidal flats. A potential other
approach would have been to rainbow the sediment on the tidal flats, however such
method is more costly and may potentially damage existing habitats (Scott et al., 2017).
Overall, compared to the traditional salt marshes restoration methods (mostly applied

| | vegetation develops
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in the United States (Welp et al., 2003) and the United Kingdom (Scott et al., 2017)), less
sediment reaches the target area, but the sediment that does reach the target area creates
more robust and healthy marshes.

Additional supply of fine Dredged sediment is disposed . Fine sediment is dredged from
sediment stimulates salt marsh | at flood tide and transported " | the Port of Harlingen
by current

Figure 1.6: Graphical visualization of the Mud Motor applied in Harlingen. The dredging barge releases the
sediment dredged from the Port of Harlingen at the new disposal site. The tidal flow transports the sediment
towards the tidal flats of Koehool and Westhoek. The salt marshes are expected to expand due to the increased
amount of mud feeding the intertidal flats. (Source: Baptist et al., 2019)

The Mud Motor Pilot Project was initiated in the Dutch Wadden Sea in 2016. Dredged
sediment from the harbour basins of the Port of Harlingen was disposed in the Kimster-
gat Channel for the restoration of the tidal flats fringing the coast of Koehool and West-
hoek (Figure 1.6). In the Port of Harlingen, on average 1.3 million m3 of fine sediment
(Dsp ~ 10p) is annually dredged (Baptist et al., 2019). This sediment is usually disposed
at two sites, located in the two tidal channels (named K1 and K2 in Figure 1.7): the Kim-
stergat Channel (K1) and the Pollendam Channel (K2). The latter connects the Port of
Harlingen with the island of Terschelling, whereas the Kimstergat forms a connection
between the Port of Harlingen and the eastern part of the Wadden Sea.

A considerable (but unknown) amount of the material disposed at K1 and K2 flows
quickly back to the harbour basins (Baptist et al., 2019). Dredging activities are therefore
needed at daily or weekly timescales. Within the Mud Motor Pilot Project, new disposal
locations were selected, and a volume of about 300.000 m3/year has been disposed at
these sites. The experiment was carried out in the period September-January of 2016
and 2017. Specific information on the nourished volumes and timing are reported by
Baptist et al. (2019).

The strategic disposal site, located in the Kimstergat tidal channel, has been selected
via a numerical study reported by Van Weerdenburg R. (2019). The disposal location
was selected on various criteria: a residual tidal flow directed towards the tidal flats; a
relatively small cross-shore distance to the upper intertidal zone (i.e. the target area)
and a sufficient water depth for operating the hopper (minimum depth of 3 m).

The Pilot Project was accompanied by an extensive research program, aiming at un-

derstanding the physical and biological processes within the channel-mudflat—salt marshes

system. Transport processes within the tidal channel were elaborated by Schulz and
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Gerkema (2018) and those related to the salt marshes were investigated by van Regteren
(2020), while the transport processes over the intertidal flat areas are analyzed in this
dissertation.
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Figure 1.7: Disposal locations prior to Mud Motor application: K1, K2, respectively found in the Kimstergat
and the Pollendam tidal channels. The Mud Motor disposal locations depends on the local water depth: at low
water (LW), mid water (MW) and high water (HW) (Source: Baptist et al., 2019).

1.6. RESEARCH SET UP

In the sections above, we described the importance of salt marshes to provide ecosys-
tem services, as well as the pressure they face. Effective restoration projects are there-
fore needed, based on a solid system understanding. Despite the progress over the last
decades, there is still a knowledge gap in how sediment is transported over tidal flats,
and especially under the influence of waves.

The main scope of this dissertation is therefore to improve the understanding of the
mechanisms controlling the transport of fine (muddy) sediments over intertidal flats and
the consequent accretion—erosion processes. We focus on the role of the wind-driven
processes influencing sediment transport and bed level variability. The focus on wind
does not exclude accounting for the effect of tides (tidal flow and water level fluctua-
tions). We structured our analyses along three main research questions:
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Research Questions

Research Question 1:

What is the role of wind on residual and tidal flows over intertidal flats?

Research Question 2:

How do tides and winds influence sediment transport over intertidal flats?

Research Question 3:

How are phases of accretion and erosion of intertidal flats influenced by wind?

1.7. STRUCTURE OF THE DISSERTATION

The present Chapter 1 introduces the context of intertidal systems, highlighting the need
for restoration initiatives for habitat preservation and recreation. Moreover, this chap-
ter aims at framing our scientific research into the broader context of the '"Mud Motor’
Pilot Project, executed in the Netherlands in the years 2016-2017. Within the present
dissertation, chapters related to the scientific theoretical understanding are integrated
with reflections on the application of these findings to the Mud Motor study case, and in
general to the functioning of fine sediment nourishments.

Chapter 2 describes the Wadden Sea study area, from a large (tidal basin) scale, to
the small (intertidal flats) scale and concludes with the description of the two transects
where intensive field work was carried out.

Chapter 3 presents the applied research methodology. This includes the field cam-
paigns design, the installed instrumentation, the calibration methods and the data post-
processing procedures.

Chapter 4 focuses on the hydrodynamic conditions on intertidal systems, exploring
the effect of the intermittent action of wind on the wind-driven flows and tidal flows.

Chapter 5 investigates how the hydrodynamic conditions affect sediment transport,
and formulates a conceptual model for wind-induced sediment transport and storage in
intertidal systems.

Chapter 6 focuses on the morphological evolution of intertidal flats. More specifi-
cally, it dives into the effect of wind on the local conditions required for an intertidal flat

to accrete, highlighting the importance of sequences of energetic and calm conditions.

The scientific outcomes are placed in perspective of the available knowledge on in-
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tertidal systems in Chapter 7 where the implications for the beneficial (re-)use of fine 1
sediments in intertidal systems are further discussed.

Chapter 8 presents the conclusions of this dissertation and includes recommenda-
tions for future studies.
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About the Photo
Pioneer vegetation at the intertidal flat of Westhoek (NL). The picture was taken on September 15,
2017.



THE STUDY AREA

The findings presented in this dissertation are the outcome of intensive fieldwork carried
out in the Dutch Wadden Sea, and more precisely the intertidal areas of Koehool and West-
hoek (Province of Friesland). This is the area where the Mud Motor Pilot Project was car-
ried out. In this chapter, the Wadden Sea and the tidal flats are described from a hydrody-
namic and morphodynamic perspective.

23
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2.1. THE WADDEN SEA

GENERAL INTRODUCTION

The Wadden Sea is a lagoonal system situated along the north-west coast of Europe,
running from The Netherlands, passing through Germany, and reaching Denmark (Fig-
ure 2.1). The lagoon spans along 500 km coastline, and covers a surface of about 11.000
km?, half of which consist of intertidal areas (De Jonge et al., 1993). The German Wadden
Sea is the largest section, consisting of about 50% of the total area (Dankers et al., 2012).
A barrier of about 40 islands separates the Wadden Sea from the North Sea. The dis-
tance between the mainland and the barrier islands spans between 2 and 30 km. Inlets
separating individual barrier islands, connect the North Sea and the Wadden Sea.

HISTORICAL DEVELOPMENT

The Wadden Sea has always been a very dynamic tidal system in which the morphology
of the landscape continuously changed. Driving factors of the morphological changes
have been sea-levelrise (e.g. Huismans et al., 2022), intense storm events (e.g. Fruergaard
et al., 2013), development of accommodation space for sedimentation (e.g. Bauer et al.,
2001), natural sediment transport processes (e.g. Wang et al., 2012) and human interfer-
ence in the landscape (e.g. Oost et al., 2017). Human interventions in the Wadden Sea
started many centuries ago, with land reclamation starting around 900-1000 AD (Oost,
1995; Van der Spek, 1995). The first small dykes along the coasts, aiming at protecting
lands from flooding, were built around 1500 AD (e.g. Bazelmans et al., 2012). About one
century later, 1600 AD, wooden groins were built to complement the role of dykes, boost-
ing sedimentation and promoting coastal vegetation development along the mainland
and the outer barrier islands (Van der Spek, 1995). At that time the Wadden Sea was very
different compared to the present-day Wadden Sea. Figure 2.2 shows a map drawn in
1641 AD visualizing the previously existing Zuiderzee (separating the North-Holland and
the Friesland provinces) and the Lauwerzee (separating the Friesland and the Gronin-
gen provinces). The bottom panel of the figure illustrates the differently shaped estuary
of the Ems river (including several islands in the Dollard basin) as well as the extended
German Jade Bight (shaped by storm floods, according to Graber (2010), during the 13"
and 16" centuries). Several measures were also taken, over time, to limit the erosion of
the barrier islands, e.g. by reinforcing existing dunes, nourishing the coast with sand or
building seawall, jetties and groins (Elias et al., 2012). Moreover, the Dutch Government
prescribed (with the 1% Coastal Policy Document issued by the Ministry of Transport,
Public Works and Water Management, titled " Coastal Defence after 1990, a Policy Choice
for Coastal Protection") that the Dutch coastline — including the barrier islands coast-
line — should not retreat landward of a reference line that is based on its 1990 position
(Van Koningsveld and Mulder, 2004).

CLOSURE OF THE ZUIDERZEE

Intense storms provided pivotal moments for decisions regarding the coastal manage-
ment in the Netherlands. The storm surge that occurred in 1916 was such a pivotal mo-
ment. Various dikes along the Zuiderzee breached, with catastrophic consequences, like
atotal of 51 deaths (e.g. Bouwer and Vellinga, 2007). There were already plans for a large
dam to close the Zuiderzee to create new land for agriculture. The storm accelerated the
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Figure 2.1: The Dutch, German and Danish Wadden Sea (about 500 km coastline). Background figure is modi-
fied from a satellite image of the Wadden Sea (Copyright: Satellite image, Albedo39 Satellitenbildwerkstatt e.K.,
image processing). Top panel figure, illustrating the anti-clockwise direction of the tidal wave, is modified from
Dyke (2007).

decision making. The Dutch Government hence decided, with large political consen-
sus, to build the largest human intervention ever in the Wadden Sea, i.e. the closure of
the Zuiderzee, via the construction of the 32 km-long Afsluitdijk. With the completion
of this massive work in 1932, the Zuiderzee became a freshwater lake (the 'IJsselmeer’),
and large areas of water were reclaimed for agricultural use. In 1976, the IJsselmeer was
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Figure 2.2: Antique sea chart of the Dutch and German Wadden Sea drawn by Henricus Hondius in 1641 and
reported by van der Krogt (2000). In the top panel the illustrated area spans from North-Holland, through the
Zuiderzee and Friesland, up to the Groningen province (NL). The bottom panel illustrates the area spanning
from the Ems Dollard estuary (border between the current Dutch and German Wadden Sea) through the Jade
Bight and the Elbe estuary, up to the Eiderstedt province (GE). The different size and shape of the barrier
islands is noticeable compared to the current one (see also next figure for comparison with the current (2020)
Dutch Wadden Sea coast).

split by the construction of the Houtribdijk, and the southern section became the Mark-
ermeer. In 1953 another intense storm surge hit the Netherlands (as well as Belgium and
the United Kingdom). Water levels reaching 5.6 m above mean sea level caused multi-
ple dike breaches and the death of 1836 people in the Netherlands (De Kraker, 2006). As
a response to this event, a Delta Works Commission was called to develop a Delta-Plan
aiming at preventing such disasters in future. This plan included an extensive system of
dams and storm surge barriers, such as the Maeslantkering, built on the Nieuwe Water-
weg (near Rotterdam, South-Holland) and completed in 1997 (e.g. Bol, 2005). Moreover,
the Delta Work Commission set the "acceptable risk’ for complete failure of every dike
ring in the country at 1 in 10.000 years. Specifically, for the Wadden region, flood risk
measures included a preferred strategy, including on one hand the strengthening of the
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existing coastal dykes, and on the other hand the maintenance of the intertidal areas
(consisting of islands, mudflats, salt marshes and channels). According to such strategy,
the maintenance of this buffer and dike reinforcement will ensure a safe living on the
mainland and on the barrier islands (e.g. Kabat et al., 2009; Van Buuren et al., 2016).

HYDRODYNAMICS

The semidiurnal tides generated in the North Sea result in a flooding and ebbing flow
aligned in the north-east (flood) and south-west (ebb) direction, following the anticlock-
wise direction of the tidal wave (Figure 2.1). The tidal range varies between about 1.5 m
and 4 m. About 3*10'°m3 of water penetrates in between the barrier islands during each
tidal cycle (Oost et al., 2017). The water flows through a branching channel system that
conveys the water to the intertidal flats, fringing the mainland (Figure 2.3). The Wadden
Sea is generally defined as a series of interconnected tidal basins, with each basin bor-
dered by the mainland, the barrier islands and the tidal divides (Wang et al., 2012). The
tidal divides can be defined in different ways (Vroom, 2011): hydrodynamic divide (based
on the smallest velocities) or morphological divide (based on the maximum bed level).
The simulations of Duran-Matute et al. (2014) and the measurements of Van Weerden-
burget al. (2021) indicate that there is quite some flow over the tidal divides during storm
conditions, leaking water and likely sediment. Furthermore, morphological changes also
lead to migration of the tidal divides, partly caused by human interventions like the Af-
sluitdijk. As a consequence, the understanding of the Wadden Sea system requires the
understanding of processes at multi-basin scale.

In addition to the tidal flow, waves play a key role in the Wadden Sea. The tidal
basins are sheltered by barrier islands (Figure 2.3) hence offshore-generated waves only
partially penetrate the lagoon. Tidal currents, within the lagoon, mainly interact with
locally-generated short-period wind waves. At the tidal inlets the hydrodynamic energy
is higher, with more energetic flows and waves compared to the inner intertidal flats.

Concerning density driven flow in the Dutch Wadden Sea, the main freshwater dis-
charges (indicated in Figure 2.3) are at Den Oever (~ 240m3/s), at the Kornwerderzand
sluice (~ 200m3/s), at the Lauwers Lake (~ 37m3/s) and, at the boundary with the Ger-
man Wadden Sea, the Ems River (~ 80m3h/s) (Dankers et al., 2012; Duran-Matute et al.,
2014; Grdwe et al., 2016). Although the volume of these discharges is small compared to
the volume of seawater exchanged with the North Sea, it is relevant for water exchange
because of density-driven exchange flows (Duran-Matute et al., 2014; Grdwe et al., 2016)
but also for the existence of important habitats (Frazier, 1999).

SEDIMENT TRANSPORT AND AND DISTRIBUTION

The water motion, the consequent sediment transport, and the seabed features (also
affected by biological processes) result into an intricate morphodynamic development
of the Wadden Sea lagoon. The inlets are the main source of sediment in the Wadden
Sea. About 12 million ton/year of mud is transported through the Wadden Sea and the
North Sea. The amount of mud entering the Dutch Wadden sea from its southwest inlets
is transported towards the northeast (following the anticlockwise direction of the tidal
flow), and constitutes a valuable resource for intertidal areas and supra-tidal marshes
(Colina Alonso et al., 2024) which face the challenges imposed by accelerated sea level
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Figure 2.3: Satellite image of the Dutch Wadden Sea (Credit: European Union, Copernicus Sentinel-2, image
taken on 22 September 2020). The picture visualizes the north Dutch mainland and five barrier islands (from
East to West: Texel, Vlieland, Terschelling, Ameland and Schiermonnikoog). The closure dam ('Afsluitdijk’)
separates the Wadden Sea from the artificial lake IJssel. Sandy intertidal flats fringe the outer border of the
barrier islands, whereas muddy intertidal shoals and fringing flats are found along the mainland coast. The
red spots indicate freshwater discharges, from East to West: the Kornwerderzand sluice in proximity of the
Afsluitdijk, the Lauwersmeer and the Ems-Dollard estuary, the latter representing the eastern border of the
Dutch Wadden Sea.

rise. The amount of available mud in the Wadden Sea seems sufficient for the inter-
tidal areas to cope with the present-day sea level rise rates. However, this amount is
influenced by anthropogenic pressures (e.g. dredged material is disposed on land or off-
shore), whose effects are prolonged in time (Van Maren et al., 2016) and a decrease in
sedimentation rates will likely occur (Colina Alonso et al., 2024).

The sediment grain size gradually decreases from the inlets (mainly sandy) towards
the tidal flats fringing the mainland (mainly muddy), due to the decreasing transport
capacity of the tidal currents. Sand and mud are both vertically (in the seabed), and
horizontally (within the basins) unequally distributed. The sediment distribution in the
lagoon is the result of gradual, and relatively slow, natural processes (such as sea level
rise) and of abrupt changes in the system caused by human interventions (Colina Alonso
et al, 2021). The latter include land reclamation, the realization of hard coastal protec-
tion structures (such as dykes) and the construction of closure dams. From 1927 to 1932,
the 32 km long closure dam Afsluitdijk (Figure 2.3) was built with the aim of reducing
the flooding risk and of creating large polders for agricultural use. The main channels
of Marsdiep and Vlie were interrupted by the dam, resulting in a large amount of fine
sediments becoming available in the Wadden Sea (Gerkema et al., 2014; Colina Alonso
et al., 2021). The timescales associated with such human interventions typically varies
from decades to centuries (Van Maren et al., 2023).
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IMPACT OF SEA LEVEL RISE

An important question is whether the Wadden Sea is importing sediment from the North
Sea (Gerkema et al., 2014). A comparison between bathymetric surveys from 1935 and
2005 suggests that, as long as the change in mean sea level is gradual, the Wadden Sea
will be able to keep pace with sea level rise (Elias et al., 2012). According to the recent
numerical study of Huismans et al. (2022), doubling the rate of sea level rise will lead to
doubling of the loss of intertidal areas as well. This study also shows that the response
of different tidal basins to sea level rise depends on their size (and tidal prism), with the
larger tidal basins facing harder challenges compared to smaller basins. On the other
hand, the analysis of Van Maren et al. (2023) suggests only the fringing flats in the Mars-
diep inlet are accreting and not so much the deeper parts of the basin, and only with
fine-grained sediments. But even more, this sedimentation appears to be a response to
closure of the South Sea rather than to rising sea levels.

BIODIVERSITY

The Wadden Sea consists of a large variety of habitats, ranging from salt marshes to
bare intertidal flats and intertidal shoals, islands, barrier islands, gullies, tidal creeks and
channels. About 50% of the Wadden Sea remains emerged at low tide: the ~ 5000 km? of
emerged land forms the world’s largest system of interconnected intertidal flats. The al-
ternation of emerged and submerged conditions creates an ideal environment for a wide
variety of living species. The Wadden Sea is a Unesco World Heritage site, and it is further
listed into the Natura 2000 network. One of the criteria that resulted in the selection of
the Wadden Sea as World Heritage Property in 2009, is the unique richness of its ecosys-
tems, hosting around 10.000 species of flora and fauna (Reise et al., 2010). This intertidal
system is considered one of the most important areas for migratory birds worldwide, be-
ing a stopover location both in the context of the East Atlantic Flyway (Blew et al., 2005)
and of the African-Eurasian migratory way (Colin A. et al., 2014). Up to 6.1 million birds
can be present at the same time in the lagoon, with an average of 10-12 million specimen
passing through it each year (Blew et al., 2005). Moreover, intertidal areas are also vital
to some mammals species, such as the grey seals (Frazier, 1999). The variety of land-
scapes and of flora and fauna species, along the intertidal Friesland coast, is illustrated
with some pictures, reported in Figure 2.4, which were taken during field work in 2016-
2017. Salt marshes perennial species cover the higher tidal flat zone ([a]). Through a
tidal creek system ([b]) water and sediment are transported up to (and from) the higher
mudflat zone, where the pioneer vegetation specie, Salicornia procumbens, colonizes
the bed (panel [c]). Patches of other vegetation species (e.g. Spartina aglica [d]) are
evident at elevation higher than the Mean High Water level. A large variety of fauna in-
habits these muddy coastal areas, ranging from numerous birds species (e.g. the Ruddy
Turnstone, Arenaria interpres, in panel [e]), to several molluscs and shall fishes species
([f1,Ig]). Benthos species, living the muddy substrate (such as the Olighocates, panel [h])
are a key element of the food-web. These species significantly affect the characteristic of
the bed itself, as shown in panel [f], where the micro-tunnels in the mud are well visible.
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Figure 2.4: Some flora and fauna species photographed during the field campaigns (2016 to 2018) at Koe-
hool and Westhoek. [a] Salt marshes perennial species at Westhoek; [b] and [c] Salicornia Procumbens at the
vegetation edge and higher on the Westhoek mudflat; [d] Patches of Spartina Anglica at Westhoek; [e] Ruddy
Turnstone (Arenaria Interpres) at Koehool; [f], [g] molluscs and fish species at Koehool; [h] Olighocates that
bioturbate the substrate [i] at Koehool.

GENERAL INTRODUCTION

Two adjacent intertidal flats fringing the Dutch Frisian coast were investigated. The in-
tertidal flats, named after the two adjacent municipalities 'Koehool’ and "Westhoek’, are
located on the opposite site of the Terschelling barrier island. The bathymetry of the
Dutch Wadden Sea presents a system of branching channels, which are deeper in prox-
imity of the tidal inlets, and become shallower when approaching the mainland coast
(Figure 2.5). The Kimstergat tidal channel runs parallel to the coast, and transports wa-
ter and sediments back and forth from the Harlingen Harbour to the investigated flats.
Bed elevations at the investigated tidal flats range between -1 m MSL (i.e. Mean Low
Water Level) and +1 m MSL (i.e. Mean High Water Level). At Koehool, bed elevations are
lower compared to Westhoek.

MORPHOLOGICAL EVOLUTION

During the last century this area went through remarkable changes in bed elevation. Fig-
ure 2.6 indicates that, from 1926 to 2016, accretion and erosion larger than 3 m occurred
both at the outer inlet and within the tidal basin, with evident channels migration. Along
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Figure 2.5: Top panel: 2017 Bathymetry of the Dutch Wadden Sea with its barrier islands separating the lagoon
from the North Sea (Vaklodingen dataset, Rijkswaterstaat). The coordinates RD (x) and RD (y) in kilometers
refers to the RD (Rijks-Driehoek) reference system, i.e. the coordinate system used by the Dutch geographical
service. The red line represents the Asfluitdijke. Dark gray represents land (mainland and islands), whereas
light gray represents the Jisselmer. Bottom panel: zoom on the studied area. The Kimstergat becomes shal-
lower towards the north-east direction, i.e. approaching the investigated flats. The intertidal areas are limited
by the Mean Low Water (MLW) and Mean High Water (MHW), respectively illustrated with thin and thick black
lines. Four measurements locations are indicated with black markers. More details about these specific sites
are provided in the following chapter.

the mainland coast, including at the intertidal areas of Koehool and Westhoek, sediment
deposition promoted a vertical accretion in the order of 1-2 m. Along the two investi-
gated transects though, a difference in the bed level evolution is noticed. Already back in
1926, the bed elevation at Westhoek was higher than Koehool, especially within the first
kilometer from the shore. The permanent accretion at Westhoek allowed, since the late
80’s, to overcome the threshold of +1 m MSL (i.e. the Mean High Water Level). Differ-
ently, at Koehool, the bed level increase was less pronounced, so that this threshold has
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Figure 2.6: Top panel: Comparison of bed elevations in 1926 and 2017 (Vaklodingen dataset, Rijkswaterstaat).
Positive values indicate bed accretion, negative values bed erosion. Central panels: the evolution of two
kilometer-long transects, one at Koehool and one at Westhoek, reveal that since the 80’s the bed elevation at
Westhoek overcame the MHW level. Bottom panels: the outlook of the two mudflats, pictured from the coastal
dyke in September 2017 indicated that the lack of right conditions for vegetation development at Koehool.
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KOEHOOL VS. WESTHOEK

This difference in bed levels resulted in different bio-morphological evolution of the two
intertidal flats. Since the beginning of the 90’s salt marshes developed a Westhoek. The
lateral expansion of salt marshes was such that in 2015 the maximum distance of veg-
etation from the coastline was about 160 m. Figure 2.7 shows that such development
started, and was more pronounced, at the more sheltered side of the coast. Likely, the
concave shape favoured the deposition of sediment, making the area more suitable for
the establishment of vegetation. During our field campaign at Westhoek, we observed
the pioneer specie Salicornia procumbens at the seaward edge of the vegetated area (pic-
tured in panel 1) but also at higher mudflat zones (pictured in panel 2). Furthermore, in
Figure 2.7, the bed elevation of +0.95 m NAP in 2016 indicates the potential area in which
the salt marsh may still expand at Westhoek (Van Weerdenburg R., 2019). The vegetation
width decreases towards the south and towards the north of Westhoek. At Koehool the
vegetation is completely absent, as the bed level is still about 40 cm below MHW level in
proximity of the coastline.
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Figure 2.7: Aerial picture of Westhoek realized in 2015, indicating the vegetation edge in 2015, and in previous
time steps starting in 1983. The figure is modified from the one presented in the Deltares report dedicated to
the Mud Motor study case, we refer to Van Weerdenburg R. (2019). The two field pictures, taken during the
2017 field campaign at Westhoek, were provided of latitude and longitude coordinates in the WGS84 reference
system, which have been converted to RD coordinates and indicated over the map.

BEDFORMS AT KOEHOOL

Although the bedform topic has not been addressed in our scientific research, we find in-
teresting to report the diversity and variability of the tidal flat bedforms at Koehool. The
lower and sandy (median grain size Dsg ~ 125um, see next chapter for details) intertidal
flat bed (near the Mean Low Water level, i.e. in proximity of the Kimstergat tidal channel
edge) is characterized by ripples. The observed ripple wave length was typically 5-10 cm,
with a width of ~10 cm and a crest height of ~0.5-1 cm. During different seasons of ob-
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servations, the orientation of the ripples was elongated towards the shore direction (as
indicated in Figure 2.8).

Higher on Koehool mudflat, a dense network of ridges and runnels periodically exists
(Figure 2.8). Ridges were 50-60 cm long, 20-30 cm wide and 10 cm height; the runnels
were of similar size. Differently from the ripples, we observed a variation in size and ori-
entation of the ridge-runnel system during the various field visits. The pictures in Figure
2.8 were taken during spring 2017 and a similar ridge-runnel system was observed in
winter (with iced ridge crests as well). Sedimentation occurring during summer filled up
the runnels with very soft mud. This process was accompanied by algae mat formation
and intense biological activities (noticeable also by a bubbling mud surface). As speci-
fied in the following chapter, sediment grain size at this area showed a Ds of ~ 30um.

Runnel

.—

Figure 2.8: Top panels: Ripples observed at the investigated site located at the lower Koehool mudflat (bed
elevation -1 m MSL) during Winter 2018. These pictures were taken at low water, hence the submerged area is
subtidal. Bottom panels: ridge-runnel system observed at higher Koehool mudflat during Spring 2017. These
pictures were not taken at the investigated site, but at higher tidal flat elevation (bed elevation +0.20 m MSL).

Whitehouse et al. (2000) reported the formation of similar bed forms at Peterstone
Wentlooge (Severn estuary, UK), with a size comparable to the ones observed at Koehool
(0.4-0.7 m wide and 0.1 m high ridges, and 0.3-0.35 wide runnels). The formation of
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runnels and ridges — not investigated in this dissertation - relates to a combination of
wave-induced stress and biological activities (O'Brian, 1998; Whitehouse et al., 2000).
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About the Photo

This photo, taken on May 15, 2017, captures the walk toward the frame located 1 km from the

coastline on the Westhoek intertidal flat. The fieldwork aimed to retrieve the instruments and
dismantle the frame.



FIELD MEASUREMENTS

We carried out field measurements during spring and winter seasons of the years 2016, 2017 and
2018, at the intertidal flats of Koehool and Westhoek (Dutch Western Wadden Sea). High resolution
data were obtained via the deployment of Acoustic Doppler Velocimeters, Acoustic Doppler Cur-
rent Profilers, Optical Back Scatters and Wave Gauges. These instruments were installed for one or
two-month long periods, providing information on water levels, waves, currents, suspended sedi-
ment concentrations and bed level changes. This chapter reports on the technical aspects of these
field measurements, including a description of the deployed instrumentation, their working princi-
ples and the main configuration settings needed to extract the desired data. We provide details on
the eight frames that were installed, the data collected during their deployment and the key post-
processing steps carried out to create the dataset used in this dissertation.
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3.1. INTRODUCTION

Field measurements are carried out to improve the knowledge on the mechanisms controlling the
hydrodynamics and sediment transport on intertidal areas. Beside this, as detailed in Chapter 1,
the results can be used for understanding and optimizing the design of fine sediment nourish-
ments for ecological purposes (such as the Mud Motor study case). Hence, we measured: (a) the
hydrodynamics in the tidal channel - tidal flat areas; (b) the suspended sediment concentrations;
(c) the bed level changes.

We defined four sites located along two transects, one trasect on the Koehool and one on the
Westhoek intertidal flats (see Chapter 2). The monitoring activities were carried out during two
seasons: the spring and the winter season. During spring time, measurements were realized at
Koehool transect in 2016, and at Westhoek transect in 2017. The two transects were instead si-
multaneously monitored during winter time in 2018. This monitoring design allowed the anal-
ysis of hydrodynamics, sediment transport and morphological processes — and of their relative
importance — at different tidal flat elevations, under different meteorological conditions. In the
following sections, the measurement sites, the deployed instruments, their main settings, and the
post-processing performed on the raw data, are described.

3.2. MEASUREMENT SITES

With the aim of investigating the hydrodynamics and morphodynamics at two intertidal flats
fringing the Dutch Wadden Sea, (Figure 3.1[a]), two transects were monitored: one at Koehool and
one at Westhoek (Figure 3.1[b]). Two sites were investigated along each transect (Figure3.1[c]).
The coordinates of the installation sites are reported in Table 3.1. The subscripts 'H’ and 'L’ are
used to indicate the 'Higher’ and 'Lower’ relative positioning of the measurement sites along each
transect. Site K; was the lowest investigated site, being located at a bed elevation of -1 m MSL.
Sites Ky and Wy, were located, respectively, at -20 cm and -13 cm MSL. Despite the similar bed
elevation, the two sites are differently exposed to hydrodynamic forcing and sediment sources.
Wy, similarly to Kj, is located near the tidal channel edge, at 1.6 km distance from the shoreline.
Kj instead, lies in between the tidal channel and the shoreline, at 350 m distance from it. Also
the sediment grain size (Dsg, see 3.2) is different, being finer at Kz7 (30 um) compared to Wy (99
pm). Site Wy, with a bed elevation of +10 cm MSL, was the highest investigated site and it was
located at a distance of about 1 km from the (vegetated) shoreline. At this site, the finest sediment
is observed (D59=13um). The reciprocal distance between the investigated sites along the tran-
sect, is 620 m at Koehool and 650 m at Westhoek, whereas the difference in bed elevation is 0.87
m and 0.30 m, respectively. This implies that the Koehool transect is three times steeper than the
Westhoek transect (Table3.2). This difference in slope is indicated in Figure 3.1[d].

Site | RD (x) | RD (y) | WGS84 (E) | WGS84 (N)
K 162.5 585.6 | 53.256905 5.499590
Ky | 162.9 585.0 | 53.251508 5.505569
Wr | 163.8 587.4 | 53.273059 5.519118
Wi | 164.2 586.9 | 53.268559 5.525100

Table 3.1: Local coordinates of the four installation sites in the RD (Rijks Driehoeken) reference system (x,y)
and in the WGS84 reference system (East, North).

During a time period of 6 years (2011-2017) the Kimstergat tidal channel was subject to pro-
nounced bed level dynamics, with erosion and accretion larger than 0.5 m, as illustrated in Figure
3.1[c]. As noticed from Figure3.1[d], during this time period, vertical accretion occurred both at
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Figure 3.1: [a]: 2017 Western Wadden Sea Bathymetry with grey colour indicating the barrier islands, the IJs-
selmeer and the mainland. The red line indicates the closure dam (Afsluitdijk). The coordinates RD (x) and RD
(y) in kilometers refers to the RD (Rijks Driehoeken: Dutch Triangles) reference system. [b]: The two investi-
gated transects named 'K’ and "W’ are sited at Koehool and Westhoek, respectively. The white lines indicate the
Mean Low Water (MLW) level (i.e. -1 m MSL), while the black lines (in proximity of the coastline) indicates the
Mean High Water (MHW) level (i.e. +1 m MSL). [c]: Kz, K7, W, W indicate the position of the measurement
frames over an erosion-deposition map of the study area referred to the time period 2011-2017. Positive values
indicate increase in bed elevation. [d]]: Bed levels of the two transects referred to the years 2011 and 2017 (note
that the y-axis is different but the interval 1.8 km is the same in both the sub-figures.

Westhoek and at Koehool. At Westhoek the maximum accretion (~20 cm, i.e. from 0.9 m MSL
to 1.13 m MSL) occurred in proximity of the most elevated salt marshes, whereas at Koehool the
maximum accretion (~30 cm, i.e. from -0.4 m MSL to -0.1 m MSL) occurred at 0.4 km from the
shoreline, which is in proximity of our measuring frame Kp.

3.3. INSTRUMENTATION

In this Section, the instrumentation deployed in the monitoring campaigns is described, with a
special focus on three main instruments which provided the core data used in our research: Acous-
tic Doppler Velocimeter, Acoustic Doppler Current Profiler and Optical Back Scatter. The configu-
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Site Zp D5y Dist. from shore Period

K1 MSL-1m 123 ym 970m Apr-May2016, Dec2017-Feb2018
Ky | MSL-13cm | 30 um 350 m Apr-May2016, Dec2017-Feb2018
Wi | MSL-20cm | 99 um 1650 m Apr-May2017, Dec2017-Feb2018
Wg | MSL+10cm | 13 pym 1000 m Apr-May2017, Dec2017-Feb2018

Table 3.2: Local coordinates in the RD Reference System, Bed elevations (zj,), median grain size (Dsg), distance
from shore and periods of measurement at the four investigated sites: K7,Kyg, Wy, Wg. Data of grain size is
provided after in situ-field measurements, as detailed in Section 3.7.

ration settings that required major attention are detailed hereafter, together with the accuracy of
the data extracted from the sensors.
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Figure 3.2: Illustration of the instruments’ working principle which provided the core data of this dissertation.
From left to right: Acoustic Doppler Velocimeter (ADV), Optical Back Scatter (OBS) and Acoustic Doppler Cur-
rent Profiler (ADCP).

ACOUSTIC DOPPLER VELOCIMETER (ADV)

The Acoustic Doppler Velocimeter (Nortek Vector, in our campaigns) uses the Doppler principle to
perform point-measurements of the 3D flow velocity vector. The working principle is visualized
in Figure 3.2. The instrument transmitter sends a pulse of sound (at 6 MHz frequency), listens
to its echo (via three receiving beams) and measures the change in frequency of the echo. The
sound is not reflected by the water itself but rather from particles suspended in the water (typi-
cally suspended sediment). Therefore, the working principle of this instruments is based on the
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assumption that water and suspended sediment move with the same speed. The accuracy of the
so-obtained flow velocity measurements is, by default, the largest between 0.1 cm/s and the 0.5%
of the measured value. As an example, at flow velocities of 1 m/s, the former option results in 0.1
cm/s, whereas the latter in 0.5 cm/s accuracy. As noticed from Figure 3.2, the sampling volume,
i.e. the measured water volume, is located at a certain distance from the transmitter. This dis-
tance is named blanking distance and equals 15 cm. The sampling volume is a cylinder with 1.5
cm diameter and height between 0.5 to 2 cm. We set a sampling volume of 1.5 cm height.

A part from measuring the flow velocity, the ADV includes several additional sensors, among
which a compass and a pressure sensor. The compass (having an accuracy of 2°) was crucial to
extract flow velocities along specific compass directions (North and East direction). In our cam-
paigns the challenging installation conditions in the (often very soft) mud, did not allow to be
accurate in the alignment of the main beam with the North direction. The alignment discrepancy
(range 10-to-25°) was hence corrected within the data post-processing. The pressure sensor data
(having an accuracy of 1 mm with the settings applied in our studies, i.e. maximum water depths
of 4 m) was used to extract water levels and wave height. The data post-processing was a key step
to correct and calibrate the pressure data (as detailed in Section 3.7).

The output sampling rate of the ADVs installed in our campaigns (i.e. the frequency of the
output data) was set as 8 Hz, in the available range 1-64 Hz. This value was selected as a conve-
nient compromise to obtain high-frequency data (high enough for wave analysis) and reasonable
battery consumption.

The ADV operates in continuous or burst mode. The choice of the instrument’s operational
mode is essential, as it affects not only the quality, but also the quantity of data. Continuous mode
have the advantage of providing more data (the full submergence period of the transmitter sensor),
but it requires a relatively large memory to store the data, and battery to supply the power. For this
reason, long term deployments rather require the configuration in burst mode. When configuring
the instrument in burst mode, two parameters have to be set: the duration of the burst interval
(BI), and the number of samples per burst interval (SpB). The selection of BI and the SpB must
result in a sufficiently high number of waves to perform a consistent wave analysis; consequently
the wave period has to be then taken into account (albeit often unknown at this stage). Moreover,
in case of ADVs installed vertically, the instrument provides the distance between the transmitter
and the bed at the end of each burst. The choice of the burst interval therefore dictates also the
frequency of bed level changes data. In morphological studies this is of utmost importance. At our
study site the averaged mean wave period was acknowledged to be about 3 seconds. The ADVs
that measured in burst mode were configured to operate with burst intervals of 20 minutes, and
numbers of samples per burst of 2400 to 4800. A burst interval of 20 min at 8 Hz, equals 9600
data per burst interval. A number of 4800 samples per burst implies that, out of the 9600 data
gathered within the interval, only the half (i.e. 4800 samples) is stored in memory. This eventually
means that, out of the 20 minutes burst interval, 10 minutes of data are stored, while the following
10 minutes are discarded. The bed level change is measured at the end of each burst interval,
i.e. every 20 minutes. With these settings, per each 10 minutes data block, about 200 waves are
expected to be available for the wave analysis. These instrument settings have to be strategically
selected when designing a field campaign. Pursuing strategic choices to save memory and battery,
while getting good data quality for a prolonged time period, is especially key for long term (week-
to-months) filed measurements.

Eventually, the ADV works as "parent-instrument" for those probes which are not provided of
power supply and/or data storage volume. In our field campaigns the ADVs were configured to
supply battery and memory storage to one or multiple Optical Back Scatter (OBS) sensors.
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AcousTiC DOPPLER CURRENT PROFILER (ADCP)

The Acoustic Doppler Current Profiler (ADCP) (Nortek Aquadopp — AQDP - in our field campaigns)
uses the Doppler principle to measure the 3D flow velocity along the full water column (Figure
3.2).

This instrument has a data output frequency of maximum 1 Hz, which is significantly lower
than the ADVs. The accuracy of the velocity data is the largest between +0.5 cm/s and +1% of
the measured value. As an example, with flow velocities of 1 m/s the largest value between 0.5
cm/s and 1 cm/s is automatically selected. Compared to the ADVs therefore, the current profiler
provides more spatial information (full water column vs a point-measurement) at a lower output
frequency (1 Hz vs 8 Hz) and with a smaller accuracy (1% vs 0.5% of the measured value). The
instruments can be installed downward (i.e. with the transmitter pointing towards the bed) or
upward looking (i.e. with the transmitter pointing towards the water surface). The latter configu-
ration have been adopted in our campaigns. As for the ADVs a blanking distance of 15 cm exists
between the transmitter and the first measurement volume, which in this case is a cone with in-
creasing diameter towards the water surface (Figure 3.2). The resolution of the measurements
along the vertical can be selected in the range 10 cm — 2 m. In our measurements, the AQDPs
were configured to measure flow velocity at resolution of 10 cm along the vertical. Similarly to
the ADVs, the AQDP operates either in continuous or burts mode. Being upward looking installed
though, the sensors do not provide the bed level changes tracking. The AQDPs in our campaigns
were configured to operate with burst intervals (BI) of 20 minutes and number of samples per
burst (SpB) of either 300 or 600. Also similarly to the ADVs, the AQDP instruments include other
sensors, providing, e.g. the geographical orientation of the instrument’s beams (i.e. the compass)
and the pressure signal. The latter was used to validate the water levels obtained from the ADVs.

OPTICAL BACK SCATTER (OBS)

The turbidity sensors typically use the Optical Back Scatter (OBS) working principle to measure
suspended solid concentration in natural environments. In our field campaigns eight OBS-3+
Campbell sensors were deployed. The working principle is illustrated in Figure 3.2. A laser diode
emits the light source (Near-InfraRed light, NIR) converting the input electrical current to optical
power. The light is scattered by the suspended sediments and detected by a photodiode with en-
hanced NIR responsivity. Water turbidity is not only related to suspended sediment, but also to
dissolved matter such as plankton, bacteria or organic matter. Moreover, the OBS response de-
pends on the composition, size and shape of suspended particles. For this reason a pre- or post-
field campaign calibration process is fundamental for a correct data interpretation. The turbidity
response is stored as Voltage values. Empirical correlations between Voltage values and physical
concentration units (e.g. g/1) are established through the calibration procedure (described in Sec-
tion 3.7). The sensor transmittance must remain constant in order to prevent calibration biases, so
keeping the OBS window clean is the most important maintenance duty. For this reason, every two
weeks the OBS windows were inspected; no bio-fouling was encountered during the inspections.
The OBS3+Campbell can be set to operate at either low or high sediment concentration mode. The
latter was selected. In muddy environment this result in an upper limit for sediment concentration
detection of 10 g/1. The accuracy of sediment concentration data is, in this case, 1 mg/l. The OBS
sensor were connected to ADVs or AQDPs providing power supply and flesh memory for data stor-
age. The OBS operates in the same mode (continuous/burst) and with the same frequency (with a
maximum of 10 Hz) as the connected "parent-instrument”. During our field campaign, the OBSes
were connected to the ADVs; the obtained suspended sediment concentration data therefore have
a frequency of 8 Hz.
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3.4. THE 2016 FIELD CAMPAIGN

During the period April 15 - May 22, 2016, two measuring frames were installed at the tidal flat
fringing the coast of the municipality of Koehool (sites K;, and Ky, Figure 3.1). The frames installed
at site K; and Ky are showed in Figures 3.3 and 3.4. The figure includes a schematic view of
the deployment, in which the distance of each sensor from the tidal flat bed is represented. The
instruments installed at each frame are indicated in Table 3.3.
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Figure 3.3: Picture and schematic representation of the equipped frame installed at site Ky, (bed elevation -0.97
m MSL) during the spring 2016 field campaign. The schematic representation includes the distance of each
sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with respect
to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y—axes representing
alength of 5 cm), whereas instruments size is not on scale.
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Figure 3.4: Picture and schematic representation of the equipped frame installed at site K77 (bed elevation -0.27
m MSL) during the spring 2016 field campaign. The schematic representation includes the distance of each
sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with respect
to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y—axes representing
alength of 5 cm), whereas instruments size is not on scale.

At each frame, two ADVs were installed to perform 3D flow velocity at 20 cm and 25 cm above
the bed. The data of the two ADVs were used for different purposes. The ADVs at 20 cm from the
bed were used to measure the flow velocity in a continuous mode, whereas the ADVs at 25 cm
from the bed were set to measure in burst mode. The latter, were configured to measure with a 20-
minute burst intervals and 4800 samples/burst at K7, and 2400 samples/burst at Kz. This implies
that the ADV at K; measured during 10 minutes out of the 20-minute long burst interval, whereas
the ADV at Ky measured during 5 minutes out of the same interval. The ADVs configured in burst
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Site | Type Data Freq. Mode Period Tidal Cycles
ADV Uoo, h, H 8Hz | Continuous | April 14-May 22 73
ADV | Up5,h,H,BLC | 8Hz BI 20 min April 15-May 22 73
SpB 4800
Ky | OBS SS8Ci5 8Hz | Continuous | April 15-May 22 73
OBS S§S8Cyo 8Hz BI20 min | April 15-May 22 73
SpB 4800
WG h H 10Hz | Continuous | April 15-May 22 73
ADV Uoo, h, H 8Hz | Continuous | April 15-May13 56
ADV | Up5,h,H,BLC | 8Hz BI 20 min April 15-May13 56
SpB 2400
Ky | OBS SSChs 8Hz | Continuous | April 15-Mayl3 56
OBS S§S8Cy 8Hz BI20min | April 15-Mayl3 56
SpB 2400
WG h,H 10Hz | Continuous | April 15-May 13 56

Table 3.3: Instrumentation installed at sites K; and Ky during the 2016 Field Campaign. Some of the con-
figuration settings, such as the burst interval (BI), the duration and number of samples per burst (SpB) are in-
cluded. The subscripts '20” and '25’ indicate the distance from bed at which the measurements is performed.
The symbols & and H refer to water level, water depth and wave height, obtained via pressure data obtained
with ADVs, AQDPs, and WGs sensors. BLC indicates "Bed Level Changes".

mode therefore stored bed elevation data at a frequency of 20 minutes.

Two OBSes were mounted at each frame at 15 and 20 cm above bed. The OBSes at 15 cm
from the bed were meant as duplicates for validation purposes, which explains the short vertical
distance between the two sensors. The backup OBSes showed almost identical values to the OBSes
installed at 20 cm above the bed; the latter were used in the data analysis. In order to perform the
OBS calibration procedure, 10 liters of sediment laden water were gathered in proximity of site Ky,
at the end of the field campaign.

In proximity of each frame one Wave Gauge (WG) (OSSI-010-003C, Ocean Sensor System) was
installed, with the pressure sensor positioned at 5 cm above the bed, with the aim of providing
further wave measurements (used to check and validate the ADV pressure measurements). These
sensors were configured to measure in continuous mode with a frequency of 10 Hz. The frames
were installed for totally 37 days. At K the battery was sufficient to measure for 36.5 days. At Kgy
the battery dropped after 28 days. The data were therefore processed for 73 tidal cycles at K; and
56 tidal cycles at K.

Every two weeks the frames were inspected and no bio-fouling was detected on the sensors. At
each inspection the bed elevation and the sensors’ distances from the bed were monitored using
a differential GPS (DGPS-Leica GS14). DGPS data have 0,01 m data accuracy.

3.5. THE 2017 FIELD CAMPAIGN

During the period April 18 - May 15, 2017, two measuring frames were installed at the tidal flat
fringing the coast of the municipality of Westhoek (sites Wy and Wy). The frames were installed
for totally 27 days. At W} the data were obtained for 25.5 days (i.e. 51 tidal cycles), whereas at
site Wy for 26 days (i.e. 52 tidal cycles). The frames installed at site Wy and Wy are showed in
Figures 3.5 and 3.6. The figure includes a schematic view of the deployment with an indication
of the distance of each sensor from the tidal flat bed. The instruments installed at each frame are
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indicated in Table 3.4.
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Figure 3.5: Picture and schematic representation of the equipped frame installed at site W}, (bed elevation -0.20
m MSL) during the spring 2017 field campaign. The schematic representation includes the distance of each
sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with respect
to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y—axes representing
alength of 5 cm), whereas instruments size is not on scale.

Each frame included: one ADV, two OBSes and one ADCP. The frames installed in 2017 had a
different design compared to the 2016’s campaign, as the ADVs were installed horizontally. This
choice was related to one main reason. Bed elevation at site Wy is relatively high compared to
the other sites, and as a consequence the duration of inundation is on average the ~ 40% of the
tidal cycle, with a mean high water depth of ~ 90 cm. Installing the instrument vertically, due to
imposed blanking distance, about the 15% of the data would be lost, overall getting to less than
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Figure 3.6: Picture and schematic representation of the equipped frame installed at site Wy (bed elevation
+0.10 m MSL) during the spring 2017 field campaign. The schematic representation includes the distance of
each sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with
respect to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y-axes
representing a length of 5 cm), whereas instruments size is not on scale.

25% of data, out of the full tidal cycle. Therefore the option of installing the ADVs horizontally was
preferable, providing the advantage of measuring the flow velocity and the sediment concentra-
tion at 20 cm from the bottom (as in the previous campaign), still measuring the ~ 40% of the tidal
cycle duration. This installation mode, did not allow for bed level measurements.

The frames included one up-ward looking AQDP. The instrument performed 3D flow velocity
measurements with a resolution of 10 cm along the water column, at a frequency of 1 Hz. At each
frame, two OBSes measured the SSC, respectively, at 20 cm and 60 cm above the bed. In order to
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Frame | Type Data Freq. Mode Period Tidal Cycles

ADV U16,h, H | 8Hz | Continuous | Aprl8-Mayl5 51

OBS SSCyo 8Hz | Continuous | Aprl8-Mayl5 51

OBS SSCg9 8Hz | Continuous | Aprl8-Mayl5 51

%3 AQDP v,hH 1Hz BI 20 min Aprl8-Mayl5 51
SpB 4800

ADV | 712, h,H | 8Hz | Continuous | Apr18-Mayl5 52

OBS S§5Cy7 8 Hz | Continuous | Aprl8-Maylb5 52

OBS SS8C74 8Hz | Continuous | Aprl8-Mayl5 52

Wy AQDP Uv,h,H X Hz BI 20 min Aprl18-Mayl5 52
SpB 4800

Table 3.4: Instruments installed at sites Wy and Wy during the 2017 Field Campaign. Some of the configura-
tion settings, such as the burst interval (BI) duration and number of samples per burst (SpB) are included. The
subscripts 20" and '60’ indicate the distance from bed at which the measurements is performed. The symbols
h and H refer to water level, water depth and wave height, obtained via pressure data obtained with ADVs,
AQDPs, and WGs sensors.

perform the OBS calibration procedure, 10 liters of sediment laden water were gathered in prox-
imity of site Wy, at the end of the field campaign. After the field campaign, the OBS installed at
site Ky was damaged, so that this instrument could not be calibrated. The calibration curve ob-
tained for this instrument in the 2016 campaign, was therefore adopted (more details are provided
in Section 3.7 and Annex A).

3.6. THE 2018 FIELD CAMPAIGN

During the period December 11 (2017) — February 14 (2018) one frame was installed at each inves-
tigated site: K and K at Koehool transect, Wy and Wy at Westhoek transect. The frames were
hence installed for totally 61-63 days (depending on the site). The number of tidal cycles during
which the measurements were performed ranges between 120 and 124 (see Table 3.5). The frames
installed at Koehool and Westhoek transects are shown, respectively, in Figures 3.7 and 3.8 3.9 and
3.10. These figures include a schematic view of the deployment with representation of the sensors
distances from the tidal flat bed.

The measuring frames contained one ADV, one or more (up to three) OBSes, and one ADCP.
Moreover, one Wave Gauge (OSSI-010-003C, Ocean Sensor System) was installed in proximity of
each frame. The ADVs measured the flow velocity at ~ 20cm above the bed, with a frequency of
8Hz, in burst intervals of 20 minutes ad with a number of samples per burst of 4800 (equally to the
2016 campaign). The ADVs were installed vertically, therefore provided bed level changes record.

Multiple OBSes were installed at different elevations above the bed. At all sites two OBSes were
installed at respectively 20 cm and 60 cm above the bed; at the less elevated site, K7, one additional
OBS was installed at 120 cm above the bed. At site W;, the OBS at 60 cm above the bed was replaced
by one Fluorometer, performing optical measurements of turbidity using the same optical back
scatter principle of OBSes. The instrument was in fact calibrated using the same procedure valid
for OBSes, as detailed in Section 3.7.

The AQDPs were installed upward-looking, with the instrument transmitter close to the tidal
flat bed (on average 15 centimeters above the bed). These acoustic instruments measured 3D flow
velocity along the full water column, with a resolution of 10 cm.

In proximity of each frame one Wave Gauge was installed at 5 cm above the bed, with the aim
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of providing further waves measurements (used to check and validate the ADV pressure measure-
ments). These sensors were configured to measure in continuous mode with a frequency of 10
Hz.

KL, Winter 2018
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Figure 3.7: Picture and schematic representation of the equipped frame installed at site Ky, (bed elevation -1.00
m MSL) during the winter 2018 field campaign. The schematic representation includes the distance of each
sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with respect
to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y-axes representing
alength of 5 cm), whereas instruments size is not on scale.
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Figure 3.8: Picture and schematic representation of the equipped frame installed at site K77 (bed elevation -0.13
m MSL) during the winter 2018 field campaign. The schematic representation includes the distance of each
sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with respect
to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y—axes representing
alength of 5 cm), whereas instruments size is not on scale.

3.7. DATA PROCESSING

This Section introduces the definitions and conventions adopted in our study, and describes the
main steps that have been carried out in the post-processing of hydrodynamic, sediment concen-
tration, and bed level changes data.
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Figure 3.9: Picture and schematic representation of the equipped frame installed at site Wy, (bed elevation -0.20
m MSL) during the winter 2018 field campaign. The schematic representation includes the distance of each
sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with respect
to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y—axes representing
alength of 5 cm), whereas instruments size is not on scale.

DEFINITIONS AND CONVENTIONS
In this study the long-shore and cross-shore components of flow and sediment transport are es-
timated. We define the long-shore and cross-shore directions based on the topographic (contour)
lines at the site locations (Figure 3.11).

At our sites the contour is oriented along the SW-NE axis direction (with deviations smaller
than 10%at Koehool and 15% at Westhoek). Hence, we consider the flow in the SW-NE direction
as long-shore flow, and the flow in the SE-NW direction as cross-shore flow. The local coordinate
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Figure 3.10: Picture and schematic representation of the equipped frame installed at site Wy (bed elevation
+0.10 m MSL) during the winter 2016 field campaign. The schematic representation includes the distance of
each sensor from the tidal flat bed (with "m ab" indicating "meters above the bed") and the elevation with
respect to Mean Sea Level ("m MSL"). Distances are linearly scaled (with each black/yellow bar on y-axes
representing a length of 5 cm), whereas instruments size is not on scale.

system is shown in the upper left panel of Figure 3.11. In the long-shore direction, the flow is
up-channel during flood and down-channel during ebb. In the cross-shore direction, the flow is
onshore-directed during flood and offshore-directed during ebb.

In the following sections we use the terms "reversed flood" and "reversed ebb". We define a
"reversed flood" as a period with rising water and with down-channel long-shore flow and offshore-
directed cross-shore flow. Vice versa, we define a "reversed ebb" as a falling-water period with
up-channel long-shore flow and onshore-directed cross-shore flow.
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Frame | Type Data Freq. Mode Period Tidal Cycles
ADV v17,h, H,BLC | 8Hz BI 20 min Decl2-Febl4 124
SpB 4800
OBS SSCi7 8 Hz | Continuous | Decl2-Febl4 124
K; OBS SSCg4 8 Hz BI 20 min Decl2-Febl4 124
SpB 4800
OBS SSCi18 8 Hz BI 20 min Decl2-Febl4 124
SpB 4800
AQDP U,h,H X Hz BI 20 min Decl2-Febl4 124
SpB 4800
WG h, H 10 Hz | Continuous | Decl2-Feb14 124
ADV Ua0, h, H, BLC 8 Hz BI 20 min Decl2-Febl4 122
SpB 2400
OBS SSCy3 8 Hz | Continuous | Decl2-Febl4 122
Ky OBS SSCrg 8 Hz BI 20 min Decl2-Feb14 122
SpB 2400
AQDP v,hH X Hz BI 20 min Decl2-Febl4 122
SpB 4800
WG h, H 10 Hz | Continuous | Decl2-Feb14 122
ADV U209, h, H, BLC 8 Hz BI 20 min Decl2-Feb14 120
SpB 2400
OBS SSCy 8 Hz | Continuous | Decl2-Febl4 120
Wi, FM SSCy4 8 Hz BI 20 min Decl2-Febl4 120
SpB 2400
AQDP v,h,H XHz BI 20 min Decl2-Febl4 120
SpB 4800
WG h H 10 Hz | Continuous | Decl2-Feb14 120
ADV Uss5,h, H,BLC | 8Hz BI 20 min Decl2-Febl4 120
SpB 2400
OBS SSCy 8 Hz BI 20 min Decl2-Feb14 120
Wy SpB 2400
AQDP v,h,H XHz BI 20 min Decl2-Feb14 120
SpB 4800
WG h H 10 Hz | Continuous | Decl2-Febl4 120

Table 3.5: Instruments deployed at the four measuring sites during the 2018 Field Campaign. Some of the
configuration settings, such as the burst interval (BI) duration and number of samples per burst (SpB) are
included. The subscripts ‘20’ and '25’ indicate the distance from bed at which the measurements were per-
formed. The symbols k and H refer to water level, water depth and wave height, obtained via pressure data
obtained with ADVs, AQDPs, and WGs sensors. SSC indicates "Suspended Sediment Concentration”, whereas
"BLC" indicates "Bed Level Changes".

The standard nautical definition is used for the wind direction, e.g. SW wind indicates wind
blowing from the SW towards the NE direction.
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Figure 3.11: Definition of local long-shore and cross-shore direction adopted for flow and sediment transport.
The land colour in the bathymetry indicates land. The MLW and MHW lines are indicated in red and blue
colour, respectively. The provided coordinates refer to the RD-System.

FLOW VELOCITIES

Flow velocity measurements were performed using ADVs and ADCPs. The data were first despiked
using the methodology proposed by Goring and Nikora (2002), applying threshold values of 70%
for beam correlation and 100 counts for signal amplitude. Both the ADV and the ADCP measure
the flow velocity along the direction of the three receiving beams. The orientation of the receiv-
ing beams with respect to the North direction has been measured in the field. With a change in
coordinate system, the flow velocity in the ENU (East-North-Up) system was computed.

WATER DEPTHS

The pressure variation — detected by ADVs, ADCPs and Wave Gauges — includes the pressure re-
lated to changes in water levels, as well as changes in local air pressure. The signals were hence
corrected using the air pressure variation measured at the KNMI (Koninklijk Nederlands Meteo-
rologisch Instituut) meteorological station of Leuwaarden, situated about 20 km inland from the
study site. An harmonic analysis (with the methodology proposed by Codiga (2011)) has been
performed on the water levels measured at the tidal gauge installed at the Port of Harlingen.

WAVES

The pressure signals obtained with the ADV, combined with the flow velocity signals, were used to
perform a directional wave spectral analysis. The pressure signals obtained from the Wave Gauges
were used instead to perform a non-directional wave spectral analysis. Although the first analy-
sis provides more detailed information (such as the direction between currents and waves), it is
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only available for a reduced part of the tidal cycle. In fact, the ADV pressure sensors were located
at relatively large distance from the seabed (up to 55 cm), due to the constraint of measuring the
velocity at 20 cm from the seabed (see Figure 3.2). In contrast, the Wave Gauges provide less infor-
mation but, given the reduced distance of the sensors from the bed (i.e. 5 cm) this information is
available almost for the full period in which the bed is submerged. Therefore, the wave heights and
wave periods resulting from the directional analysis were used only were strictly needed for spe-
cific analysis (e.g. the combined wave-current bed shear stress). The wave parameters obtained
from the non-directional wave spectral analysis, more specifically the significant wave height and
the mean period of the 33% highest waves, are used in our analysis.

BED LEVEL CHANGES

The ADVs measured the flow velocity, at a frequency of 8 Hz, either continuously or in burst inter-
vals of 5-20 minutes. When the ADV operates in burst mode, the distance of the probe from the
seabed at the end of each burst is recorded, providing a bed level observation once every 5-20 min-
utes. This bed level change track method applies only if the acoustic signal transmitter points the
bed, i.e. when the ADV is installed vertically (2016, 2018 field campaigns). The bed level change
signals were smoothed using a 40 minutes running mean.

SEDIMENT GRAIN SIZE

Sediment samples were gathered nearby each measuring frame during the 2018 winter field cam-
paign. The upper 5 cm samples were analyzed to extract bed sediment grain size using a Malvern
Mastersizer 2000. This instrument uses laser diffraction to measure particle sizes in the range 0.1
pm - 3 mm. The Dsg resulting from the granulometric analysis have been reported in Table 3.2.

SUSPENDED SEDIMENT CONCENTRATIONS

Suspended sediment concentration was measured at several elevations above the tidal flat bed
using Optical Back Scatter (OBS) sensors. The OBS sensors were calibrated in laboratory, using
sediment-laden water samples collected in the field. The 10 1 samples were collected:

* in proximity of site K after the completion of the 2016 field campaign;
* in proximity of site Wy after the completion of the 2017 field campaign;
* in proximity of site K after the completion of the 2018 field campaign.

The samples were collected while holding a sample at ~ 30cm above the bed, and simultaneously
inducing sediment resuspension by eroding the upper seabed layers. The procedure in laboratory
included synchronized OBS measurements (in a 8 litres calibration bowl) and sample filtration
through 0.45 um pore filters (Merckelbach, 2006). From 20 to 30 dilution steps were carried out. At
each step a sample of 500 ml of the sediment-laden water was extracted from the calibration bowl
and replaced by 600 ml of clear water. Through this process, the initial sediment-laden water was
reduced to an almost clear-water. After each dilution step the OBS signals (stored as Voltage) were
collected for a 5-minute period and during this period, a 100 ml sample was taken in proximity
of the optical sensors. These samples were filtered and the filters were dried for 24 h in an oven
at 105 °C. The filters were weighted before and after the filtration procedure so that, given the
volume of the sample (100 ml) the sediment concentration (in g/1) was estimated. The so obtained
calibration curves are shown in Figure 3.13 for the calibration performed in May 2016 (directly after
the instruments’ retrieve). The relation between SSC (in g/1) and OBS signal (in mV) shows a linear
relationship up to 1 g/1 (averaged R? = 0.97); a quadratic regression instead, can better describe
the relationship for SSC higher than this threshold (averaged R? = 0.94). In Annex A the calibration
curves obtained for the optical instruments installed in the 2017 and 2018 field campaigns are
reported.
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Figure 3.12: Photographs from OBS Calibration procedure carried out in laboratory. On the top left, OBS sensor
with indication of its connecting plug and optical sensor position. On its right, the calibration bowl, where
sediment is stirred up and OBS sensors are submerged into the sediment-laden water. Bottom panels: filtering
system and precision balance. Right panels: some of the filtered sediments, at decreasing concentrations, after
the oven-induced drying process.

The uncertainty of the SSC obtained with OBS sensors, i.e. the £10% of the measured data
(Scientific Campbell OBS-3+), is related to several factors. Firstly, the optical sensors responds
differently to different sediment sizes (e.g. Conner and De Visser, 1992; Merten et al., 2014; Scien-
tific Campbell OBS-3+; Fettweis et al., 2019; Pearson et al., 2021). At the investigated mudflats, the
sediment is finer - as expected - at the more elevated sites (the smallest D59 = 13um measured at
site Wp), and increases in size for decreasing bed elevations (the highest D59 = 123um measured
at site Ky). For the 2016, 2018 measurement campaigns, the calibration procedure was realized
using sediment-laden water samples collected at site Ki7 (D50 = 30um), whereas for the 2017 field
campaign the samples were collected at size Wy . As a consequence, the OBS installed at the lower
mudflats (K, Wy) and those installed at the most elevated site (W) were calibrated using sedi-
ments that were, respectively, finer and coarser compared to the sediment actually found at those
sites. As the OBS sensors "see" better the fine compared to the coarse sediments, the SSC reported
for sites K7 and Wy, (or Kp7) might be larger (or smaller) than the obtained data.

Secondly, the OBS sensors are sensitive to other sediment properties, such as particle shape,
flocks’ density and sediment "color" (the latter, affecting the near-infrared reflectivity (e.g. Druine
et al., 2018; Scientific Campbell OBS-3+)). This variability of the sensor’s output with sediment
proprieties results in an intra-tidal variability of the uncertainty on SSC data related to e.g. advec-
tion, resuspension and flocculation (Lin et al., 2020). Eventually, the presence of phytoplankton
blooms (Downing, 2006) and of organic matter (Bunt et al., 1999) are also captured by the optical
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Figure 3.13: OBSes Calibration curves, Field Campaign 2016. The panel’s title indicate the Serial Number (SN)
of the OBS sensors. A linear fit is adopted for SSC< 1g/1, whereas a quadratic fit is adopted for SSC higher than
this threshold.

sensors. Additional measurements, aimed at quantifying the relative importance of each of these
factors, in the specific setting, would imply reduced inaccuracies in the SSC data.

The OBS calibration procedure requires specific attention to avoid further sources of error.
The instrument has to be preferably calibrated directly before or after the field investigation, as
these instruments change "behaviour" - even in relatively short time periods (e.g. months) - due
to anumber of factors, including a decreasing efficiency of the receiving sensors (Downing, 2006).
It is further required that the mechanical mixing in the calibration bowl is efficient enough to avoid
sediment accumulation at its bottom. The OBS sensors should be positioned, in the calibration
bowl, in such a way that the interference’s among them are minimized. Eventually, each OBS, dur-
ing the calibration procedure, is advised to be connected to the same analog-door of the Datalog
(i.e. the ADV) as the one used during the field measurements (Scientific Campbell OBS-3+).

The OBS-3+ Campbell sensors are limited to deployments in sites where the SSC is lower than
10 g/l in case of muddy environments, and lower than 100 g/l in case of sandy environments,
corresponding to a maximum turbidity of ~ 4000NTU. In mixed environments, the combination
of optical and acoustic instruments is preferred to quantify the contribution of the different grain



60 3. FIELD MEASUREMENTS

sizes to the SSC (e.g. Pearson et al., 2021). In the 2017 field campaign, we calibrated the OBSup to a
maximum SSC of ~ 30 g/, to check the response of our optical sensors to sediment concentrations
higher than the 10 g/l threshold. The results are shown in Figure 3.14. The same relation between
SSC and NTU was found by Lin et al. (2020). The backscatter intensity decreases exponentially,
with increasing SSC, when a certain voltage threshold is reached. This values differs per instru-
ment; the instrument manual (i.e. Scientific Campbell OBS-3+) indicates turning points at 10 g/1
corresponding to 4000 mV. In our cases the calibration curves reaches the 10 g/1, and hence turn,
around 2500-3000 mV. As indicated by Lin et al. (2020) the combination of acoustic and optical
measurements allows to overcome this ambiguity. In this work such combination between signal
and acoustic signals was not performed. The OBS signals during our field measurements however,
did overcome the 3000 mV during less than 2% of the total measurement time. The correspond-
ing SSC values in g/1 have been extrapolated using the linear or quadratic fits obtained using the
calibration data-points up to 10 g/1.
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Figure 3.14: OBS Calibration curves, Field Campaign 2017. The calibration was pushed above the OBS limit of
10 g/1to check the sensor’s behaviour beyond such threshold.

3.8. PuBLIC DATA

Publicly available data were also used to support the analyses. Wind data have been widely used
in this dissertation. We analysed data from two meteorological stations. The first is Noorderbalgen
meteorological station, located in the Wadden Sea (Lat: 53.365742°N; Long: 5.384852°E -~ WGS84),
approximately 20 km offshore to the study site, in proximity of Terschelling barrier island. This
data was available from November 2008 until March 2018, with a frequency of 10 minutes. The sec-
ond is Leeuwarden meteorological station (Lat: 53.216667°N; Long: 5.766667°E — WGS84) located
about 20 km inland to the study sites. These data were available for a much longer period (1990
to 2019) with a one hour frequency. The analyses on the two dataset provided almost identical
results, so we present, in this thesis, the wind data obtained from the Leeuwarden, as we used also
other types of data gathered at this meteorological station. Air pressure data from the meteorolog-
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ical station of Leeuwarden, have been used to correct the signal gathered by the pressure-sensors
from the local air pressure variations (as detailed in Section 3.7). Processed bathymetry data were
available via the Vaklodingen dataset. Eventually, the water level data gathered at Harlingen tidal
gauge (situated in the Harbour, Lat: 53.166667°N; Long: 5.4°E — WGS84) have been used to vali-
date our water level data. The publicly available data used in this dissertation were made available
by the by Koninklijk Nederlands Meteorologisch Instituut, KNMI and by Rijskwaterstaat, i.e. the
Dutch Ministry of Water and Environment.
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About the Photo

The photo shows a micro ridge-runnel system on the upper Westhoek intertidal flat, near the groins.
It was taken on May 14, 2017, during a field visit to check the instrumentation.

Explore more media content using the following QR-code.




WIND EFFECTS ON INTERTIDAL
FLATS HYDRODYNAMICS

The hydrodynamic forcing on intertidal flats is a combination of a deterministic tidal (astronom-
ical) component and a stochastic (meteorological) component. The former induces the daily and
spring-neap variations in water levels and flow velocities. The latter includes the wind forcing, in-
teracting through diverse processes with the tidal forcing. Field observations show that wind-driven
flows interact with tide-induced flows, overall controlling the direction of residual flows also at rel-
atively low wind speeds. Based on field data, in this chapter, we formulate the first analytical model
that predicts the residual flow velocity resulting from the interaction between tide— and wind- driven
currents across intertidal flats. The presented results show that the effect of wind-driven flows over
the residual flow increases for decreasing tidal flow amplitudes. Model and observations demon-
strate that, overall, the wind-induced reversal of the tidal flow is a relatively common phenomenon
in (especially shallow) intertidal areas.

Parts of this chapter have been published as: Colosimo et al. (2020). The Impact of Wind on Flow and Sediment
Transport over Intertidal Flats. Journal of Marine Science and Engineering.
Co-authors: PL.M. de Vet, D.S. van Maren, Ad J.H. Reniers, J.C. Winterwerp, B.C. van Prooijen
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Ch 4: Wind Effects on Intertidal Flats Hydrodynamics

Main Research Question

RQ 1: What is the role of wind on residual and tidal flows over intertidal flats?

Keypoints

Keypoint 1: The effect of wind on the tidal flow increases (decreases) for decreasing
(increasing) tidal flow amplitudes.

Keypoint 2: The effect of the wind on the tidal flow depends on the Eulerian asymme-
tries in the astronomical signal and affects the Eulerian asymmetries in the meteoro-
logical signal.

Keypoint 3: Wind-induced reversal of the tidal flow is a relatively common phe-
nomenon.

Implications for Fine Sediment Nourishments

A model-based residual flow prediction is key when designing fine sediment nourish-
ments. An accurate modeling of the horizontal residual flow should include, among
other processes, the non-linear interaction between tidal currents and wind-driven
flows.
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4.1. INTRODUCTION

Sustainable application of soft engineering methods for coastal protection, such as a Mud Motor
type of nourishment, requires a thorough understanding of its effectiveness (i.e. morphological
change). Morphological changes are a consequence of spatial gradients in sediment fluxes (Wang
et al., 2012; Daidu et al., 2013) and result from a number of interacting sediment transport pro-
cesses. These processes depend on hydrodynamic forcing, sediment properties, and biogenic in-
fluences (Van Straaten, 1961). Forecasting the effectiveness of a Mud Motor (or even understand-
ing the executed pilot) therefore requires detailed knowledge of the hydrodynamic processes.

The hydrodynamic forcing is a combination of a deterministic tidal (astronomical) compo-
nent and a stochastic (meteorological) component. The former induces the daily variation and
spring-neap variations in water level and flow velocity. The latter includes the wind forcing. The
action of wind on the sea surface results in water level gradients (set-up/down) inducing large-
scale circulation patterns (especially in enclosed or semi-enclosed systems such as coastal lagoons
or estuaries). Wind blowing on the sea surface also generates wind-waves, which induce turbu-
lence resulting in sediment resuspension from the seabed. Wind waves interact with the (tide-
and wind-induced) currents, modifying the bed roughness and ultimately affecting the bed shear
stress induced by the flow (Faria et al., 1998; Soulsby and Clarke, 2005). Furthermore, wind-driven
flows are related to wind induced shear stress penetrating the water column.

While the combined effect of wind events and tides has received significant attention in the
scientific literature, e.g. Le Hir et al. (2000); Bassoullet et al. (2000); Carniello et al. (2011); Friedrichs
(2012); Mariotti and Fagherazzi (2013); Green and Coco (2014); Zhu et al. (2017), the studies fo-
cused primarily on the relative impacts of wave-induced erosion and tide-induced deposition.
However, the role of wind-driven flows, and especially the interaction between tidal currents and
wind-driven flow, has received much less attention in the scientific literature. It has been demon-
strated that wind-driven flows affect the tide-induced velocities and suspended sediment concen-
trations on the Belgian inner shelf (thereby influencing the position of the turbidity maximum
(Baeye et al., 2011)). Observations by Christiansen et al. (2006), Talke and Stacey (2008) and Mar-
iotti and Fagherazzi (2011), demonstrate that different meteorological conditions generate asym-
metries in the intratidal sediment transport. In multi-inlet lagoons such as the Wadden Sea, the
wind-induced fluxes result in water and sediment exchange over the tidal divides, leading to an
inter-connected morphodynamic evolution of the adjacent tidal basins (Duran-Matute et al., 2014;
Sassi et al., 2015). However, even though these studies demonstrate the importance of wind-driven
flows, it remains unclear how wind-driven flows interact with tidal currents, and how this interac-
tion subsequently impacts residual sediment transport.

In this chapter, field data is used to develop an analytical model that predicts the horizontal
flow velocity resulting from the interaction between tide- and wind-generated currents across an
intertidal flat. The following chapter (Chapter 5), unravels the consequences of such interaction
on the suspended sediment concentration and suspended sediment transport.

4,2, METHODOLOGY

4.2.1. GENERAL APPROACH
Chapter 3 described the three extensive fieldwork campaigns carried out on two adjacent mud-
flats (Koehool, Westhoek) fringing the Dutch Western Wadden Sea (from 2016 to 2018). In this
chapter, the interaction between the hydrodynamic forcing at sites K; and Kp is first analyzed
during spring weather conditions based on data collected in 2016. This data is used to develop
an analytical model that simulates the interaction of hydrodynamic forcing(s) at different tidal flat
elevations, published in Colosimo et al. (2020).

This chapter expands on the published results by validating the developed model with data
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Figure 4.1: Study sites and wind forcing.[a] Measuring sites along the two transects: lower and higher Koehool
mudflat frames (K, Kg), lower and higher Westhoek mudflat frames (Wy,Wp). The 2017 data is used for
the bathymetry map. Sign convention adopted for long-shore and cross-shore flow and transport direction is
included. [b] Wind roses referring to the 2016 deployment period (April 14, May 22) and to the period January
2016 — December 2017.

collected during the 2017 and 2018 field campaigns, more specifically the flow velocity point mea-
surements gathered with ADVs. Moreover, as the 2017 and 2018 dataset included also flow velocity
observations through the full water depth (AQDP data), the results presented in Colosimo et al.
(2020) were further updated. Sections 3.4, 3.5 and 3.6, provided pictures and schematic views of
the frames’ instrumentation set-up. In this section we provide, with Figure 4.1, the indication of
the four measurement sites over the bathymetry map and, because wind data is broadly used in
this chapter, we include here the wind roses of the spring 2016 measurement period and of the two
year-long period 2016-2017.

4.2.2. BED SHEAR STRESS INDUCED BY WAVE—CURRENT INTERACTION

The analytical model (detailed in Section 4.4.2) is forced by a bed shear stresses generated by waves
and currents. In this dissertation the bed shear stress resulting from the combined action of waves
and currents is estimated using the wave-current-interaction (WCI) model proposed by Soulsby
(1995). The mean bed shear stress resulting from the interaction of currents and waves is defined
as:

(4.1)

Tw 3.2
Tm=Tc¢

Tet+Tw

1+1.2(

with 7. current-induced shear stress, and 7,, wave-induced shear stress. The usage of the mean
bed shear stress as expressed in Equation 4.1 is suitable when estimating the effect of waves on the
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current-induced flow, (e.g. Faria et al., 1998).
The current-induced shear stress is estimated as:

‘rczpwcfcuz (4.2)

with cf, the current-related friction coefficient and u = (uy, uy) the flow velocity magnitude. The
bed friction coefficient depends on the roughness height zg:

7w ()
=—|ln[{—|-1 (4.3)
cf, K 20

The estimation of the roughness height zg is not straightforward, as it depends on the skin friction
(sediment diameter), on the presence of bed forms (e.g., current and wave induced ripples), on
the hydrodynamics, and among other factors, on sediment stratification (e.g. Soulsby et al., 1993;
Faria et al., 1998; Fan et al., 2019). Values of the current related friction coefficient ¢y, available in
literature suggest a variability of the parameter in the range 0.001-0.004, (e.g. on Hydromechanics
of the Hydraulics Division, 1963; Sternberg, 1968; Soulsby et al., 1993; Soulsby, 1995; Faria et al.,
1998; Verney et al., 2006; Pascolo et al., 2018; Fan et al., 2019). A value of 0.002 has been selected,
based on which the roughness length zy has been estimated along the full measurement period, as
a function of water depth (Equation 4.3). The so-estimated zq values are one order of magnitude

higher than the values obtained from a definition based on the grain size only (e.g., zg = % =
Ds5g/12).

The wave-induced shear stress is estimated based on the wave-friction factor f;, and the wave
orbital velocity at the bottom Ug:

1
TwZEowwU(SZ (4.4)
The wave orbital velocity is estimated using the linear wave theory:

TH 1

Us = 7" Sinhekh)

(4.5)
The wave number k is obtained by resolving the dispersion relationship using a polynomial ap-
proximation, based on the measured water depth and mean wave period following Hunt et al.
(2015). The wave friction factor f;, is estimated using the formulation proposed by Soulsby and
Clarke (2005):

UsT -0.52
fw=min|0.3,1.39 (F) ] (4.6)

20

where zg is the bed roughness.

4.3. RESULTS

4.3.1. FULL-PERIOD TIME SERIES

The time series of wind speed and direction, water depth, long-shore and cross-shore flow velocity
and significant wave height are shown in Figure 4.2 for the lower mudflat (K7 ) and in Figure 4.3 for
the higher mudflat (Kp).

The average wind speed (Figure 4.2[a] or Figure 4.3[a]) was 7 m/s, and the mean of the 5%
highest values was 14 m/s. The maximum wind speed was 16 m/s and it occurred in SW wind
direction. The dominant wind direction during the measurement period was NW, and the maxi-
mum wind speeds (16.4 m/s) had SW wind direction. Based on the wind roses in Figure 4.1, it is
noticed that along a year instead, the dominant wind direction is SW.
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Figure 4.2: Time series at the lower mudflat (K7 ): [a] Wind speed and direction; [b] Water depth (moving mean
over 10-min intervals); [c] Long-shore and cross-shore flow velocities; [d] Significant wave height. Spring-neap
variations are indicated by the moon phases. The gray bands indicate the tides affected by the wind-induced
reversal of ebb flow. The tides indicated by S1, S2, and S3 are used in Section 4.3.2 to analyze the intratidal
variations during three different wind scenarios.

The water depth (Figures 4.2[b] and 4.3[b]) depends on the tide and on a wind-induced water
level set-up. Increased water levels occur for example in the period 24-28 April for NW wind of
~13 m/s.

The tidal flow amplitude (Figures 4.2[c] and 4.3[c]) is ~0.5 m/s at K; and ~0.25 m/s atKp.
The flow at K7, is mainly directed in the long-shore direction (NE-SW). The cross-shore compo-
nent magnitude (SE-NW) is ~20% of the long-shore flow. At K, the cross-shore component is
much larger (both relatively and absolutely), with a magnitude comparable to the long-shore flow



4.3. RESULTS 71

W.Speed [m/s]
5

h [m]
=

4
®

0.8

0.4

Long-shore v [m/s]
S o
» o ES
T ; T
L 1 1
.O o
IS
Cross-shore v [m/s]
=

o
e
'
o
(o<

o
©

H, [m]

d]

17/04 24/04 01/05 8/05 15/05 22/05

Figure 4.3: Time series at the higher mudflat (Kp): [a] Wind speed and direction; [b] Water depth (mov-
ing mean over 10-min intervals); [c] Long-shore and cross-shore flow velocities; [d] Significant wave height.
Spring-neap variations are indicated by the moon phases. The gray bands indicate the tides affected by the
wind-induced reversal of ebb flow. The tides indicated by S1, S2, and S3 are used in Section 4.3.2 to analyze the
intratidal variations during three different wind scenarios.

velocity component. In Figure 4.3[c] the large variations in flow velocity are evident: the flow is
not necessarily flood-directed (positive) and then ebb-directed (negative) during each tidal cycle.
During several periods of falling water (i.e., during ebb), the flow remains up-channel (i.e., flood-
directed). These reversed ebb flow conditions are caused by wind-driven flow and occur during
wind from the SW (i.e., wind parallel and opposite to the ebb flow). The reversal conditions are
highlighted in Figures 4.2[a],[c] and 4.3[a],[c] by gray colored bands. In particular, Figure 4.3[c]
shows that the tidal flow was up-channel during three consecutive tidal cycles (29-30 April). This
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wind-induced reversal of the ebb flow occurred during 17% of the monitored period at the higher
mudflat (Kz) but only once (1.3% of the time) at the lower mudflat (on 16 April).

Maximum wave heights were observed during maximum water levels (Figures 4.2[d] and 4.3[d]),
resulting from a larger fetch (related to the submergence of the shoals) and weaker bed friction at
larger depths. The highest significant wave height was 0.6 m on both sites. The wave conditions
are dominated by the local wind, because the barrier islands shelter the study area from North Sea
(swell) waves.

4.3.2. WIND-INDUCED TIDAL FLOW REVERSAL

In order to isolate the effects of wind on the tide-induced flow, we selected three representative
wind scenarios: one scenario with weak wind (S1, uj9 <5 m/s) and two scenarios with long-shore
directed wind, i.e., NE wind (52, ebb directed) and SW wind (S3, flood-directed). The latter two sce-
narios exhibit the wind-effects on the flow when the tidal and wind forcing(s) are aligned. These
three scenarios occurred on May 7 (S1), May 12 (S2), and April 29 (S3), respectively, as indicated in
Figures 4.2 and 4.3 and detailed at intratidal time scale in Figures 4.4 and 4.5. Scenario S1 is char-
acterized by the formation of a standing wave, with maximum flow velocities during maximum
gradients in water level (generally occurring when the water level is around MSL). Flood velocities
are generally higher than ebb velocities and the falling water phase lasts longer (8 h) than the rising
water phase (4 h). This implies a peak flow asymmetry in flood direction. This Eulerian asymme-
try in peak flow velocities is modified when the wind enhances tidal flow velocities, as discussed
in detail hereafter.

In scenario S1, the weak offshore directed wind resulted in significant wave heights smaller
than 0.1 m (Figures 4.4[b] and 4.5[b]). The tide-averaged wind speed during scenario S3 was
slightly higher (12 m/s) compared to S2 (10.6 m/s). In scenario S3 this high wind speed persisted
for 12 consecutive hours, whereas in scenario S2 the wind speed was above 10.6 m/s during the
67% of the tidal cycle. As a consequence, the significant wave height peaks were ~10 cm higher
during scenario S3 than S2.

During scenario S2, wind from the NE enhances the ebb flow, increasing the peak long-shore
flow velocity by more than 20 cm/s at both sites, thereby becoming ebb-dominant. During sce-
nario S3 the flow generated by the opposing wind reverses the tidal flow: during part of the ebb
phase at K7 and during the full cycle at K. The vertical dotted lines in Figures 4.4 and 4.5 in-
dicate the moment of high water, which at K in scenarios S1 and S2 corresponds to slack water
conditions. In scenario S3 at K; the wind opposing ebb delays slack water and consequentially
increases the length of flood directed flow by about three hours. At K in scenario S2 the flood
phase is shortened by about one hour due to the opposite NE wind, whereas in scenario S3 the
flood-directed flow persisted during the full tidal cycle.

4.3.3. FLOW REVERSAL OBSERVED WITH CURRENT PROFILERS

The analysis of flow velocity, carried out in Sections 4.3.1 and 4.3.2, showed that the tide-induced
flow can be reversed by oppositely-directed wind-driven currents. The flow velocity used in the
analysis is the flow velocity measured at ~ 20 cm above the tidal flat bed, using Acoustic Doppler
Velocimeters, at sites K; and Ky (Spring 2016).

In the present section we expand this analysis, providing the flow velocity obtained with Acous-
tic Doppler Current Profilers during wind conditions analogous to scenarios S2 and S3 (i.e. respec-
tively NE and SW wind). Using Figure 4.6 we therefore look at the velocity variation over the full
water depth during, respectively, SW wind (left panels) and NE wind (right panels).

Moderate SW wind (up to ujg of ~ 10 m/s, 2017 spring period) induces ebb flow reversal along
the full water depth, for consecutive tidal cycles, at site W;. During the entire tidal cycle the
flow is relatively uniform along the (maximum 1.2 m) water depth. Stormy SW wind (up to ujg
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Figure 4.4: Intra-tidal variation at the lower mudflat K7 ) in three wind scenarios: S1 (weak wind); S2 (ebb-
directed wind); S3 (flood-directed wind). [a] Wind speed (solid line) and direction (markers); [b] Water depth;
[c] Significant wave height; [d] Flow velocity in the long-shore direction (solid line) and cross-shore direction
(dashed line).
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[c] Significant wave height; [d] Flow velocity in the long-shore direction (solid line) and cross-shore direction
(dashed line).

of ~25m/s, 2018 winter period) generates wind-driven currents resulting in flood-directed flows
during decreasing water depths, with flow magnitude up to 0.7-1 m/s (even larger than 1 m/s at
site Wr).

Relatively strong NE wind (up to uj9 ~ 18 m/s, 2017 spring period), resulted in ebb-directed
flow during consecutive tidal cycles. A full flood-reversal was not observed in the 2016 field cam-
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ditions inducing flow reversal, respectively, during the ebb and during the flood phase.
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paign; scenario S2 in Figures 4.4 and 4.5 showed a partial flow reversal during floods. We observe,
in fact, that moderate NE wind (up to u;g ~ 10, winter period) increases the duration of the ebb
directed flow (e.g. sites K7, W;) and results in water level set-down, but it does not reverse fully
the flow during flood.

4.4. ANALYTICAL MODEL DEVELOPMENT

4.4.1. DETERMINATION OF LEADING ORDER TERMS IN THE MOMENTUM

BALANCE EQUATION
Section 4.3.2 revealed the prominent role of wind in modifying the flow velocity at the two study
sites, especially on the higher mudflat. In this section, we quantify the mechanisms explaining
this difference using the depth-averaged momentum balance equation (MBE) in the dominant
flow direction:
on Ouy

= 4,
ax+pwuxh Fp 0 4.7)

ou
Pwha_tx —pacpirolutol +pwey,, Uxluxl+pwgh

with the density of seawater p,, = 1020 kg/m3; water depth &; long-shore flow velocity uy; time
t; density of air pg = 1.23 kg/m3; wind drag coefficient cp; wind speed at 10 m above the surface
uy0; bed friction coefficient related to waves and currents ¢ frwes gravitational acceleration g and
water level 7). The first three terms in Equation 4.7 can be determined from the time series of the
variables measured at the two sites.

The first term in Equation 4.7 represents inertia and can be estimated using the time series of
the water depth and the long-shore flow velocity measured at 20 cm from the seabed.

The second term is the stress induced by the wind on the sea surface, computed using the
wind speed time-series. The dimensionless wind drag coefficient typically ranges between 0.001
and 0.002 for wind speed between 5 m/s and 20 m/s, (e.g. Lin et al., 2002). This coefficient can be
estimated from the wind speed (Wu, 1980, 1982):

cp = ﬂ~(a+b-u10) (4.8)

w
with a and b coefficients as estimated by Wu (1982): a = 0.8, b = 0.065. The mean value of the drag
coefficient obtained for the measurement period is 0.0015, which corresponds well to values found
in literature. As we compute the momentum balance in the long-shore direction, we evaluate the
case of wind in the same direction (positive when blowing in the flood direction).

The third term represents the current-induced bed shear stress. The coefficient cy,, represents
the exchange of momentum between the bed and the water, and depends on the combined effect
of current and waves. Waves modify the vertical profile of the flow velocity resulting in a net bed
shear stress in addition to the current-induced shear stress. The friction coefficient by waves and
currents cy,  is defined as Soulsby (1995) and Faria et al. (1998):

Tm

-m_ 4.9
=" 4.9)

Cuwe =
with 7, the mean bed shear stress by currents and waves and u the depth-averaged flow velocity.
The mean bed shear stress 7, is estimated using the model proposed by Soulsby (1995), as elab-
orated in detail in Section 4.2.2. Its mean value during the field experiment was 0.0034 at Kj, and
0.0025 at Ky, respectively.

The fourth term represents the barotropic pressure gradient, which is composed of two com-
ponents: a time-averaged component (resulting in water level set-up/-down) and a time-varying
component (related to the propagation of the tidal wave). The former cannot be established from
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the local time-series, so it remains excluded from our balance. The latter can be estimated from
the celerity ¢ = \/gh, so that the spatial water level gradient can be computed from its temporal

gradient:
ngh ~—pw\/gh (4.10)

The fifth term represents advection and requires estimation of the spatial velocity gradient, for
which we apply the approach of Equation 4.10 as well:

1
—pwlixh—— Oux (4.11)

\/—at

Advection in the cross-shore direction has been neglected as the cross-shore gradient of the long-
shore velocity (Ouy/0y) is relatively small. Substituting these estimates into Equation 4.7 gives:

Ouy
pwuxh ox

—X ires=0 (4.12)

N7 6
with res’ a residual term, representing errors in the estimations and the terms that could not be
computed using the time series.
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Figure 4.7: Terms of the momentum balance equation in the three wind scenarios (S1-S3 from left to right)
at the lower mudflat (Ky, upper panels) and higher mudflat (Kp;, bottom panels). The terms include the sign
given in Equation 4.7.

In Figure 4.7 the five terms are presented for the three wind scenarios. Advection (0(1073Y)
and inertia (O(1072)) are small compared to the wind-induced stress, the bed shear stress, and the
pressure gradient (0107 hy).

Figure 4.7 suggests that three dominant terms in the MBE are: the wind induced stress, the
bed shear stress, and the (time-varying) pressure gradient. Furthermore, comparing the scenarios
$2-S3 with scenario S1, Figure 4.7 shows that an increase in wind-induced stress is mainly com-
pensated by a higher bed shear stress. Differently from the bed shear stress, the pressure gradient
does not show a clear variation with wind-shear stress.

Figure 4.7 also reveals that wind has a more pronounced effect in modifying the tide-induced
flow at Ky than at K : the velocity at Ky is positive (i.e., flood-directed) during the full tidal cycle
for S3, while the same wind conditions did not fully reverse the ebb flow at K;. The mechanisms
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responsible for this difference are explored in the next section via the development of a tide-wind
interaction model (Section 4.4.2) which is subsequently compared to the data (Section 4.4.3).

The different terms do not result in a closure of the balance, leading to a residual. The resid-
uals are also shown in Figure 4.7. These residuals reflect: (1) the terms that cannot be estimated
from a point-measurement; (2) assumptions in the definitions of the bed shear stress term and
wind shear stress term, including the uncertainties related to the coefficients ¢y, and cp, and (3)
measurement inaccuracies. The residuals have similar magnitudes as the dominant terms, im-
plying that the excluded terms (especially the time-varying pressure gradient, given the relatively
small advection values in the long-shore direction) play a role in the momentum balance. If we
compare the residuals of S1 and S2 for K, a similar pattern is found. No clear influence of the
wind can be identified. In S3, instead, the residuals partly compensate for the wind induced shear
stress. This is, however, not the case for S3 at Ky;: at this site, the residuals have the same sign as
the wind shear stress. No particular general pattern could be deduced from the time variation of
the residual. High resolution numerical modeling could provide more insights into the residual
term.

4.4.2. TIDE-WIND INTERACTION MODEL
Figure 4.7 indicates that the time-varying pressure gradient, the bed shear stress, and the wind
shear stress are three dominant terms in the momentum balance. In this section we elaborate
on the balance of these three terms in windy and non-windy conditions. We especially aim at
exploring the interaction between these terms and the implications for the flow velocity.

In absence of wind, a balance is assumed between the time-varying pressure gradient and the
bed shear stress; i.e., the flow velocity is purely tide-induced, i.e., uy = ur:

0
pwghﬁz—pwcfwcuTluTl (4.13)

The wind (S2, S3) induces a considerable shear stress at the surface (up to 0.4 Pain S3). The balance
therefore requires an additional wind-induced shear stress and a bed shear stress generated by
tides and wind (i.e., uy = urw):

on
0x

The pressure gradient term due to the tide - first term in Equation 4.14 — follows from Equation
4.13, as this term is hardly influenced by the wind; see Figure 4.7:

pwgh—— = pacpurolurol —pwef, urwlurwl (4.14)

—PwCf, urluTl = pacpuioluiol — pwey, UrwluTwl (4.15)

Equation 4.15 is an approximation of the MBE in which w1 and ury, are now explicit. We em-
phasize that the effect of water level set-up/-down is not included here. This implies that the flow
velocity ury is to be considered as an upper limit.

Rearranging Equation 4.15 yields an expression for the velocity due to tides and wind, ex-
pressed as the sum of the two components:

PalD
urwlurwl = urlurl+ uyolurol (4.16)
H’-l w fLUC
TIDE
WIND

This relation is explored for a sinusoidal tide ur = #isin (27” t), with velocity amplitude @ and tidal
period T. To keep the model simple, we use the mean time-invariant value of the friction coef-
ficient cf,, = 0.00285. The velocity due to tide and wind uyw can thus be computed for a given
wind speed (Figure 4.8).
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Figure 4.8: Tide-wind interaction model results. Tide-averaged flow velocity resulting from the interaction of
tidal flow and wind-driven flow (#7y/) as a function of the tidal flow amplitude (). [a] Wind is in flood direc-
tion; [b] Wind is in ebb direction. The tide-averaged velocity (blue) and the maximum tide-averaged velocity
during flooding (pink) and during ebb flow (green) are computed as functions of the tidal flow amplitude. The
flow tidal amplitudes at the Kz and K}, are 0.25 and 0.5 m/s, respectively. The black markers indicate the turn-
ing points for wind-induced reversal of the tidal flow.

The two panels of Figure 4.8 present two contrasting cases of wind in flood direction (Figure
4.8[a]) and in ebb direction (Figure 4.8[b]). The mean u7yy decreases for increasing i, implying
that the effect of wind-driven flow is smaller when the "background" (pressure-induced) tidal flow
is larger. Wind in flood direction (Figure 4.8[a]) leads to a non-linear summation of tidal and wind-
driven flow during flood, and in the opposite direction during ebb. During both flood and ebb,
uTy is larger for higher wind speed. However, the wind-driven flow is less effective at larger tidal
flow amplitude, so that u7yy tends to the value of ut (black lines with 1:1 slope). In cases of
opposing wind, the u7yy during ebb can be positive (i.e., reversed in flood direction). These results
are confirmed by observations at the two sites, the tidal flow amplitudes of which are indicated by
gray dashed lines. Figure 4.8 suggests flow reversal at Ky at wind velocities exceeding ~10 m/s,
which corresponds to the observations in Figure 4.5. The figure suggests that a wind speed of
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~20 m/s should reverse the ebb flow at the lower mudflat (K7), but such a wind speed (and flow
reversal) did not occur during our field campaign.

Two specific hydrodynamic conditions in the tide-wind interaction model require attention.
The first is the absence of tidal flow (& = 0 m/s). This condition equals the first order estimate
derived in De Vet et al. (2018). The second is the zero-flow condition (#7y = 0 m/s, indicated by
black markers). Zero-flow corresponds to the turning point for wind-induced tidal flow reversal:
the tidal flow and wind-driven flow are equal in magnitude. This condition implies that the wind
shear stress equals the pressure gradient related to the tide. The two cases are therefore related:
for a given wind velocity, ury at ur = 0 m/s is equal to @ at upy = 0 m/s. This implies that for
constant wind conditions, the flow velocity u7yy, at zero tidal flow is equal to the wind-driven flow
i required to reverse the tidal flow. The circular-like shape of the ebb curves when wind blows in
flood direction, and for the flood curves when wind blows in ebb direction, results from Equation
4.16 getting the form of a circumference equation: x2 + y? = 2. For ujg > 0 the circular-like shape
exists for ur < 0, i.e., during ebb; and for u;¢ < 0 the circular-like shape exists for ur > 0, i.e.,
during flood.

The interaction between tidal and wind-driven flow also depends on the tidal asymmetry,
which is only marginally important for our case. In case of flood dominance, the wind is more
effective in modifying the ebb; and in cases of ebb-dominance the flow velocity during flood will
be more sensitive to the wind-induced modifications (at the same wind speed). The tide-wind
interaction results in modified asymmetries in peak flow velocity during flood and ebb. Therefore,
the effect of the wind on the flow depends on the Eulerian asymmetries in the astronomical signal
(being stronger for small tidal asymmetry) and affects the Eulerian asymmetries in the meteoro-
logical signal (possibly reversing the flow during flood or ebb).

4.4.3. EFFECT OF WIND ON TIDE-AVERAGED FLOW: MODEL AND DATA

COMPARISON
This tide-wind interaction model was first verified using data from the full 2016 measurement
period (Figure 4.9) and subsequently validated using spring 2017 and winter 2018 dataset. The
validation is discussed in Section 4.4.4.

For wind speeds close to zero the observed tide-averaged flow velocity is close to zero, whereas
tide-averaged flow velocities increase with higher wind speeds. Although the absolute flow veloc-
ity is larger at Ky than at Ky, the net flow is strongest at K. The direction of the net flow is
determined by the wind direction: not only long-shore directed winds, but also wind non-parallel
to the flow (e.g., NW or SE) enhance flood and ebb currents in their main direction (i.e., long-shore
direction). This effect results from the bathymetry of the channel, forcing the flow to align with the
main tidal channel flow.

The dashed lines in Figure 4.9 indicate the computed tide-averaged velocity by wind over a
still body of water, i.e., without tide-wind interaction: (u7y) = prCV;Cw. Including the tide-wind
interactions (solid line) the net flow depends on the tidal amplitude also (for which we use typical
values of # = 0.5 m/s at K, and @i = 0.25 m/s at Kg).

Both the solid and the dashed lines represent conditions where the wind is exactly in stream-
wise direction and persists during the full tidal cycle, and are therefore upper limits of the wind
effect. At Ky the dashed and the solid lines are closer than at K;. On the higher mudflat the
tidal flow is small (0.25 m/s), and even weak winds are able to influence the net flow. On the lower
mudflat, the lines diverge because of the larger tidal flow (0.5 m/s), resulting in stronger non-linear
interactions between the two components, and therefore in weaker net flows.

The model shows good agreement with the observations, highlighting the difference in the
tide-wind interaction at the different elevations of the mudflat. Contrary to previous works (i.e.
mainly the approximation by De Vet et al. (2018)), this model predicts the flow velocity, including
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the interaction between tidal flow and wind-driven flow. The contribution of such a mechanism
is key for predicting net flow velocities at larger tidal flow velocities. The relative and absolute
influence of the wind on the flow decreases with increasing tidal flow.
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Figure 4.9: Flow velocity resulting from the interaction of tidal flow and wind driven flow as a function of wind
speed. The dashed lines indicate u7y in case of no interaction between tide and wind-driven flow; the solid
lines represent ury accounting for the tide-wind interaction. The tidal flow amplitude was set as 0.5 m/s at
K and 0.25 m/s at K. The drag coefficient was set as cp = 0.0015, i.e., the mean value of the time-dependent
drag coefficient during the full measurement period. The bed friction coefficients were setas ¢, = 0.0034 at
K; and ¢ fow = 0.0025 at Ky, i.e., the mean value of the time-dependent wave—current bed friction coefficient
during the full measurement period. Each marker represents the long-shore flow velocity averaged during one
tide. Positive values in the figure imply flood-directed net flow; negative values imply ebb-directed net flow.
The color of the marker indicates the dominant wind direction during the tide. The tides representing the three
wind scenarios are indicated.

4.4.4. MODEL VALIDATION
The goodness of the model was tested against the data of the 2017 and 2018 field campaigns. Fig-
ure 4.10 shows that the predicted flow velocities resulting from the interacting forcing, i.e. Uty
provides an envelope of the collected data (similar to the 2016 data). The deviation between Uty
and the wind-only flow (wind blowing over a still water body) increases for increasing tidal flow
amplitudes. At site Wy the tidal flow amplitude is so small (around 0.1 m/s), that the Uty en-
velopes approximate wind-only flow. At high wind velocities the effect of the tidal currents be-
comes progressively weaker.

The model application requires the estimation of the friction coefficient due to waves and cur-
rents, ¢, for each site. This coefficient (computed using Equation 4.9) is a function of the (mean)
bed shear stress (by currents and waves) and of the flow velocity magnitude, which differ during
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spring and winter weather conditions. The model hence shows that in winter, strong winds result
in a larger residual flow compared to spring time, and that the residual flow tends to increases at
increasing bed elevations (upper flat), due a smaller tidal flow amplitude.
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Figure 4.10: Flow velocity resulting from the interaction of tidal flow and wind driven flow as a function of wind
speed. 2017 2018 Field campaign data.

4.4.5. APPLICABILITY OF THE MODEL
In order to asses the model’s applicability to other locations and environments, the underlying
assumptions made are discussed hereafter. Firstly, the model is based on Equation 4.16 in which
we neglected the contribution by the residuals in the MBE, and especially the component related
to the wind-induced pressure gradient. The model does include the barotropic pressure gradient
related to the tide. It does not, however, include changes in the pressure gradient by wind, which
would induce a time-averaged water level set-up/-down. We expect this contribution to be rel-
evant at our site and in other semi-enclosed systems like coastal lagoons or in estuaries, where
solid land boundaries allow the development of a spatial pressure gradient. In such systems, the
wind shear stress is to a larger extent counterbalanced by a pressure gradient. The Wadden Sea
tidal basin shape is elongated in the direction of the dominant wind direction (see Figure 2.5 in
Chapter 3): the land boundaries in the NE and SW result in smaller set-up with wind blowing in
the long-shore direction (e.g., the dominant wind direction, SW) compared to the boundaries in
the cross-shore direction.

Secondly, a term excluded from the MBE was the advection of the long-shore velocity in cross-
shore direction. Given the magnitude of advection in the main velocity direction, we do not expect



4.5. CONCLUSIONS 83

that this term plays an important role. However, this term is expected to have more relevance at
tidal flats which are more elevated relative to MSL. In this case, refraction of the tidal wave on the
coastal shelf would increase cross-shore flows on the higher flat.

Thirdly, a constant (time-averaged) value for the drag coefficient and the bed friction coeffi-
cients is used. This assumption was based on an assessment of the time-dependency of the drag
and friction coefficients not reported here (see as a reference Speerstra (2018)), which showed con-
sistency with values suggested in the literature. Even though this assessment suggests that the
temporal variability of the drag and friction coefficients was sufficiently small to use values typ-
ical for the full observation period, the model might be further improved by including the time-
dependence of these parameters.

We conclude that the representation of the momentum balance equation by three terms (pres-
sure gradient term, bed friction, and wind forcing) shows that there is a strong non-linear inter-
action. The influence of the wind diminishes for increasing tidal flow. Furthermore, the model
provides a simple algebraic formulation for the estimation of flow reversal.

4.5. CONCLUSIONS

This chapter presented the analysis of high resolution hydrodynamic data (flow velocities, waves
and water levels) collected at the intertidal flats of Koehool and Westhoek during spring and win-
ter seasons. This data revealed the existence of a non-linear interaction between tide-induced
flow and wind-induced flow over intertidal flats. Using the observations collected in spring 2016,
an analytical model describing the interaction between tide-induced and wind-induced flow was
developed. This model was subsequently validated using the spring 2017 and winter 2018 obser-
vations.

The model shows that the magnitude of wind-driven flow decreases (increases) for increas-
ing (decreasing) tidal flow amplitude. At sites characterized by a relatively weak tide-induced
flow (~0.2 m/s) the wind is able to reverse the direction of the tidal flow also at moderate wind
speeds (~10 m/s). This study hence reveals that wind-induced reversal of the tidal flow is a rela-
tively common phenomenon in environments characterized by small tidal flow amplitudes. The
model’s prediction of the net tidal flow and of the wind speed at which the tidal flow is reversed by
wind shows good agreement with data, both in calm (spring) weather and more energetic (winter)
conditions.










About the Photo
Wind and tidal flow at the intertidal flat of Westhoek. The photo was taken on February 12, 2018.

Explore more media content using the following QR-code.




WIND EFFECTS ON INTERTIDAL
FLATS SEDIMENT TRANSPORT

Wind-driven flows interact with tidal currents, affecting the residual water transport also at rela-
tively low wind speeds, especially on the higher intertidal flat. But what are the implications of such
hydrodynamic interaction for sediment transport? In this chapter we examine the variation in sus-
pended sediment concentrations and fluxes over different spatial and time scales (from intra—tidal
to monthly timescales). Field observations provide evidence that windy events (timescales of hours)
following relatively calm weather periods (timescales of weeks) generate sediment fluxes which are
several order of magnitudes larger than averaged fluxes. Based on our results, we propose a concep-
tual sediment transport-storage model in intertidal systems, accounting for the the crucial contri-
bution of tide— and wind-induced sediment advection in fine-sediments intertidal environments.

Parts of this chapter have been published as: Colosimo et al. (2020)."The Impact of Wind on Flow and Sediment
Transport over Intertidal Flats". Journal of Marine Science and Engineering.
Coauthors: PL.M. de Vet, D.S. van Maren, Ad J.H. Reniers, J.C. Winterwerp, B.C. van Prooijen

87



88 5. WIND EFFECTS ON INTERTIDAL FLATS SEDIMENT TRANSPORT

Ch 5: Wind Effects on Intertidal Flats Sediment Transport

Main Research Question

RQ2: How do tides and winds influence sediment transport over intertidal flats?

Keypoints

Keypoint 1: Wind aligned in the flood (ebb) direction results in smaller ebb-(flood-)
directed residual sediment fluxes.

Keypoint 2: Wind-driven sediment advection induce the storage of fine sediments in
low energy areas of intertidal systems.

Keypoint 3: Sediment fluxes during windy conditions increase by several order of mag-
nitudes compared to averaged conditions, due to resuspension and advection of poorly
consolidated (or unconsolidated) sediment.

Implications for Fine Sediment Nourishments

When designing fine sediment nourishments, the interaction between the tide— and
wind- driven horizontal flows, dictating the sediment advection, should be predicted
via numerical models that include the existence of storage areas in the system.
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5.1. INTRODUCTION

Previous studies indicated that the primary forces determining the morphological equilibrium of
intertidal flats are wind-waves and tidal currents. Intertidal flats increase in elevation during tide-
dominated conditions and erode during wave-dominated conditions (e.g. see Bassoullet et al.,
2000; Carniello et al., 2011; Friedrichs, 2012; Green and Coco, 2014; Le Hir et al., 2000; Mariotti
and Fagherazzi, 2013; Zhu et al., 2017). Especially relevant is the work of Janssen-Stelder (2000),
a field study in the Dutch Wadden Sea (Groningen tidal flats), i.e. an environment very similar to
our study sites. These observations confirmed that during storms, wind-waves are the control-
ling forcing, inducing bed erosion and sediment export from the tidal flat. During the following
calm weather conditions, the sediment transport is controlled by the tidal forcing, resulting in an
onshore sediment transport and deposition in the higher intertidal zone.

Erosion and deposition processes are controlled by net sediment transport occurring over the
tidal cycle. Considering a cross-shore transect of a tidal flat, the net sediment transport associated
to tides- and waves- dominated conditions is, respectively, landward and seaward directed (e.g.
Le Hir et al., 2000; Bassoullet et al., 2000; Friedrichs, 2012). During tide-dominated conditions, the
asymmetries driving net sediment transport across a tidal flat can be separated into Lagrangian
(spatial) asymmetries and Eulerian (local) asymmetries. Lagrangian asymmetries are due to the
spatial gradients in hydrodynamic forcing in combination with a finite critical bed shear stress
for erosion and settling velocity (i.e. the so called 'scour lag’ and 'settling lag’).The combination of
scour and settling lag result in a net sediment transport in the onshore direction (Postma, 1961). In
contrast, the net sediment transport due to waves across an intertidal flat is seaward. Wind-waves
favour sediment erosion and induce turbulence motions that keep sediment in suspension, even
during high water slack. During the following ebb phase, the concentrated sediment fluxes lead to
anetsediment export (e.g. Janssen-Stelder, 2000; Le Hir et al., 2000; Green and Coco, 2014). The ero-
sive effect of waves increases with a decreasing water depth, so that wave-dominated conditions
generally prevail at the higher intertidal zone. However, the timing of the different hydrodynamic
forcing can alter such conditions: De Vet et al. (2020b) observed, at a Western Scheldt estuary in-
tertidal flat (the Netherlands) that a storm occurring during low water conditions can drastically
affect the bed morphology (and its evolution on timescales of years) of the lower intertidal flats,
while the higher flat, being emerged during the storm, remains unaffected. The spatio-temporal
variability of wind-waves and tidal currents across intertidal flats therefore controls the morpho-
logical evolution both over short (storm-related, i.e. hours/days) timescales and long (post-storm
recovery, i.e. days-months, even years) timescales. As illustrated above, the combined effect of
waves and tides has received significant attention in the scientific literature. These studies fo-
cused primarily on the relative impact of wave-induced erosion and tide-induced sedimentation.
However, wind-driven flows also play a role in the control of the sediment fluxes across intertidal
areas (Christiansen et al., 2006; Mariotti and Fagherazzi, 2011; Talke and Stacey, 2008; De Vet et al.,
2018), also over larger spatial scales. In multi-inlet lagoons such as the Wadden Sea, the wind
driven fluxes result in water and sediment exchange over the tidal divides (Gerkema et al., 2014;
Van Weerdenburg et al., 2021), leading to inter-connected morphodynamic evolution of the adja-
cent tidal basins (Duran-Matute et al., 2014; Sassi et al., 2015).

Despite these earlier studies, it remains unclear how the interaction between wind-driven
flows, wind-waves and tidal currents impacts the residual sediment transport over intertidal areas
and how this interaction affects tidal flat morphology. The previous chapter (Chapter 4) advanced
on the impact of wind-induced effects on the hydrodynamics, revealing how wind-driven flows
control the flow direction over intertidal flats. In this chapter, we investigate the consequences of
such wind effect on the sediment transport over intertidal flats at different timescales (from hourly
to seasonal) and spatial scales (from tidal flat transect to basin scale). In contrast with numerous
previous studies, the focus is not on stormy events, but on averaged wind conditions. Special at-
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tention is dedicated to the role of wind direction, playing a pivotal role in the sediment transport
over large spatial scale. Within the present chapter we therefore aim at improving our understand-
ing on:

* The effect of wind on the sediment concentrations at different tidal flat elevations;

e The different contribution of waves and currents to sediment transport at different tidal flat
elevations;

 The effect of wind on the suspended sediment fluxes over intertidal flats;

* The different spatial and temporal timescales of sediment transport in muddy intertidal
systems.

5.2. METHODOLOGIES

The analysis carried out in this chapter is based on field data gathered during the three field cam-
paigns (2016-2017-2018). Flow velocity point measurements at 20 cm above the bed are available
at each measured site during all field campaigns. Flow velocity profiles (AQDP data) are only avail-
able for the 2018 winter campaign and (only at one site) for the 2017 field campaign (see Chapter
3). Similarly, the SSC has been measured at 20 cm above the bed during all campaigns, whereas
data at 60 and 120 cm above the bed is available only at some sites, during some campaigns. Where
the flow and SSC profile were available (i.e. AQDP data and multiple OBSes along the depth), the
SSF was estimated as:

H
SSF(t)zf h(2) - u(r)-SSC(2) (6.1
0

With H maximum water depth (m), & the water depth (m), u the flow velocity along the water depth
(m/s) and SSC the suspended sediment concentration along the water depth. Where the flow and
SSC velocity profiles are not available, we approximate the SSF by assuming that the velocity and
SSC measured at 20 cm above the bed are representative of the depth-averaged values:

SSF(2) = h(®) - ugg (1) - SSCap (1) (5.2)

with long-shore or cross-shore flow velocity upg and suspended sediment concentration SSCyg at
20 cm above the bed and & water depth. The effects of the vertical distribution of the velocity and
sediment concentration on the fluxes are therefore, in this case, not taken into account. A similar
approach was followed by Andersen and Pejrup (2001).

The Suspended Sediment Flux has been integrated to estimate the residual fluxes over a time-
period T*:

T* *
RT:f SSF(I):f h(t) - upo(2) - SSCop (1) (5.3)
0 0

When estimating the residual transport over a single tidal cycle, the time scale T* depends on the
submergence time per tide (hence not necessarily equal to the tidal period). The minimum water
level was used to separate two subsequent tides in case the bed did not emerge.

5.3. RESULTS

5.3.1. SSC AT VARYING WATER DEPTHS

The suspended sediment concentration data, obtained at several elevations above the bed, is used
in Figure 5.1 to examine the vertical distribution of sediments at changing water depths. The top
right panel shows the logarithmic relation between water depth and SSC:

SSCmax(h) = SSCpax.ops € " (5.4)
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with h (m) water depth, SSCyqx (g/1) the upper SSClimit at a certain water depth and SSCyy, 4.1, 0bs
(g/1) the maximum SSC observed during field measurements. This implies that the SSC at a certain
water depth, is below the threshold represented by the envelope:

SSC(h) < SSCrax,ops-€ " (5.5)

Such relation implies that the maximum SSC decays exponentially with increasing water depth.
This maximum SSC is independent from the height above the bed at which the SSC is measured.
At20 cm above the bed, SSC values up to 10 g/l are observed at depths smaller than 70 cm, whereas
SSC larger than 10 g/1 are observed at depths smaller than 40 cm.
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Figure 5.1: Top right panel: logarithmic relation between water depth and (maximum) Suspended Sediment
Concentrations. Data-points with 20-minute frequency are displayed. The winter 2018 dataset is used, ac-
counting for a total of 8 sensors measuring SSC for a period of ~60 days, at four different sites and at different
elevations above the bed. Variations of flow velocity, significant wave height and sediment concentration over
6 tidal cycles (January 22-26, 2018) are shown per each site: Kz, Kg7, Wi, Wp.

The time series (period January 22-26, 2018) of Figure 5.1 confirms this observation. The SSC
has two peaks over the tidal cycle: at the beginning of the flood, in concert with a flood flow ve-
locity peak, and at the end of the ebb, with a less pronounced peak. When the tidal flow reaches
the measurement sites, the flow velocity is already relatively large (e.g. v2¢9 = 0.5—1 m/s at sites
Ky, Wi, Wpp), while the wave heights are still relatively small. In the sections hereafter, the rela-
tion between SSC and current/wave forcing is further investigated both at tidal (Section 5.3.2) and
intra-tidal timescale (Section 5.3.3).
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The time series in Figure 5.1 also suggest that the SSC is not significantly stratified over the
water column, as the SSC values at different heights above the bed are relatively uniform, espe-
cially at site K. Overall, the SSC varies significantly during the tidal cycle, but is relatively uniform
along the water column. This implies that our methodology to compute the SSF is valid (assuming
avertically constant SSC) (see Section 5.2), with the exception of events of fluid mud formation, as
evaluated in Chapter 6.

5.3.2. TIDE AVERAGED SSC

As shown in Chapter 4, the wind direction and magnitude strongly influences the hydrodynamics
over the tidal flats. To test whether such wind-driven flows also influence the SSC, in this Section,
the tide-averaged sediment concentrations are analyzed as a function of the tide-averaged wind
speed (Figure 5.2) and bed shear stress (Figure 5.3).

The linear regression analysis indicates that the correlation between (tide-averaged) SSC and
wind speed is higher during spring than during winter conditions. During the spring measure-
ment period, the R? equals 0.373 and 0.294, respectively at sites Kz and Ky. Only at site Wy (i.e.
the most elevated site) the correlation is higher during winter, with wind speeds alone explaining
30.9% of the SSC variance.

The lower correlation during winter conditions can be explained by storms inducing resuspen-
sion (erosion) of large amounts of sediment. The sediment does not directly deposit and consol-
idate, so it remains available for advection, and the concentration remains relatively high during
the calm period following the storm. This is further confirmed by the higher tide-averaged SSC
values observed in winter, compared to the spring period.
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Figure 5.2: Tide averaged SSC measured at 20 cm distance from the tidal flat bed (< SSCyq >), with respect
to wind speed (maximum ujg per tidal cycle) at the four measurements sites (Ky, Ky, Wy, Wg). The marker
colour indicates the period of measurements (spring and winter). Note the different y-axes.
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The different timescales of SSC variation due to storm-induced resuspension and post-storm
advection are also suggested by the relatively poor correlation between tide-averaged SSC and
tide-averaged bed shear stresses reported in Figure 5.3. Especially in winter, the SSC has no cor-
relation with the bed shear stresses from currents and waves. During spring, on the other hand,
the current-induced bed shear stress explains 70% and 66% of the variance in SSC at Koehool, re-
spectively K; and Kp. At Westhoek sites, W; and Wy, such correlation is absent. During spring
weather conditions, also the relation between wave-induced shear stress and SSC is more clear,
with the highest R? values of 0.55 at site K7, and lowest R? value of 0.20 at site W. Apparently,
during spring conditions there is a relatively direct relation between high wind conditions, where
both higher waves and currents resuspend sediment, but also deposit relatively rapidly thereafter.
In winter, sediment remains in suspension for longer periods of time, and SSC is poorly correlated
with hydrodynamic forcing.
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Figure 5.3: Tide averaged SSC measured at 20 cm distance from the tidal flat bed (< SSCp¢ >) as a function
of current-induced (left panels) and wave-induced (right panels) tide-averaged bed shear stress. Based on a
linear regression analysis, the R-squared value is indicated per each site, during both spring (green markers)
and winter (black markers) measurement periods.

The variation of SSC can only partially be explained at tide-averaged timescales. In the next
Section we therefore investigate the effect of wind on SSC, bed shear stress and suspended sedi-
ment fluxes at intra-tidal timescale.

5.3.3. SSC AND SSF VARIATIONS AT INTRA-TIDAL TIMESCALE

As demonstrated in Chapter 4, the residual flow over a tidal cycle is particularly influenced by
specific wind directions. In this section we investigate the role of such wind-dominated conditions
on the residual sediment transport. We therefore expand the intra-tidal relationships provided in
Figures 4.4 and 4.5, introducing the variations in wave- and current-induced bed shear stress, SSC,
SSF and time-integrated SSE during the three analyzed wind scenarios (S1: absence of wind; S2:
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SW wind; S3 NE wind).

The Eulerian asymmetries in the hydrodynamic forcing (Chapter 4) affect the intratidal asym-
metries in SSC (Figures 5.4 and 5.5). During no-wind conditions (S1) the wave-induced shear stress
is approximately zero. The flow is flood dominant and results in current-induced bed shear stress
up to 0.8 Pa during flood, and 0.5 Pa during ebb, at K. The SSC is larger during flood (maximum
1.8 g/1) than during ebb (maximum 0.35 g/1). Ebb flows at site Kz instead, resulted in maximum
current-induced bed shear stress of 0.2 Pa; such stress is not enough to transport or resuspend
sediment, and therefore the SSC is close to zero.

The intratidal variation in SSC is especially asymmetric during scenario S2. The maximum
SSC during ebb increases up to 10 g/l and 4 g/l at K, and Ky, with respect to the S1 scenario.
Significant wave heights up to 0.37 m at K; and 0.30 m at Ky result in a relatively symmetric wave-
induced shear stress over the tidal cycle. The flow velocity peaks during ebb result in slightly larger
current-induced stress peaks (3% larger at K7, 25% larger at Kzy) compared to the flood phase. The
peaks in SSC during the ebb phase — compared to the no-wind scenario — are therefore not fully
explained by the increase in shear stress.

During the flow-reversal scenario (S3) the wave-induced stress was high (up to 3 Pa at both
sites) but despite these high bed shear stresses the SSC was relatively small. Apparently, despite
the much larger wave heights and comparable water levels, the maximum SSC during scenario S3
was much smaller than during S2.

The effect of wind on the SSF variation (lower panels of Figures 5.4 and 5.5) is comparable for
the two locations. As the water depth, flow velocity, and SSC are larger at K, the resulting SSF is
one order of magnitude larger at K; than at Ki7 (note the different vertical axes in the two figures).
The magnitude of the cross-shore sediment transport (dashed lines) is smaller than the long-shore
transport (solid lines), but the response to wind action of the two components is similar. The
SSF was considerably higher during scenario S2. At Ky, the time-integrated SSF at the end of the
tidal period (representative for the residual transport over the tide) increased up to three orders
of magnitude compared to scenario S1. At Kp, the reversed ebb during scenario S3 resulted in
a flood-directed residual transport an order of magnitude larger (3.4 x 103 kg/m) compared to
scenario S1 (2.5 x 102 kg/m). The (ebb-directed) net flux in scenario S2 (9.6 x 103 kg/m) was even
three orders of magnitude larger compared to S1.

In the next section the SSF and time-integrated SSF are analysed over the full 2016 measure-
ment period (i.e. at monthly timescales) and related to hydrodynamic forcing and bed level changes.

5.3.4. SSF VARIATION AT MONTHLY TIMESCALE

The wind-induced modifications of water depth, flow velocity and SSC lead to a large variability
in SSF (Figure 5.6[b],[c]) over the spring 2016 measurement period. The large impact of wind even
obscures any spring-neap variation in the SSE The time-integrated SSF reveals that over the full
observation period the net sediment transport was negative (sediment export) at Ky, and slightly
positive (sediment import) at K.

Figure 5.6(d],[e] reveal that the bed shear stress related to currents is larger at K7 than at Kz
(submerged period average 0.25 Pa and 0.17 Pa, respectively) whereas the wave-induced shear
stresses are higher at Ky than at Ky (submerged period average 0.63 Pa and 0.33 Pa, respectively).
The bed level is more dynamic at the higher mudflat and more stable at the lower mudflat: the bed
eroded 1 cm at Ky, while it gained 6 cm at K (Figure 5.6[f]).

At Ky the time-integrated fluxes are positive during periods that the bed elevation increases
(orange boxes in Figure 5.6[c],[f]) and negative during periods that the bed elevation decreases
(purple boxes in Figure 5.6(c],[f]). Such a relationship does not exist at K} (purple and orange
boxes in Figure 5.6([b],[f]). Furthermore, at K; the magnitude of the instantaneous SSF is larger
than at K7; even though the bed level shows less variability over the measurement period. The
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Figure 5.4: Intratidal Variation of the variables measured at K, during the three wind scenarios.[a] Wind speed
and direction, [b] water level and wave height, [c] long-shore and cross-shore flow velocity, [d] current and
wave induced shear stress, [e] SS, [f] SSF and time-integrated SSE The wind scenarios, as analyzed in Figure
4.4, occurred on the following dates: S1 (No-wind) on May 7 2016, S2 (SE wind) on May 12 2016, S3 (SW-wind)
on April 29 2016.
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Figure 5.5: Intratidal Variation of the variables measured at Kz during the three wind scenarios.[a] Wind speed
and direction, [b] water level and wave height, [c] long-shore and cross-shore flow velocity, [d] current and
wave induced shear stress, [e] SS, [f] SSF and time-integrated SSE The wind scenarios, as analyzed in Figure
4.4, occurred on the following dates: S1 (No-wind) on May 7 2016, S2 (SE wind) on May 12 2016, S3 (SW-wind)
on April 29 2016.
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Figure 5.6: [a] Wind speed u1¢ and direction (color of the markers); [b],[c] Long-shore and cross-shore SSF and
time-integrated SSF in the positive (up-channel, representing import) and negative (down-channel, represent-
ing export) direction, respectively at K; and Ky; [d],[e] Current and wave induced shear stresses, respectively
at K7 and Kpy; [f] Bed level change at Kj and K. The value of the bed elevation is indicated as zero at the be-
ginning of the measurement period. The boxes indicate specific wind events for which the boxes are colored
orange in case of SW wind and purple in case of NE wind.



98 5. WIND EFFECTS ON INTERTIDAL FLATS SEDIMENT TRANSPORT

data also suggests a minor effect of waves on bed level changes at K;: SW wind results in relatively
high wave-related bed shear stress (up to 4 pa), but not necessarily in bed erosion.

These effects of the wind direction on the suspended sediment fluxes are also observed during
spring 2017 and winter 2018 (Figure 5.7. The SSF during winter is larger compared to spring, due to
the larger flow velocities (wind driven flows, see 4) and larger amount of sediment in suspension.
NE wind conditions (gray bars) indicate sediment export (i.e. decreasing time-integrated fluxes)
similarly to the observations in 2016.
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Figure 5.7: Suspended Sediment Fluxes (left y-axis) and time-integrated Suspended Sediment Fluxes (right y-
axis) during the 2017 and 2018 measurement periods. Gray bands indicate the period of NE wind inducing
down-channel fluxes. Wind roses referred to the 2017 spring measurement period and 2018 winter period are
included, showing the different frequency of wind from the NE. During the 2017 spring campaign, a relatively
frequent wind from the NE sector generated down-channel sediment fluxes.

Overall this monthly-timescale analysis suggest that different wind directions (at our sites SW
and NE) have different effects on residual suspended sediment fluxes, ultimately affecting the
(short-term) changes in bed elevations. These short-term changes however, do not only relate to
the instantaneous hydrodynamic forcing, but also to the hydrodynamic and sediment transport
conditions day to weeks earlier.

5.3.5. THE EFFECT OF WIND DIRECTION ON RESIDUAL TRANSPORT
The effect of wind on residual SSF is further investigated using the 2018 winter time series in Figure
5.8. In contrast to the spring 2016 observations, the residual SSF is estimated using velocity profiles
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and observations of SSC at several heights above the tidal flat bed (which were not available in

2016).
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Figure 5.8: Time series of SSF over the full water depth, estimated using the velocity profile (ADCP data), the
SSC at different heights above the bed and the water depth. The time series refers to the period January 20-27,
2018. The black markers indicate the Residual Transport (RT). Positive RT indicates sediment import (flood-
directed and on-shore directed), negative RT indicates sediment export (ebb-directed and off-shore directed).

The effect of the wind direction on the net sediment transport is similar in winter (Figure 5.8)
as in the spring observations discussed earlier (Figures 5.4 and 5.5). The residual transport is pos-
itive (i.e. sediment import) during SW wind, e.g. period January 23-27. In particular on January
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25, wind speeds up to 20 m/s result in flood directed (positive) flow during the full tidal cycle (i.e.
ebb flow reversal) at sites Kg7, Wy and Wy. At site K; these wind conditions resulted in a flood
dominant sediment transport with residual transport of 14x10% kg/m. In contrast, the NW wind
conditions around January 21 generated sediment export at site Ky (-5 kg/m), due to ebb dom-
inance of the flow velocity and SSC, similar to scenario S2 in Figure 5.4. At the other sites the
residual transport was approximately zero: sediment was briefly imported during flood, whereas
along ebb directed flux exported sediment during most of the tidal cycle. The relatively high flow
velocity and SSC during flood compensated the longer period with weaker sediment export. All
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Figure 5.9: Residual transport (RT) in long-shore and cross-shore direction estimated for all tidal cycles mea-
sured during the three field campaigns, i.e. totally 716 tidal cycles. The cross-shore RT is one order of magni-
tude smaller than the long-shore one (notice the different y-axes limits).

residual sediment fluxes collected during the three field campaigns (i.e. a total of 716 tidal cycles)
in relation to wind forcing are summarised in Figure 5.9. These observations reveal that the long-
shore residual transport is an order of magnitude larger than the cross-shore residual transport.
The effect of wind direction on long-shore transport is the same as for long-shore flow (Figures 4.9
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and 4.10), with SW winds resulting in sediment import (i.e. up-channel transport), and NE winds
resulting in sediment export (i.e. down-channel transport). Figure 5.9 also suggests that a (tide-
averaged) 10 m/s wind speeds is, for the residual transport, more or less a threshold value, above
which the residual transport increases linearly with the wind speed itself (both cross-shore and
long-shore).

The cross-shore component of the residual transport at the Westhoek transect, behave oppo-
sitely compared to Koehool transect: negative (i.e. off-shore directed) with SW winds and pos-
itive (i.e. on-shore directed) during NE winds. The cross-shore residual transport at Ky is less
wind-dependant; at this site the difference in magnitude between the long-shore and cross-shore
component is the largest among the four sites. Although the cross-shore components of the resid-
ual transport is one order of magnitude smaller, they highlight a local wind-induced circulation,
which is discussed in Section 5.4.2.

5.4. DISCUSSION

5.4.1. RESUSPENSION AND ADVECTION BY CURRENTS AND WAVES

In order to generalize the impact of wind on SSC to a wider range of wind conditions, we analyze
tide-averaged wind direction and speed, bed shear stresses, and SSC in more detail using SSC-
Wind Roses. At both K7 and K7 the SSC increases with wind speed (larger circles at higher wind
speed. For low wind speed (119 < 3 m/s), the tide-averaged SSC is ~0.8 g/L at K, and ~0.3 g/L
at Ky. Hence, during tide-only conditions, the sediment concentration is higher on the lower flat
than on the higher flat.

At K7 the SSC increases with the current-induced bed shear stress (i.e., darker markers have a
larger size in Figure 5.10[c]). Such a trend is present, but less evident, at Ky (Figure 5.10[e]). The
effect of the wave-induced stress is instead more evident at K (i.e., darker markers have a larger
size in Figure 5.10[f]) compared to K;, (Figure 5.10[b]). Apparently, variations in SSC at the higher
mudflat are both related to currents and waves, whereas at the lower mudflat variations in SSC are
primarily the results of a high current-induced bed shear stress.

The two locations respond differently to wind from the SW and NE. At the lower mudflat, SSC
is highest during NE wind (largest circles in the NE quadrant of Figure 5.10[c],[d]), despite higher
waves occurring during western winds (blue colors in the NW and SW quadrant of Figure 5.10[d]).
The current-induced bed shear stress is comparable for NW and NE winds (Figure 5.10[c]). This
suggests that the high sediment concentration during NE winds results from advection, rather
than local resuspension. In contrast, both SSC and wave-induced bed shear stress are highest
during NW winds at the higher mudflat (Figure 5.10[f]), implying a large relative contribution of
local reususpension.

Eventually, the increase in sediment concentration with NE wind (especially for the lower
mudflat) suggests the presence of a sediment source east of the observation locations. This may
result from transport over the tidal divides, as suggested by Sassi et al. (2015) and Duran-Matute
et al. (2014). Alternatively (or additionally), tidal divides can become temporal sediment sinks
(Bartholdy et al., 1998) from which sediment is resuspended during larger winds following a calm
period. This will be elaborated in more detail in the next section.
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Figure 5.10: SSC-Wind Roses based on 2016 data of tide-averaged wind conditions, bed shear stresses, and
SSC. Panels [a] and [b] show the tide averaged SSC versus the tide-averaged current shear stress and wave
shear stress, respectively. The coefficients of determination R? for the linear regressions are indicated in the
legends. Panels [c], [d], [e], and [f] show the SSC-bed shear stress-wind roses: each marker corresponds to
one tide (i.e., tide-averaged values are used). The positions of the markers in the rose are representative of the
wind conditions during the tide: tide-averaged wind speed and dominant wind direction (e.g., marker position
in the upper right quadrant implies a dominant wind from NE). The sizes of the markers scale with the tide-
averaged SSC. In panels [c] and [e] the color of the marker indicates the tide-averaged current-induced shear
stress; in panels [d] and [f] the color of the marker indicates wave-induced shear stress. The tides of the three
wind scenarios are indicated. In the panels dedicated to K7, (i.e. panels [c] and[d]) only the 56 tides measured

at Ky are included.
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5.4.2. CONCEPTUAL MODEL OF WIND-INDUCED SEDIMENT TRANSPORT

AND STORAGE IN INTERTIDAL AREAS
The strong dependency of sediment transport on wind speed and direction is related to the hydro-
dynamics (Section 4.4.3), but also to sediment concentration (Section 5.3.5). This is illustrated in
Figure 5.11.

During dominant wind conditions the residual sediment transport is directed from the tidal
channel to the higher flats: the transport is controlled by the channel, and the sediment concentra-
tion is relatively low (phase 1). The sediment deposits onto the more elevated intertidal zones in-
cluding, where present, the tidal divides (phase 2). However, the majority of that sediment is only
temporally deposited. Even moderate winds having directions opposite to the dominant winds
generate large down-channel residual transport (export; phase 3). In this case the sediment fluxes
are characterized by very large sediment concentrations. The observation that sediment is easily
eroded from this temporal sediment storage implies that the material is poorly consolidated (even
after weeks of phase 1 and phase 2 conditions). This conclusion is relevant for our understanding
of the long-term morphodynamics of muddy intertidal flat systems.

Section 5.3.4 revealed that this sediment storage is probably less pronounced in winter than
it is during spring conditions. This difference may be explained by hydrodynamic processes and
by biologic processes. During winter conditions the overall prevailing hydrodynamic conditions
are more energetic than in spring. Sediment therefore remains more or less permanently resus-
pended, and is transported by the combined tide- and wind-driven flow. Therefore much less
sediment settles temporarily east of our observation site, and much less sediment is transported
westward during easterly winds than was previously transported eastward. An alternative expla-
nation, however, is that during spring conditions the sediment settles more efficiently due to bio-
stabilisation. Kornman and Deckere (1998) and De Deckere (2003) observed that the erodibility of
mudflats in the nearby Dollard Bay was lowest in the second half of April and in May because the
mud was covered by diatoms, reducing the SSC in this period.

Our results are particularly important for muddy areas where the dominant wind direction is,
within a certain directional spreading, aligned with the coastline, and the tidal currents are also
primarily aligned with the coastline. The role of wind-driven currents is much less pronounced
when the dominant wind direction is primarily normal to the coastline, or when the tidal currents
are primarily in the cross-shore direction. The angle between wind and coastline depends strongly
on the larger-scale geological setting, such as river mouths in estuaries or the large-scale coastal
development. The alignment of along-shore tidal currents with respect to the coastline is more
strongly influenced by local conditions. Many tidal flats, especially along exposed coastlines with
low wave energy, develop extensive, mildly sloping foreshores where cross-shore tidal currents
are stronger than long-shore currents. Long-shore tidal currents are more common in estuar-
ine environments where tidal channels encroaching the estuarine embankments lead to steeper
cross-shore profiles, or in lagoons where sheltering barriers limit the number of cross-shore tidal
channels, leading to the development of long-shore tidal channels.
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Top view of a tidal basin section: tidal flats, tidal channel, watersheds and land boundaries
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Figure 5.11: Conceptual model of wind-induced sediment transport and storage within our study site. Phase
1 (orange arrows): wind driven transport during dominant wind direction (corresponding to the direction
of flood currents). Phase 2: temporal storage following phase 1. Phase 3 (purple arrows, in ebb direction):
transport opposite to the dominant wind direction. The widths of the arrows relate to the SSC in the net fluxes
(larger for the opposite-to-dominant wind case), whereas the lengths of the arrows relate to the number of
occurrences in time (larger for the dominant wind case). The two investigated locations are included in the
scheme. The transport location K is current dominated (i.e., advection controls the SSC), has large gross
fluxes but small net fluxes, and it is characterized by limited bed level changes. At the storage location Kpy,
where both advection and resuspension contribute to the SSC, the net fluxes are controlled by wind speed and
direction and it is characterized by larger and continuous changes in bed level.

5.5. CONCLUSIONS

The present chapter investigated the variation in suspended sediment concentrations at differ-
ent timescales and spatial scales, and examined the role of specific wind conditions in resuspen-
sion and advection of suspended sediments. During non-stormy conditions the intertidal flats are
characterized by larger suspended sediment fluxes in winter compared to spring, due to the higher
SSC and larger flow velocity; both in turn resulting from the interaction of tidal forcing and wind
driven flows. The increase in suspended sediment concentrations follows from wave-induced ero-
sion, and persists also after the storms.

Our results suggest that sediments can be temporarily stored in the shallower areas of the in-
tertidal system, and then easily resuspended and advected during wind events. These storage
environments accumulate sediments during conditions of low to moderate winds during which
transport is in the same direction as the tide-induced residual transport. This sediment is subse-
quently resuspended and transported back during events with winds having the opposite direc-
tion. Fairly short windy periods opposite to tide-induced residual transport may in this way bal-
ance the residual transport of sediment that occurred over longer time periods in calm wind con-
ditions (weeks to months). This temporal storage of sediment in combination with wind-driven
transport is crucial for understanding short- and long-term sediment dynamics in muddy systems,
but is in general poorly accounted for in literature. During winter conditions much less sediment is
temporally stored. This is probably the result of more energetic conditions (preventing sediments
to deposit) but may also be attributed to bio-stabilisation of sediments in the spring period.

This study demonstrates that the crucial role of wind on tidal flat sediment dynamics not only
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relates to the wave-induced resuspension, but also to the generation of wind-driven flows enhanc-
ing the tide-induced advection of sediment, ultimately affecting the net sediment transport and
hence the short-term morphodynamic of intertidal areas. We expect that the results provided by
this study are especially relevant at locations where the dominant wind direction and the main
tidal flow direction is aligned with the coastline (such as in estuaries and lagoons, but less on ex-
posed, broad muddy coastlines).










About the Photo

Bedforms on the upper Koehool intertidal flat are clearly visible at low tide. This photo was taken
on May 26, 2016.

Explore more media content using the following QR-code.




WIND EFFECTS ON INTERTIDAL
FLATS MORPHODYNAMICS

Previous chapters revealed the significant effects of wind on the hydrodyanmics, sediment transport
and short-term morphodynamics of intertidal flats. What is the effect of the wind on the long-term
developments of intertidal flats? More specifically, what are he conditions leading to a permanent
increase of tidal flat elevation? A tidal flat accretes when a new layer of sediment deposits and over—
consolidates. The chronological order of sediment deposition and over-consolidation provides what
we define, in this chapter, as a 'window of opportunity for tidal flat accretion’. Relating wind speed
and direction, with water levels, suspended sediment concentrations, bed shear stresses and bed
level changes at diverse timescales, we provide evidence that wind crucially contributes in creat-
ing the conditions for the occurrence of such windows of opportunity. The quantitative analyses of
consolidation timescales on muddy intertidal flats, presented in this chapter, reveals that large de-
position rates substantially increase consolidation timescales, such that the abundance of sediment
can be a bottleneck for the accretion of a tidal flat.

Parts of this chapter have been published as: Geomorphology, Colosimo et al. (2023).
Winds of Opportunity: the Effects of Wind on Intertidal Flat Accretion.
co-authors: D.S. van Maren, PL.M. de Vet, J.C. Winterwerp, B.C. van Prooijen
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Ch 6: Wind Effects on Intertidal Flats Morphodynamics

Main Research Question

RQ3: How are phases of accretion and erosion of intertidal flats influenced by wind?

Keypoints

Keypoint 1: The sequence of sediment deposition and over-consolidation phases forms
a Window of Opportunity for net tidal flat accretion.

Keypoint 2: Large (small) bed shear stress do not imply erosion (deposition), and vice
versa.

Keypoint 3: Large mud deposition rates hamper the vertical accretion of tidal flats.

Keypoint 4: Wind-induced set-down promotes over-consolidation through more aerial
exposure.

Implications for Fine Sediment Nourishments

When designing fine sediment nourishments it is advisable to quantify the deposi-
tional rate and the related consolidation timescales at the targeted intertidal sites.
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6.1. INTRODUCTION

Predicting the morphological evolution of intertidal systems is complex, partly due to the vari-
ability in timescales that control sedimentation and erosion, ranging from intra-tidal to seasonal
timescales (Yang et al., 2012; Sassi et al., 2015). At the intra-tidal timescale, sediment deposits
around high water slack, when the flow is weak and the wave-induced resuspension rates are low.
This has been especially observed at intertidal flats bordering macro-tidal estuaries where slack
water conditions last several hours (e.g. Deloffre et al., 2007). In micro-to-meso tidal systems, this
intratidal variability in wave-induced resuspension is smaller because of smaller fluctuations in
the water depth. In these systems the very shallow water depths (smaller than 20-25 cm) represent
conditions with the largest changes in bed level (Shi et al., 2017a; Zhu et al., 2017). On the Jiangsu
coast (China) changes in bed level during such conditions contribute up to 33% of the changes
over a full tidal cycle (Shi et al., 2017a). At seasonal timescales, the alternation of storm and fair
weather dictates the changes in bed elevation (Yang et al., 2003; Fan et al., 2006; Yang et al., 2008;
Belliard et al., 2019), with storms resulting in erosion (Yang et al., 2023) but also in relatively large
sedimentation (Turner et al., 2006; Li et al., 2015). Superimposed on seasonal effects resulting from
wave energy are the effects of biota (Le Hir et al., 2007). In muddy areas algae mats may reduce
erosion rates in summer due to strengthening of the bed (Kornman and Deckere, 1998; Paterson
and Hagerthey, 2001) but also because bedforms and therefore bed roughness is smaller (Malarkey
etal., 2015; Parsons et al., 2016). Erosion can also be enhanced by biota by making sediment avail-
able for erosion or modifying the critical shear stress for erosion (Van Prooijen and Winterwerp,
2010; Orvain et al., 2012).

Where the erosion of sandy beds mainly depends on the hydrodynamic forcing and grain size,
erosion of muddy or mixed sand-mud beds is more complex. In sand-mud mixtures the mud
content influences erodibility of the bed, especially influencing the critical shear strength against
erosion (Mitchener and Torfs, 1996; Van Ledden et al., 2004; Van Rijn, 2020). Selective erosion
of different particles may also lead to armouring (Sanford, 2008; Le Hir et al., 2011) which may
lead to vertical layering of sandy and muddy deposits (Fan and Li, 2002; Fan et al., 2002). The
substrate also influences development of biota which in turn leads to preferential development
of a muddy or sandy substrate (Garwood et al., 2015). Crucial to muddy environments is that at
a sufficiently high mud content, the density and permeability of the sand-mud mixture will vary
over time through consolidation processes (Torfs et al., 1996; Van Rijn and Barth, 2019) influencing
the shear stress of the bed and therefore influencing its resistance against erosion over time.

In submerged conditions, sediment consolidation is driven by the reduced gravity of the sed-
iment bed (determined by the difference in density between sediment bed and water) control-
ling the consolidation rate (Been and Sills, 1981). Pore water is expelled by the weight of the con-
solidating sediment bed resulting in particle rearrangement and compaction (decreasing the bed
porosity and thickness, while increasing the bulk density) - see e.g. Merckelbach and Kranenburg
(2004). A submerged sediment bed consolidating under its own weight only slowly develops shear
strength and therefore resistance against erosion (for instance during storm events). However,
when a tidal flat emerges, it becomes also subject to vertical compaction driven by capillary suc-
tion (Winterwerp et al., 2021). This under-pressure is generated by a lowering of the phreatic level
within the mudflat bed driven by the falling tide. The suction head (i.e. the difference between bed
level and phreatic level) increases with bed elevation due to the asymmetry in ingress and egress
of pore water across the tidal flat (Riedel T. and H.J., 2010). As a result, the sediment bed becomes
over-consolidated (the bed is more consolidated than could be expected from self-consolidation).
The shear strength of the bed is high resulting from larger pressures experienced in the past. The
contribution of this phenomenon to bed compaction is crucial, as under-pressures induce stresses
in the upper parts of the bed which are orders of magnitude larger than the self-weight stresses by
reduced gravity (Winterwerp et al., 2021).
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The paragraph above illustrates how bed emergence influences consolidation rates and hence
shear strength of the sediment bed. This implies that the erosion rates of intertidal areas (e.g.
during storm conditions) is strongly influenced by its inundation history, especially the duration
for which the flat is emerged. And although many studies have addressed the morphodynamic
behaviour of intertidal areas (Allen and Duffy, 1998; Janssen-Stelder, 2000; Bassoullet et al., 2000;
Green et al., 2000; Le Hir et al., 2000; Shi et al., 2012; Zhu et al., 2017; Shi et al., 2017a), no system-
atic studies have been executed investigating morphodynamic changes of the bed in response to
inundation history. Especially in microtidal environments (with a tidal range less than 2 m) the
inundation history may be strongly influenced by meteorological conditions due to storm setup
or setdown.

An example of such a microtidal environment is the Dutch Wadden Sea. The tidal range in
the Western Wadden Sea is less than 2 meters, while the annually recurring storm surge is 1.88
meter (Vuik et al., 2018) and periods with storm set-down also regularly occur (not yet docu-
mented in literature). Winds have a pronounced impact on the residual water flux through the
basin (Duran-Matute et al., 2014, 2016; Sassi et al., 2016). Large parts of the Western Wadden Sea
are very muddy (see Chapter 3, Chapter 5 or Colina Alonso et al. (2021)), therefore providing an
example of a system where (1) meteorological effects strongly influence the residual flow as well
as inundation frequency and period and (2) erosion processes are influenced by consolidation
of the bed. This study aims to advance our understanding of the morphodynamics in this mi-
crotidal storm-influenced environment by analysing in detail the hydrodynamic and sedimentary
processes over a muddy tidal flat. For this purpose we have collected detailed field observations at
four sites during contrasting meteorological conditions covering winter and spring time periods.

6.2. METHODOLOGY

Field data obtained during spring and winter field campaigns (2016, 2017, 2018) is used in this
chapter, to analyze the effect of diverse meteorological conditions on bed level changes at differ-
ent timescales. As reported in detail in Chapter 3 we obtained data for consecutive 73 and 56 tidal
cycles, respectively at sites K7 and Ky during spring 2016 (Table 3.3), during 51 and 52 tidal cy-
cles, respectively at sites Wy and Wy during spring 2017 (Table 3.4), and eventually during 124,
122, 120 and 120 tidal cycles respectively at sites K7, Kz Wi, and Wyg in winter 2018 (Table 3.5).
Totally, we hence measured hydrodynamics and sediment transport over 718 tidal cycles. Dur-
ing 615 tidal cycles (i.e. excluding the 2017 field campaign) we further measured local bed level
changes. During 589 tidal cycles (i.e. excluding the 2016 field campaign) the flow velocity along
the full water column was further measured. This dataset is combined with publicly available wind
dataset, having 1 hour frequency, gathered at the Koninklijk Nederlands Meteorologisch Instituut,
KNMI meteorological station of Leeuwardeen.

6.3. RESULTS

6.3.1. BED LEVEL CHANGES OVER TIDAL TO YEARLY TIMESCALES
Over a 6-years time period, the maximum bed level increase measured about 20 cm at Westhoek
and 30 cm at Koehool (see Figure 3.1[d] of Chapter 3), implying a yearly-averaged (maximum) bed
level increase of ~3 cm and ~5 cm, respectively. Throughout this paper we will refer to the settling
of particles on the bed as sedimentation or deposition, whereas a net increase in the bed level over
longer timescales is referred to as accretion.

At monthly timescales, similar magnitudes in net changes are observed using the ADV bed
level observations (Figure 6.1). Over the two-months winter measurement period, the bed erodes
at all observation stations. Along each transect, the net erosion is larger at the seaward location
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Figure 6.1: Bed levels (BLC, left panel) and cumulative erosion / deposition (right axes) measured in winter
(left panels) and spring (right panels) for the four observation stations. One event with 16 cm deposition on
January 8 is excluded from site KH (discussed in detail in Section 6.3.3.) Cumulative deposition is defined as
the summation of bed level increase (and cumulative erosion the summation of bed level decrease). With bed
level data available at 40-minute intervals this differentiation represents tidal variability but not short-term
variability resulting from e.g. turbulent fluctuations.

compared to the landward location: -0.3 cm and -4.5 cm (respectively) at KH and KL (Koehool
transect); -1.9 cm and -3.1 cm (respectively) at WH and WL (Westhoek transect) - all well within
the accuracy range of the ADV (Shi et al., 2015). Over the one-month spring measurement period
the bed elevation was rather stable at KL, with a few episodes of sediment deposition around May
15, resulting in a bed level increase of ~2 cm, directly followed by erosion. In contrast, site KH
experienced a net accretion of 7.4 cm.

The cumulative sedimentation and erosion per site (Figure 6.1) reveals how bed variability
varies over space and time. The bed variability decreases with bed elevation: the cumulative sedi-
mentation and erosion are lowest at the most elevated site WH (45 cm in winter) and highest at the
lowest site KL (250 cm in winter, 40 cm in spring), with intermediate values around mid-flat (WL
and KH, both 80 cm in winter and 25 cm for KH in spring). The bed is most dynamic in winter. The
lower flat (KL) is about 3 times more dynamic in winter compared to spring: both the cumulative
(gross) sedimentation and erosion equal ~250 cm in two winter months and ~40 cm in one spring
month. The higher flat (KH) is about 1.5 times more dynamic in winter compared to spring: the
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cumulative sedimentation is ~80 cm in two winter months and ~25 cm in one spring month.
Over tidal timescales, the largest net bed level changes (both deposition and erosion) occur
at relatively small bed shear stress (1-1.5 Pa) - see Figure 6.2. Surprisingly, large erosion rates are
not related to large bed shear stresses (4-12 Pa) which typically result from wind speeds above 10
m/s (top right in Figure 6.2). Another important observation is that the bed level changes on tidal
timescale decreases up flat, while bed shear stresses increase up flat (Figure 6.2, left panels).
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Figure 6.2: Net bed level changes (BLC) per tidal cycle (one marker represents one tidal cycle) as a function of
tide-averaged maximum bed shear stress at each site (left panels). The right panels include the net BLC mea-
sured at all sites. Upper right panel: BLC as a function of tide-averaged maximum bed shear stress and wind
speed; lower right panel: BLC as a function of tide-averaged maximum bed shear stress and wind direction.
The combined wave-current bed shear stress has been computed using (Soulsby, 1995)’s method.

6.3.2. STORM-INDUCED EROSION AND POST-STORM RECOVERY

Two different erosion types can be observed in the dataset. First, during periods with weak-to—
moderate winds (u#19 < 10m/s) — mainly occurring during Eastern winds - the bed shear stresses
are fairly low (maximum 1-3 Pa, depending on the site); these conditions result in sediment depo-
sition (L.e. bed level increase) but also in relatively large bed erosion (up to 2 cm/tide, as already
found in Figure 6.2, right panels). The large erosion rates at relatively small bed shear stress sug-
gest that the bed is poorly consolidated. This type of erosion (rapid erosion of poorly consolidated
material at low bed shear stress) becomes more prominent in upflat direction (as also suggested
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Figure 6.3: Time series of wind, bed level changes (left-axes) and maximum wave-current bed shear stress
(right-axes) during the winter measurement period. The dashed vertical lines indicate the moment of the first
and second storms (January 3 and 16, respectively).
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by the tide-averaged analysis in Figure 6.2).

The second erosion type occurs during periods with relatively strong winds (119 > 10m/s,
mainly during Western winds) which lead to bed shear stresses larger than 1.5 Pa (and up to 12
Pa). Erosion rates are large during storm events ('Storm1’ resulted in bed erosion of 1-3.5 cm over
the flats; see Figure 6.3). Such erosion events have a long-lasting effect (weeks/months) because
the sediment deposited after the storm is easily eroded, as will be evaluated hereafter.

Post-storm sediment deposition rates are large: at KL, for instance, the bed elevation increases
by 1.5-2 cm during 2-3 days of Eastern wind (January 9-11 and Feb 4-6 with u1¢ up to 15 m/s). In
both cases the freshly deposited sediment is eroded again at relatively small bed shear stress (< 1
Pa), resulting in an elevation setback corresponding to the post-storm elevation. At site KL, the bed
does not even recover from the storm-induced erosion over the whole subsequent measurement
period. At higher bed elevations (sites WL, KH and WH), the bed recovers on average by 95% within
the 12 days following the storm (January 3-15), with highest deposition rates (up to 0.5 cm/tidal
cycle) occurring during Eastern wind (January 7-15). But also for these higher sites the strength
of the bed is weaker than before the storm. An event with a relatively small bed shear stress (1-
3 Pa on January 16) occurring directly after the sediment deposition period, completely eroded
the bed back to its post-storm level, similar to KL. During the second storm (January 18, 'Storm
2’), western winds up to 21 m/s resulted in bed shear stresses up to 10 Pa but, even under such
high bed shear stress none of the sites exhibited erosion. The bed level at all sites remained at the
bed level attained after the erosion event of January 16, i.e. approximately the bed elevation after
"Storm 1.

These observations indicate that storms erode the bed until a level in which the strength of
the bed is too large to erode further. Post-storm sediment deposition is large but the strength of
these fresh deposits is low. Rapid erosion of the post-storm sediment deposits follows, even during
periods of relatively small bed shear stress. No new equilibrium with a stable bed was attained
within the observational periods. We hypothesize that such a new equilibrium can be reached
after sufficiently long periods of emergence, as will be explained in more detail in section 6.3.5.

6.3.3. DEPOSITION EVENTS

Deposition rates are highest during two specific events: the passage of highly concentrated turbid
fringes and fluid mud formation. Their impact on deposition rates will be investigated in more
detail below, using observations on intratidal timescales.

DEPOSITIONAL TURBID FRINGES

A satellite picture (September 23, 2017) shows a turbid band near the study area (Figure 6.4).
Highly turbid zones are noticed especially at the intertidal areas surrounding the Kimstergat tidal
channel. Such turbid bands result in sharp peaks in the SSC typically occurring at the beginning
and/or at the end of a submergence period. They are referred to as turbid fringes (Green, 2003).
In the Wadden Sea, such turbid fringes are particularly observed when calm weather conditions
follow relatively energetic tides with considerable wave-induced resuspension. As such they are
more common in the more energetic fall/winter period. We will further explore the role of the
turbid fringe by examining a period in our dataset (January 10, Figure 6.5) with meteorological
conditions very similar to those in Figure 6.4 (southern wind with speed lower than 5 m/s).

The tides are asymmetric with a shorter rising stage than falling stage resulting from the shal-
low water depth (especially at water depths below 20 cm, which is not recorded by the instru-
ments). As a result the suspended sediment concentration SSC peaks up to 3 g/l shortly after
inundation, and rapidly decreases in concert with the rising bed levels (Figure 6.5), suggesting the
passage of a depositional turbid fringe. Deposition rates during the passage of the turbid fringe
were larger at Westhoek compared to Koehool: 0.45 cmin 1 h (i.e. 0.45 cm/h) at WH, 0.44 cm in 1
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Figure 6.4: Satellite picture of a turbid fringe on September 23, 2017 in our study site: overall view (top), detail
(lower left) and water level and wind conditions on September 23 2017 (lower right: wind below 3 m/s from
the South and a water level set-down of about 20 cm.)

h and 32 minutes (i.e. 0.28 cm/h) at WL and 0.36 cm in 2 h and 22 minutes (i.e. 0.15 cm/h) at KH.
Throughout our dataset, sediment deposition rates are up to 2 cm/tide in winter and 1.3 cm/tide
in spring. During the following ebb, these deposits were negligibly resuspended by the weaker flow
(below 0.2 m/s). The vertical OBS array at KH and WL reveal pronounced sediment stratification
with SSC at 60 cmab (up to 1.5 g/1) about 30-50% smaller compared to SSC at 20 cmab (up to 3 g/1).

In order to understand how the sediment concentration at such turbid fringes relates to the
stresses at the bed, we further analyse depositional events resulting in deposition rates exceeding
0.4 cm/tide, using Figure 6.6. The suspended sediment concentrations show a stronger correla-
tion with flow velocity u;, (high SSC at high u;) than with the wave orbital velocity u,,, (highest
SSC actually occurring during periods of low u,,;). At all sites the largest SSC is observed at the
smallest water depths (especially < 0.25 m) indicating the existence of concentrated turbid fringes
at the tidal wave front. SSC peaks occur at the beginning of the flood (when flow velocities are
highest), except for site KL (closest to the tidal channel) where ebb and flood concentrations are
comparable. The observations in Figure 6.5 also indicate that at site KL the turbid fringe has a
smaller effect on bed elevation. Apparently, the largest SSC (i.e. the SSC at the turbid fringe) does
not occur during conditions with the largest wave-induced orbital motions, but during the period
with the highest flow velocities, occurring at the beginning of the flood phase. This is in contrast
with the suggestion in Green (2003), where the waves are identified as most important.
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Figure 6.5: SSC (at three heights) and flow velocity observed at the four measurement sites during the pas-
sage of a depositional turbid fringe on January 10 2018. Wind conditions (top left panel) reveal that hydro-
meteorological conditions are similar to those in Figure 6.4.

DEPOSITION OF FLUID MUD

One event resulted in 16 cm sediment deposition at site WH (Figure 6.7). This sedimentation event
directly followed the January 3-5 storm ('Storm1’ in Figure 6.3), which induced on average 3 cm
erosion of the mudflats. Wind conditions in the post-storm period (NE-SE wind) resulted in a
set-down. As a consequence the bed remained completely emerged (or only briefly submerged)
during several consecutive tidal cycles, especially at WH (Figure 6.3). On January 8 the bed level
at WL increased 4 cm in 1 hour and 20 minutes (i.e. a deposition rate of 3 cm/h) during the flood
phase, and was followed by stronger erosion during the ebb phase (5.5 cm in 50 minutes). The
deposition and erosion rates at WH cannot be inferred from the dataset because the sensors were
only shortly submerged. However, the peak in SSC up to 6 g/l and the relatively high flow velocity
(~ 0.3 m/s) suggests the passage of a highly concentrated suspension close to the bed. SSC are
much lower during the two tidal cycles following the rapid deposition phase (3 g/l vs 6 g/1), and
deposition is only 0.5 cm per tidal cycle.

Typically, the thickness of the deposited layer is larger at higher mudflat elevations: 3 cm at KL,
4 cm at WL, 4.2 cm at KH and 16 cm at WH. These relatively high deposition rates, accompanied
by peaks in SSC, especially at higher mudflat elevations, suggest that these deposits are formed by
fluid mud. Fluid mud deposits up to 20 cm thick have indeed been observed in the salt marshes
fringing the mudflat of Westhoek (e.g. Baptist et al., 2019). However, our observations also show
that despite the rapid deposition rates, such fluid mud formation has very little impact on the
bed levels over longer (days-weeks) time periods (Figure 6.3). Its effect disappears within one
tidal cycle (possibly also due to gravity, inducing a fluid mud transport towards the less elevated
subtidal zones).
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Figure 6.6: SSC versus near-bed wave-orbital velocity (U,,}) and horizontal flow velocity at 20 cm above the
bed (uy,) for tides with net deposition rates exceeding 0.4 cm (winter measurements). The color of the markers
provides the water depth.

6.3.4. WIND-INDUCED EFFECTS ON INUNDATION AND CONSOLIDATION

The morphodynamic development of tidal flats, as presented in the sections above, is strongly
influenced by its inundation history (Reed, 1990; Friedrichs and Perry, 2001). A relatively long
inundation duration implies more opportunity for sediment erosion and deposition, whereas a
relatively short inundation duration results in longer air exposure, and therefore more opportu-
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Figure 6.7: Hydro-sedimentary conditions during a fluid formation event at station WL (panels [b] and [c]) and
WH ( panels [d] and [e]). Wind speed and directions are represented in panel [a]. Water depth and flow velocity
measured are reported in panels [b] and [d]; bed levels and SSC in panels [c] and [e]. Emerged conditions imply

the absence of data.
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Figure 6.8: Effect of the wind on inundation during Period 1 (left: Dec 31- January 6, strong (#19 >15 m/s)
western winds, spring tide conditions) and Period 2 (right: January 7-14, moderate (119 <10 m/s) eastern
wind, neap tide conditions). The inundation frequency is defined as the percentage of time that a certain
bed elevation is inundated at High Water Level (at Harlingen gauging station). The inundation duration is the
percentage of time that a certain bed elevation is flooded.

nity for the sediment to over-consolidate. Similarly, frequent inundation of the bed typically leads
to a high water content of the muddy bed (and therefore less likely an over-consolidated state).
Therefore, both the frequency and duration are important.

We evaluate the effect of wind on the inundation using 2-weeks of actual and astronomical
water levels (Dec 31-Jan 14, i.e. winter field campaign). The inundation is governed by tides, but
also by wind conditions (exemplified by eastern and western winds in Figure 6.8). The inundation
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periods are longer in the period with wind-induced setup (Period 1), compared to the astronomical
conditions. For these conditions the bed level at MHW (1.2 mMSL) is inundated for 18% of time,
and during 55% of all tides. During a period of set-down (Period 2), the flooding duration and its
recurrence decreases, with a maximum decrease of recurrence of 60% at an elevation of 0.8 m.
This sharp decrease in recurrence implies that a certain area of the tidal flat is emerged for several
consecutive tidal cycles.
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Figure 6.9: Duration of tidal flat emergence at various tidal flat bed levels (BL) as a function of wind velocity
u10 and direction (measured hourly in Leeuwarden) from January 2016 to December 2018. The emerged dura-
tion is determined using water levels (WL) measured every 10 minutes at Harlingen. Each dot corresponds to
the time period in-between two consecutive inundations; it varies between 10 minutes (once per tidal cycle,
short period of emergence) and multiple tidal cycles (long period of emergence), with wind direction playing a
pivotal role. The mean wind speed and the dominant wind direction is computed by averaging meteorological
data during the period of emergence. The water levels in the period 13 to 16 October 2016 (lower panel) explain
why the emergence duration at bed elevations of 0.5 or 1.0 mMSL is often a multiple of ~12h: a small difference
in MHW level doubles the emergence duration (the yellow line representing a bed level of 0.5 mMSL.)

The emergence period is computed at five tidal flat elevations ranging from Mean Low Water
(MLW = -1 mMSL) up to Mean High Water (MHW = +1 mMSL) and compared to wind conditions
using 2 years of tidal and meteorological data (Figure 6.9). The emergence duration is longer for
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wind blowing from the East and shortest for wind from the West. Especially for bed elevations
higher than MSL, the emergence duration period becomes a multiple of the dominant tidal period.
At BL = 0.5 mMSL the flat is typically emerged for either ~ 10 hours or ~ 22 hours because a small
difference in water level may lead to a shift in the the exposure duration from one to two tidal
cycles (see bottom panel in Figure 6.9). Around MHW the emergence period may be as long as 334
hours (14 days, corresponding to a spring-neap tidal cycle). These long periods of emergence are
crucial for the long-term morphodynamic development because of consolidation processes that
take place during periods of emergence.

6.3.5. IMPACT OF AERIAL EXPOSURE ON CONSOLIDATION

The strength of aerially exposed tidal flat beds increase, and this change is generally attributed to
evaporation processes (Fagherazzi et al., 2017; Nguyen et al., 2022). Our data shows how the wind
influences the water level, flow velocities, sediment concentrations and bed level changes but do
not cover in-situ bed shear strength development, as such measurements are extremely difficult
in the field. Since strength development is important for understanding how tidal flat dynamics
respond to wind conditions, we elaborate on strength development here more conceptually.

The yield strength 7y, of the bed can be described by the fractal model of Kranenburg (1994):

_2
Ty =Ky (¢ps)*"f 6.1)

with sediment volume fraction ¢5, material parameter K) and fractal dimension n - Since n r=
2.7, the strength increases highly non-linear with the volume fraction: a small increase in sediment
volume fraction can lead to a substantial increase in strength.

The sediment volume fraction of the bed ¢s can be described by Gibson’s equation, which has

the solution:
¢s(z) - (Ps,eq _ z 6.2)
bs,0—bs,eq V4L const .

where ¢(z) is the sediment volume fraction at a specific vertical position z (defined as upwards
positive) and time t; the subscripts ‘0’ and ’eq’ refer to the initial and equilibrium condition; I'¢cops
[m?/s] is the consolidation coefficient.

The associated consolidation time for a mud layer, having thickness 9, is given by:

62

cons

Teons = (6.3)
The consolidation coefficient "¢y is assumed constant (Winterwerp et al., 2021), with T'¢ops =
1078 —1077 m?2/s). The time scale is therefore strongly dependent on the thickness, with thick de-
posits having much longer consolidation times than thin layers. The equilibrium sediment volume
fraction at position z depends on two contributions (Winterwerp et al., 2021): (1) the weight of the
sediment above z, scaling with Zs — z, with Zs being the vertical position of the water-sediment
interface and (2) the suction due to under pressures, scaling with the suction head Z; — Z,,, (the
vertical distance between the water-sediment interface Zs and the phreatic level Zph), resulting
in:
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(6.4)
in which n = 2/(3 - ny). Alow phreatic level therefore increases consolidation rates, especially
in the upper part of the bed, where (Zs — z) < (Zs — Zpj), leading to over-consolidation. The
consolidation rates resulting from underpressures are much larger than self-weight consolidation
(the first term in Equation 6.4) due to the small thickness of the sediment deposits.
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Next to the capillary suction from the lower phreatic level, evaporation increases the under-
pressures in the upper part of the bed further - see also Fagherazzi et al. (2017) and Nguyen et al.
(2022). Longer emergence of a tidal flat leads to more evaporation and therefore larger underpres-
sures. The sediment volume fraction will therefore increase with longer emergence and aerial
exposure. Because of the non-linear relation between the sediment volume fraction and bed
strength, a small increase in aerial exposure (and thus the sediment volume fraction) leads to a
substantial increase in strength.

A straightforward example demonstrating the lack of opportunity for consolidation of thick
deposited layers of fine sediment is fluid mud formation (Section 6.3.3, Figure 6.7). Layers of sev-
eral centimeters (4 to 16 cm) thick deposit over time frames of a few hours, during calm conditions
following a storm. However, the deposited material is already eroded within the same tidal cy-
cle because the material is very soft and easily erodible. Developing strength for this material to
permanently deposit would require a very long period of low-energy or emerged conditions. Sim-
ilarly, turbid fringes (analyzed in Section 6.3.3) resulting in a relatively rapid (timescales of hours)
bed level increases (order of 0.5-1 cm) are effective for a long-term bed level accretion only if fol-
lowed by relatively long air-exposure (i.e, wind direction inducing set-down is needed).

6.4. DISCUSSION

We identified four key interaction types between the wind and morphodynamics of tidal flats: (i)
generation of waves and subsequent resuspension; (ii) generation of wind-driven flow leading to
horizontal transport of sediment; (iii) water level set-up, leading to inundation, enabling sedi-
ment deposition; (iv) waterlevel set-down, increasing the aerial exposure period, stimulating over-
consolidation of previously deposited sediments. The first two interaction types are well identi-
fied in previous studies. The role of wind on resuspension of fine sediments through generation of
waves has been revealed by publications, see e.g. Allen and Duffy (1998); Ridderinkhof et al. (2000);
Janssen-Stelder (2000); Yang et al. (2003); Zhu et al. (2016); Shi et al. (2017b); Xie et al. (2018). The
importance of wind-driven flow on sediment transport in general is also well established (Baeye
et al., 2011; Xie et al., 2018; De Vet et al., 2018; Yang et al., 2023). In the Wadden Sea an eastward
directed transport component exists, resulting from wind through both the larger channels (Nauw
et al., 2014; Duran-Matute et al., 2014; Sassi et al., 2015; Duran-Matute et al., 2016; Sassi et al.,
2016)) and over flats (Chapter 5 and Van Weerdenburg et al. (2021)). However, the importance of
interaction types (iii) and (iv) are new, especially in combination with (i) and (ii).

As the wind varies both in speed and direction, various sequences of these four interaction
types may occur. Based on extensive field experiments presented here, we argue that tidal flat ac-
cretion is only possible if: (1) there is a period with sufficient deposition and (2) this period is fol-
lowed by a period in which the bed can (over)consolidate, thereby developing sufficient strength
to withstand the following erosion event. The wind therefore drives the physical processes (re-
suspension, deposition, consolidation) controlling net accretion. In an analogue to a window of
opportunity, we refer to this sequence of events as the "Winds of Opportunity’. For our measure-
ment location, a period with weak to moderate wind from the southwest can lead to deposition.
In order to lead to permanent accretion, this deposition phase should be followed by a period with
moderate wind from the southeast to induce water level set-down.

Projecting the concept of these winds of opportunity to a tidal flat, it is expected that the se-
quential order of deposition, consolidation and erosion cross-sectionally varies as schematized in
Figure 6.10. On the lower flat the cumulative changes in bed elevation are larger than on the higher
flat (Figure 6.1): a larger submergence duration implies a larger window for deposition. However,
due to the short aerial exposure period, over-consolidation and therefore strength development is
limited. A relatively small storm will already lead to erosion of the freshly deposited sediments and
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Figure 6.10: The relative importance of the processes controlling tidal flat accretion across a tidal flat, with a
strong tidal influence and regular opportunities for deposition over the lower flat and a strong wind-driven
influence and opportunities for consolidation over the higher flat. Net accretion requires a temporal sequence
of consolidation following deposition.

therefore large deposition rates do not necessarily lead to large accretion rates.

The window for consolidation is larger on the higher flat than on the lower flat for several rea-
sons. Most importantly, the area is exposed longer by tidal action and by variability introduced
by the wind (Figure 6.8), leading to (over) consolidation. Secondly, the sediment concentration
(and therefore the deposition rate) is lower on the higher flat. Figure 6.6, for instance, shows that
the occurrence of large sediment deposition (net bed level change > 0.4 cm) relates to the occur-
rence of ‘depositional’” turbid fringes. The maximum SSC measured during the passage of such a
turbid fringe decreases at higher bed elevations (Figure 6.6) in concert with a decrease of flow ve-
locity (Figure 6.5). Lower SSC results in thinner bed deposits which consolidate more rapidly. Both
aspects result in a relatively uniform bed response to winter storms (erosion everywhere) but spa-
tially varying post-storm recovery (Figure 6.3). The bed of the lower flat did not recover from the
storm-induced erosion, whereas at the higher elevations an almost full recovery occurred within
the two weeks following the event.

Our conceptual model can also (partly) explain the development of bed stratigraphy and cliffs
in fine-grained tidal environments. The development of bed stratigraphy is typically associated
with a textural variability reflecting its depositional environment, which in turn determines the
erodibility (Van Rijn, 2020; Mitchener and Torfs, 1996; Van Ledden et al., 2004). In fine-grained
environments the bed stratigraphy is often in the form of very fine laminations (e.g. see a photo-
graph taken at Westhoek in Figure 6.11), and we hypothesize that such layering may reflect historic
phases in overconsolidation rather than a difference in grain size. The horizontal gradients in sedi-
ment deposition and consolidation may give rise to cliff formation. Cliff erosion is caused by mass
erosion, induced by waves. As the bed is over-consolidated, "normal" stresses cannot erode the
bed (surface erosion). In case evaporation is the dominant over-consolidation agent, the bed is
stronger at its surface than at greater depth. The wave-induced stresses are also larger a bit fur-
ther down within the sediment bed, which explains the erosion of lumps of material (Winterwerp
etal., 2012). As discussed, the degree of over-consolidation generally increases up-flat. The inun-
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Figure 6.11: Cliff developed in the upper intertdal zone at Westhoek, revealing fine laminations of mud-
dominated deposit

dated tidal flat may therefore erode relatively easily and gradually, whereas the higher flat gains
strength and is only eroded as mass erosion. This leads to cliff formation at the transition zone
from under-consolidated to over-consolidated sediment beds.

A crucial question then arises whether bed level accretion is limited by sediment deposition
rates or consolidation rates. For Westhoek and Koehool, periods of deposition led to a bed level
increase of centimeters per week. This suggests that there is sufficient sediment available and that
the sediment is able to deposit. However, erosion events lead to removal of the freshly deposited
sediment. This indicates that over-consolidation is likely the limiting factor for tidal flat accretion.
During summer conditions, with generally lower sediment concentrations and less storm setup,
deposition rates may become a limiting factor. The limiting factor also varies over the tidal flat
profile. Higher parts of the flats (not monitored as part of our surveys) and especially over the
supratidal salt marshes, deposition events become progressively more important for accretion.
Summarizing, net accretion rates are controlled by (over-)consolidation rates in winter (sediment
deposition rates are sufficient) and by deposition rates in summer (especially on the higher flat,
where consolidation rates are high).

6.5. CONCLUSIONS

The present study analyzes the processes contributing to the vertical accretion of a tidal flat bed
in a fine-grained sediment environment and identifies a 'window of opportunity’ for fine sedi-
ment accretion over long timescales. This window of opportunity reflects a temporal sequence
of sediment deposition and sediment consolidation, resulting in the formation of a new layer of
over-consolidated sediment.

Sediment may deposit for several tidal cycles during conditions with relatively large supply
and mild hydrodynamic conditions. However, on longer time scales (weeks-months) the com-
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bined wave-current forcing easily erodes this relatively fresh material. This implies that although
sediment may deposit it does not gain sufficient strength to withstand even minor wave-induced
resuspension events. Therefore, erosion resulting from relatively strong storms has a long-lasting
effect (months to years). Recovery from such a storm-induced setback is not only dependant on
the opportunity for deposition (as abundant sediment is typically available after storms) but es-
pecially on the opportunity for consolidation. Crucial hereby is that the strength of the bed re-
sulting from self-weight consolidation is too weak (and requires a very long time) to withstand
erosion during subsequent storm conditions; sufficient strength is only attained through over-
consolidation resulting from a low water table, evaporation and drying.

Conditions favoring over-consolidation are largely driven by the wind. Winds therefore not
only affect the morphological evolution of the mudflats by regulating the bed shear stress, but
also by creating favourable conditions for sediment over-consolidation. Winds inducing water
level set-down (at our study site, eastern wind) contribute to the reduction of inundation duration
and of inundation frequency, favouring aerial exposure of the mudflat and therefore, the over-
consolidation process and strength development.

Our study also shows that long-term vertical accretion of tidal flats may even be limited in
case of large sediment availability because the resulting mud deposits are too thick to rapidly con-
solidate and develop strength. As a result, the sediments are continuously deposited and eroded,
while net mudflat accretion rates remains small.










About the Photo
Sealife at the lower (-1 m MSL) intertidal flat of Koehool pictured during the winter field campaign,
on February 13, 2018.



DISCUSSION

The implications of the findings from Chapters 4, 5, and 6 are discussed from two perspectives. Part
1 focuses on highlighting and discussing the main scientific results. Part 2 explores the implications
of these findings for seedling dynamics and sediment nourishment strategies.
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7.1. PART 1: IMPROVED UNDERSTANDINGS OF HYDRO- & MOR
PHODYNAMICS OF INTERTIDAL FLATS

7.1.1. WIND-DRIVEN FLOWS IN INTERTIDAL AREAS

Our findings on the role of wind on residual flows over tidal flats provide an important improve-
ment of our understanding of intertidal flat hydrodynamics. A new dataset is made available and
a model is developed to unravel the contributions of tides and wind. The hydrodynamics of in-
tertidal flats were always thought to be controlled by the tides — characterized by deterministic
fortnightly variation in tidal range with the spring/neap cycle — and by the stochastic action of
wind, generating wind-waves, low-frequency water level gradients, and wind-driven flows (e.g.
Le Hir et al., 2000; Bassoullet et al., 2000; O’Callaghan et al., 2010; Friedrichs, 2012; Green and Coco,
2014; Zhu et al., 2014).

The effect of wind-driven flows on residual flows was already shown by the model results
of Sassi et al. (2015); Duran-Matute et al. (2014). Pioneering studies on fringing intertidal flats
in the Danish Wadden Sea, highlighted the role of wind on bed level changes of intertidal flats
(Christiansen et al. (2006); Andersen et al. (2006)), but without detailed flow and wave measure-
ments. At the Richmond fringing flats in San Francisco Bay (USA), Talke and Stacey (2008) iden-
tified the variation in sediment fluxes at intratidal-to-daily timescales, related to changes in wind
speed/direction and also to periodical fresh water discharges. However, only a four-day period
was considered. Our data set with flow, waves, sediment concentration, measured at high fre-
quency over a total period of 4 months is therefore a valuable contribution to existing datasets.
This dataset provided the opportunity to identify various wind events, highlighting the impor-
tance of the interaction with the tide. The importance of wind-driven flows on intertidal flats was
estimated in De Vet et al. (2018): the wind-driven flow was estimated as 1/40 of the wind speed.
The non-linear interaction was however not taken into account. We expanded on the work of
De Vet et al. (2018) by developing an analytical tide-wind interaction model, based on the momen-
tum balance equation (Chapter 4), quantifying the non-linear interaction between tidal flow and
wind-driven flows at different tidal flat elevations and under different meteorological conditions.
This model revealed that the wind-driven flows strongly influences the magnitude and direction
of the residual flow (Chapter 4) and residual sediment transport (Chapter 5) over intertidal flats.
The dominance of wind-driven flows over tidal flow increases for decreasing tidal amplitude, i.e. at
increasing tidal flat elevations. Wind-driven flows are able to reverse the tidal flow also for consec-
utive tides, implying prolonged flows in flood or ebb direction. Wind opposing the flood direction
affects especially the higher intertidal zone, that emerge for long time periods. Our findings ini-
tiated new measurements and analyses on flow and sediment transport over tidal divides in the
Wadden Sea (Van Weerdenburg et al., 2021). Similar results were found, indicating the impact of
wind on these shallow areas.

7.1.2. SEDIMENT TRANSPORT OVER INTERTIDAL AREAS

Most of the earlier work focused on the role of waves and/or tidal currents on sediment transport
over intertidal flats. The sediment is resuspended from the tidal flat via the wave-induced orbital
motion at the bottom, and is advected - back and forth over the tidal cycle - by tidal currents (e.g.
Soulsby, 1995; Dolphin and Green, 2009; Friedrichs, 2012; Green and Coco, 2014; Hunt et al., 2015).
Sediment transport is hence dependant on the interaction between these two forcings at varying
water depths (i.e. at varying tidal phase). These studies have been fundamental to unravel the dis-
tinct contribution of wind waves and tidal currents to the morphodynamic development of tidal
flats. Waves generally erode sediment, whereas tidal currents contribute to sedimentation, leading
to long-term morphodynamic equilibrium (e.g. Bassoullet et al., 2000; Janssen-Stelder, 2000; Wang
and van der Spek, 2015; Zhou et al., 2017; Maan et al., 2015). However, when wind-driven currents
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contribute substantially to the horizontal flow, the combination of tidal currents (promoting sedi-
mentation) and waves (leading to erosion) fails to explain the morphodynamic processes shaping
these intertidal environments.

In our study, we demonstrate that wind-driven residual transport and temporary sediment
storage significantly influence sediment dynamics in intertidal areas. The strong wind-driven
residual flows result in pronounced residual sediment transport, as observed by integrating hy-
drodynamic and suspended sediment concentration (SSC) measurements. Prolonged periods of
residual flow in a particular direction lead to sustained sediment transport in that direction, with
limited modulation by tides. A key finding in understanding sediment dynamics in our study area
is that sediment transported over an extended period in one direction is temporarily stored (pri-
marily at tidal divides) until it is remobilized and transported back, depending on changing wind
conditions. These dynamics are captured in a new conceptual model of wind-induced sediment
transport and storage in intertidal areas (Chapter 5).

During average wind conditions, sediment is deposited as relatively thick layers (ranging from
millimeters to a few centimeters) on shallow intertidal areas (Chapters 5, 6). These layers do not
consolidate due to their thickness and prolonged submersion (Chapter 6). As a result, even minor
wind events following the depositional phase resuspend significant amounts of sediment. The
sediment fluxes generated by this 'storage-resuspension’ mechanism were, in our observations,
up to four orders of magnitude larger than those during average conditions. A similar conceptual
storage model was proposed by Bartholdy et al. (1998).

Of particular importance to sediment transport in intertidal areas are the so-called turbid
fringes, which will be evaluated in detail in the following section.

7.1.3. TURBID FRINGES IN INTERTIDAL SYSTEMS

The measurements show that the SSC strongly varies over the tidal period, typically peaking at the
beginning of a tidal cycle (Chapter 5). Taking a Lagrangian perspective, the temporal and spatial
patterns in wave forcing may generate a fringe of sediment-laden water moving up and down with
the tide, and within which wave-orbital motions keep the sediment in suspension (Green and Coco,
2014). These so called ’'turbid fringes’ are therefore generally related to wave-driven processes
and are considered noticeable features of estuaries in windy conditions (Green and Coco, 2014).
However, turbid fringes are also observed in absence of wind. For example, at the macrotidal
Skeffling mudflats (Humber estuary, UK) the largest sediment resuspension occurred in absence
of waves during the first and last half hours of immersion (Christie and Dyer, 1998). Uncles and
Stephens (2010), analyzed the sediment transport features at the Tavy intertidal flats (Tamar River
estuary, UK) and noticed that shortly after immersion and shortly before drying, light wind is able
to cause small breaking waves which, combined with flood/ebb tidal current peaks, enhance the
turbid fringe.

At the flats that we investigated in the Wadden Sea, the point observations of SSC revealed the
occurrence of two SSC peaks during the tidal cycle. Such peaks occur at the beginning of the flood
phase and at the end of the ebb phase, when the horizontal flow velocity is at its maximum, while
waves are seldom present. Therefore in our site the resuspension of sediment at the tidal front is
not controlled by the wave orbital motion, but rather by the relatively fast tidal flows (Chapter 6).
At the beginning and at the end of the tidal cycle, the tidal flow velocity is characterized by pro-
nounced peaks (Chapter 4). Our data and visual observations suggest that, especially for windy
conditions, the flooding of tidal flats is comparable to a tidal bore. Small bores are sometimes ob-
served at the tidal wave front due to the propagation of the tidal wave in shallow water (Dronkers,
1986) strongly influenced by bottom friction (Friedrichs and Madsen, 1992). Hence the water sur-
face may present a significant slope (although the very small depth) resulting in a supercritical
regime at the tidal front (Green and Coco, 2014). We attribute the turbid fringes observed at our
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field site to such small tidal bores, that are able to resuspend the fresh (unconsolidated) sediment
deposited during the previous tidal cycle(s). Moreover, based on the results presented in Chap-
ter 5, we inferred that winds aligned to the flood direction promote sediment storage in specific
zones of the intertidal flat. This temporarily stored unconsolidated sediment can be easily resus-
pended by tidal (or wind-driven) flows. A similar concept related to the mechanisms controlling
turbid fringes, was provided by Weir and McManus (1987). The authors identified several zones
of recurring high turbidity in the macrotidal Tay estuary (Scotland, UK) and concluded that they
were related to wind direction and strength, and also to specific 'source areas’ of sediment in the
estuary.

Our observations further suggest that the turbid fringes are particularly turbid when calm
weather conditions follow wave dominated conditions (Chapter 6). In this case, the flood dom-
inance of the system in terms of water flow results in only one SSC peak (during flood) and hence
in the occurrence of only one turbid fringe during the tidal cycle. These turbid fringes have a pro-
nounced effect on the local bed elevation, with a simultaneous local decrease in SSC (following
the peak) and increase in bed elevation.

7.1.4. SHORT-TERM AND LONG-TERM DYNAMICS OF MUDDY BEDS

In Chapter 6 we analyze bed level changes at various timescales, and conclude that long-term
accretion only limitedly depends on short-term deposition. This is because the consolidation rate
of the freshly deposited material is crucial to long-term accretion. Our analysis of erosion and
consolidation processes revealed that long-term accretion is so much influenced by periods of
resuspension (storms) and subarial exposure (wind-driven set-down) that winds exert a strong
control over long-term bed evolution.

Our bed level changes and bed shear stress monitoring highlighted a weak correlation between
bed shear stresses and bed level changes over muddy beds (Chapter 6). Relatively small bed shear
stresses (< 1.5 Pa) may result in sediment deposition as much as in sediment erosion. Similarly,
relatively large bed shear stresses (> 6 Pa), such as those resulting from a storm, do not necessarily
lead to bed erosion (Chapter 6). This is because sediment resuspension during a storm does not
only relate to the actual bed shear stress exerted on the bed during wave-dominated conditions,
but also on strength of the bed and therefore on the history of the mudflat, i.e. the stress previously
exerted over the bed (Chapter 6), the hours of drying, sunshine, winds, possible rainfalls and the
effect of biota on sediment (Winterwerp et al., 2021).

Our bed level measurements highlighted the occurrence of surface and mass erosion over the
two investigated intertidal flats. Surface erosion occurs during drained conditions: the water en-
ters the soil so that the rate of erosion is controlled by the swelling rate of the top layers (Winter-
werp et al., 2021). Mass erosion is caused by undrained failures of the soil at horizontal or vertical
inhomogeneities in bed strength. Such inhomogeneities are stochastically distributed, and there-
fore a statistical model was developed to estimate mass erosion by Van Prooijen and Winterwerp
(2010).

Surface erosion alternates at tidal timescale with sediment deposition. The longer the bed
is submerged (i.e. the lower the bed elevation), the larger the cumulative bed level changes over
one tidal cycle (Chapter 6). At the lower flat (in proximity of MLW level) the magnitude of the
alternating erosion and deposition is similar, so that over longer time periods (weeks-to-months)
the averaged bed level changes related to surface erosion is close to zero. At our lowest investigated
site, this erosion-deposition pattern may be the result of ripple migration (Figure 7.1, left panel).
Ripples were pictured during field surveys at this location, as reported in Figure 2.8. At the other
sites (bed elevations between -0.2 m and +0.10 m MSL), surface erosion and sedimentation do
not alternate regularly. No specific bedforms were observed at these sites: the bed was relatively
smooth and uniform.
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Figure 7.1: Three types of erosion observed during the monitoring. Left panel: Surface erosion alternates with
deposition at low bed shear stress. Central panel: Mass erosion removes centimeters of sediment during a
storm, i.e at high bed shear stress. Right panel: Erosion of centimeters of sediment at relatively small bed shear
stress illustrating erosion of un-consolidated sediment.

Mass erosion is observed during stormy conditions, and involves more consolidated mud lay-
ers. Mass erosion generates a temporal reset in the vertical evolution of the tidal flat (Figure 7.1,
central panel). Storm-induced erosion may remove, in a few hours, the sediment deposited over
multiple years (cm thick layers, Chapter 6), thereby resetting the bed elevation to the elevation of
years earlier (see also De Vet et al. (2020b)).

This delay can be limited by post-storm bed recovery. Bed recovery after storm is a relatively
fast process (De Vet et al., 2020b; Zhu et al., 2019); however, a fast apparent recovery may not be
efficient for the long-term recovery (Chapter 6). Sedimentation rates after storms may be high be-
cause of the large sediment availability in the system (Chapter 6, Zhu et al. (2019)), therefore there
is a relatively large opportunity for deposition. However, relatively small bed shear stresses may
result in the erosion of the post-storm deposited sediment (making the "fast" post-storm recov-
ery inefficient, Figure 7.1, right panel). Erosion of unconsolidated sediment occurs in drained (or
partially drained, depending on the consolidation state) conditions, and results in the removal of
centimeters of sediment, inducing a set-back in the evolution of the flat (similarly to mass erosion).
An actual (long-term) recovery requires a prolonged period with air exposure (i.e. wind-induced
set-down) following a period with sediment deposition. Only during such a sequence of events
the newly deposited sediment (over)consolidates and gains sufficient strength (Chapter 6). The
occurrence of over consolidation relates to water levels and hence on wind (Chapter 6). There-
fore the long-term development of muddy flats (especially in microtidal environments such as the
Wadden Sea) is strongly depending on the wind climate.

Our understanding of the consolidation of muddy sediments under emerged conditions has
been extensively investigated via laboratory tests by Barciela Rial (2019). The consolidation of
mud slurries in emerged conditions is characterized by a process of crust formation on the upper
bed layers (millimeters thickness). A crust develops because de-watering via evaporation is faster
than self-weight consolidation of the layers below the crust. The reduction in permeability due to



136 7. DISCUSSION

crust formation subsequently reduce the consolidation rate of soft layers beneath the crust, which
therefore tends to remain in saturated conditions. If this process persists (i.e. if the bed maintains
emerged conditions for a relatively long time), desaturation of the soil occurs and cracks appear in
the surface. On tidal flats, this process is especially observed at bed elevations above MHW level
(See Figure 7.2). At lower elevations, crust formation does not result in crack formation due to
the higher inundation frequency. Under such submerged conditions the thin (mm-thick) crust is
relatively easily removed, and the saturated layers below eroded. This kind of erosion, which may
remove centimeters of layered mud within seconds/minutes, is a combination of mass erosion
(removal of the undrained crust) and surface erosion (erosion of the soft, saturated mud below
the crust). Based on the laboratory findings of Barciela Rial (2019), we infer that over intertidal
flats characterized by relatively large deposition rates, the crust formation may play a significant
role in erosion processes, as it is responsible for a significant slowdown of the consolidation pro-
cesses. The erosion of unconsolidated sediment (as observed in our dataset) and the erosion of
unconsolidated sediment below an undrained crust (expected based on the laboratory studies of
Barciela Rial (2019) at higher tidal flat elevations) require further analysis.

7.2. PART 2: IMPLICATIONS

The new physical insights related to the wind-induced residual flow and transport over tidal flats
and the role of strength developments during calm conditions have important practical implica-
tions. Below we will discuss their impact on the dispersal and establishments of pioneer vegetation
and on a fine sediment nourishment.

7.2.1. IMPLICATIONS OF WIND ON VEGETATION ESTABLISHMENT

The hydrodynamics and sediment transport occurring over intertidal flats directly affect the suit-
ability of these areas for saltmarsh development. A key process ensuring the long-term stability
of saltmarsh systems is the establishment of annual pioneer vegetation in the transition zone, i.e.
at the edge between the existing vegetation and the bare tidal flat. This zone periodically under-
goes cliff erosion due to wave action (e.g. Leonardi et al., 2016), re-establishment of vegetation (by
pioneer plants) and sedimentation (enhanced by the vegetation trapping).

The colonization by pioneer plants requires, a.o., the availability of (viable) seeds (Erfanzadeh
et al., 2010), which are released by the mature plants and transported by hydrodynamic forcing
(e.g. O'Callaghan et al., 2010). The period of seed dispersal differs per plant species, with most
species dispersing seeds in the autumn-winter periods while seed germination mainly takes place
from spring to autumn (Regteren et al., 2019; Zhu et al., 2022). Expansion of plant species is there-
fore depending on the seasonality in hydrodynamic forcing combined with the seasonality in plant
reproduction.

Erosion and sedimentation of the upper bed layers (cm thickness) have a key effect on the
establishment of saltmarsh plants, with erosion resulting in loss of seedlings (e.g. Regteren et al.,
2019) and deposition in burial of seeds (e.g. Houwing, 2000; Balke et al., 2014; Zhu et al., 2014). The
burial of seeds - also caused by bioturbation (Delefosse and Kristensen, 2012; Van Regteren et al.,
2017) - positively affects seed retention (Zhu et al., 2014), provided that the light penetration is
enough for the plant to germinate, i.e. the seed is not buried too deep in the soil (Erfanzadeh et al.,
2010).

The spatio-temporal variability in sediment dynamics and bed level changes over intertidal
flats therefore controls seed dispersal and seed retention processes. The recent study of Zhu et al.
(2022) indicates the different contribution of tides and wind on seed dispersal and retention on
intertidal flats, using field data obtained in various projects conducted in the Western Scheldt and
in the Wadden Sea. According to this study, seed dispersal is mainly dependant on tidal forcing,
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with spring tides being more efficient than neap tides in dispersing sediment over the flats. On
wind-sheltered tidal flats, wind events may import a disproportionate amount of seeds over the
flats, whereas wind-exposed tidal flats may be relatively starved of seeds.

The effect of erosion events on seed retention was measured at Westhoek intertidal flat, where
experiments on seed availability (in front of the existing marsh) were carried out simultaneously
to our 2018 field campaign. Abundant seeds loss occurred during the storm of January 3rd 2018,
characterized by almost 2 m water level set up and waves of 1-1.5 m (see Chapter 6). The exper-
iment suggested that although the (biotic and abiotic) boundary conditions are favourable for a
lateral marsh expansion at Westhoek, the relatively low seed availability in spring hampers the pi-
oneer vegetation establishment onto the transition zone (Regteren et al., 2019). The limited seed
availability is attributed to the relatively large magnitude of storm-induced bed level changes oc-
curring in the winter period. The experiment included manual addition of seeds in March (i.e.
after the more severe winter storms); these seeds were retained until the establishment period,
in May, confirming that the inundation conditions, and the other environmental variables, are
favourable for a lateral expansion of Westhoek saltmarshes.

The analysis of wind effects on currents, sediment transport, and bed level changes executed
as part of this thesis, have several implications for seed dynamics in our study area.

(i) Salt marsh plants are sensitive to small changes in inundation frequency and inundation
duration, and this effect is enhanced in freshwater marshes (Delgado et al., 2018). The inundation
period is affected by spring-neap tidal variations, but also (significantly) by the wind direction
(Chapter 6). Our results suggest that: a) the existing salt marshes along the Dutch Frisian coast are
resilient to a relatively irregular inundation regime, as it is highly influenced by stochastic forcing
of wind, and b) the pioneer establishment in the transition zone may be affected by the relatively
large wind-induced variations in the inundation duration and frequency.

(ii) The sediment transport is largely controlled by the wind direction (Chapter 5) and we ex-
pect the seed transport to be similarly controlled by wind. We hence infer that in dominant wind
conditions (SW wind), the seed transport is directed from Westhoek towards the north-eastern
coast. Oppositely, we expect that NE wind enhance the transport of seeds towards the south-west,
i.e. towards Koehool intertidal flat. Based on our analyses, the seed dispersal along the Dutch
Frisian coast is controlled by the interaction of long-shore tidal and wind-driven flows (Chapter
4).

(iii) Our analysis further suggest that sediment burial most likely occurs during eastern wind
due to the large sediment availability at the eastern side of the basin (tidal divides, Chapter 5).
Calm-to-moderate wind conditions at our study site result in net deposition in the order of 1-3
mm/tide, implying that 10 days of fair weather induce 2-3 cm deposition over the higher intertidal
flats (bed elevation > MSL). Large sediment deposition also occurs over the tidal flats after storms,
with highly concentrated turbid fringes "spreading" the recently eroded sediment over the tidal
flats (with a relatively high deposition rate, up to 0.5 cm per tidal cycle, Chapter 6).

(iv) Wind-induced set-up increase the sediment import into the upper marsh (Friedrichs, 2012;
Zhu et al., 2022). On the other hand, prolonged wind-induced set-up results in alonger inundation
period subjecting the vegetation to increased stress (Balke et al., 2014), increasing the water con-
tent (and the erodibility) of the muddy substrate. Wind-induced set-down offers opportunity for
seedling establishment (Balke et al., 2014) and reduces the water content in the substrate. How-
ever, prolonged water level set-down induce the formation of superficial mud fractures (see figure
7.2, Westhoek 2016).

Overall, the wind direction controls the duration and frequency of set-ups and set-downs on
intertidal areas, highly affecting the opportunity for vegetation establishment. The smaller the
slope of the tidal flat, the stronger is this effect, as a difference in water level of a few centimeters
affect the inundation frequency and duration of extensive areas of the flats (Chapter 6).
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Figure 7.2: Pioneer vegetation on the transition zone at Westhoek intertidal flat (bed elevation close to MHW
level). The picture was taken on September 15, 2016. The scarce density in pioneer specie plants (Salicornia
Procumbens) is attributed to a poor seed retention, in turn related to relatively large bed level fluctuations.

7.2.2. IMPLICATIONS FOR THE DESIGN OF A FINE SEDIMENT NOURISH-

MENT

Worldwide, harbours suffer from siltation while channels are continuously dredged to maintain
or expand navigational depths. Dredging and disposing sediment is costly and it also can have a
negative impact on sensitive coastal ecosystems (e.g. Erftemeijer and Lewis III, 2006; De Vet et al.,
2020a). Therefore sustainable sediment relocation methodologies are being investigated aiming at
minimising dredging volumes while strengthening ecological values by restoring coastal habitats.
The establishment of pioneer vegetation requires a sufficiently high bed elevation of the intertidal
flats (generally the MHW level is assumed as reference threshold) in order to guarantee the appro-
priate duration of emerged/submerged conditions of the bed (and so of the vegetation seeds). For
low-lying intertidal areas (i.e. bed elevation below MHW level) the vegetation development hence
requires, at first, an increase in bed elevation, and so a progradation of the intertidal flat.

The Mud Motor (see Baptist et al. (2019)) is an experimental type of nourishment executed in
the Dutch Wadden Sea, aimed at promoting the development of pioneer vegetation over fringing
intertidal flats, by disposing muddy sediment relatively close to the shore (the tidal channel bor-
dering the targeted intertidal flats). The purpose of this experiment is to strengthen salt marsh
expansion by feeding the intertidal area with more fine-grained sediments. The sediment is ex-
pected to be transported from the tidal channel towards the flats, and the increase in sediment
concentration is expected to lead to the accretion of the intertidal zone.

Three main phases were therefore expected: a) the sediment is transported from the tidal
channel towards the targeted tidal flats, i.e. the residual sediment transport is directed towards
the flats; b) the sediment leads to permanent accretion on the intertidal flats; c) pioneer vegeta-
tion is established. The first two phases have been investigated in Chapters 4,5, 6. The key results
of this thesis with respect to the two first phases above are as follows:

» The increase in bed elevation of the targeted flats appears not to be limited by sediment
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availability, but by the lack of conditions for this sediment to permanently deposit. Find-
ings from this thesis suggest that adding more sediment may even negatively impact per-
manent deposition because consolidation times scale non-linearly with the thickness of a
deposit. Nourishing sediment during a period when sufficient sediment is already available
in suspension (winter) is unlikely to promote salt marsh expansion.

* Crucial to net accretion are periods in which the tidal flat is emerged. Sediment should
therefore be preferably nourished in the summer period when the flat is more likely to
become emerged and overall sediment concentrations are lower. Sediment should not be
nourished during periods of relatively low water levels because during such conditions sed-
iments are not able to deposit on the upper flat. Most successful nourishments should ac-
count for meteorological predictions (wind velocity for residual transport, water level for
inundation and drying).










About the Photo
Muddy substrate on the upper Westhoek intertidal flat, showing the formation of mud cracks and a
small Salicornia procumbens plant. The photo was taken on September 15, 2016.



CONCLUSIONS

The primary aim of our research was to enhance the understanding of the mechanisms that govern
the transport of fine (muddy) sediments across intertidal flats, and the resulting accretion and ero-
sion processes in these ecologically significant areas. A key knowledge gap was the influence of wind.
Therefore, we concentrated on wind-driven processes that affect sediment transport and bed level
variability. Our analysis was structured around three main research questions:

1. What is the role of wind on residual and tidal flows over intertidal flats?
2. How do tides and winds influence sediment transport over intertidal flats?

3. How are phases of accretion and erosion of intertidal flats influenced by wind?

This chapter summarizes our conclusions regarding these three main research questions and offers
suggestions for future studies.
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8.1. GENERAL CONCLUSIONS

This thesis has deepened our understanding of the role of wind in intertidal areas. In line with
the three main research questions, we examined the influence of wind on the hydrodynamics,
sediment transport, and morphological development of intertidal flats.

The key findings can be summarized as follows: (1) Wind plays a much larger role in residual
flow over intertidal flats than previously recognized; (2) Residual sediment transport is driven not
only by tides and wind but also by temporary (wind-driven) sediment storage in intertidal sys-
tems; and (3) Wind influences both phases of erosion (through wave-induced resuspension) and
development of bed strength (due to rapid consolidation during prolonged periods of low water
levels).

These findings are elaborated on in the following sections, along with the practical implica-
tions of our results and recommendations for future research.

WHAT IS THE ROLE OF WIND ON RESIDUAL AND TIDAL FLOWS OVER INTER-

TIDAL FLATS?

Wind plays a pivotal role in controlling the residual flow over intertidal flats. Residual flow has
been estimated via field measurements and further determined via an analytical model simulat-
ing the interaction of a sinusoidal tidal flow and horizontal wind-driven flows. The residual flow
increases for increasing wind speeds, and its direction is highly affected by wind direction. Tidal
flow amplitudes are larger at the lower intertidal areas, that are submerged for longer time com-
pared to the higher flats. However, the residual flow is larger at the higher flats, due to the flow
asymmetries introduced by wind-driven flows.

Our results show that the magnitude of wind-driven flows decreases (increases) for increas-
ing (decreasing) tidal flow amplitude. At sites characterized by a relatively weak tide-induced flow
(~0.2 m/s) the wind is able to reverse the direction of the tidal flow also at moderate wind speeds
(110 ~10 m/s). As a consequence, wind is the dominant hydrodynamic forcing especially at the
higher intertidal areas. These results have provided evidence that wind-induced reversal of the
tidal flow (also for consecutive tidal cycles) is a relatively common phenomenon in shallow inter-
tidal environments.

The interaction between tidal and wind-driven flow also depends on the tidal asymmetry. In
case of flood dominance, the wind is more effective in modifying the ebb flow, whereas in cases of
ebb-dominance the flow velocity during flood is more sensitive to the wind-induced modifications
(at the same wind speed). The tide-wind interaction results in modified asymmetries in peak flow
velocity during flood and ebb. As a consequence, the effect of the wind on the flow depends on the
Eulerian asymmetries in the astronomical signal (being stronger for small tidal asymmetry) and
affects the Eulerian asymmetries in the meteorological signal (possibly reversing the flow during
flood or ebb).

How DO TIDES AND WINDS INFLUENCE SEDIMENT TRANSPORT OVER IN-

TERTIDAL FLATS?
Our study demonstrates that the crucial role of wind on tidal flat sediment dynamics not only re-
lates to the wave-induced resuspension, but also to the generation of wind-driven flows enhanc-
ing the tide-induced advection of sediment, ultimately affecting the residual sediment transport
and hence the short-term morphodynamic of intertidal areas. The residual sediment transport
direction follows wind direction, and its magnitude increases for increasing wind speeds. At tide-
averaged wind speeds larger than 10 m/s the residual transport increases linearly with the wind
speed (both cross-shore and long-shore direction).

Our dataset, gathered at different location during different seasons, have provided evidence
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that during non-stormy conditions the intertidal flats are characterized by larger suspended sed-
iment fluxes in winter compared to spring, due to the higher SSC and larger flow velocity, both
in turn resulting from the interaction of tidal forcing and wind-driven flows. The increase in sus-
pended sediment concentrations follows from wave-induced erosion, and persists also after the
storms.

Our results suggest that sediments can be temporarily stored in the higher areas of the in-
tertidal system, and then easily resuspended and advected during wind events. These storage
environments accumulate sediments during conditions of low to moderate winds during which
transport is in the same direction as the tide-induced (flood dominant) residual transport. This
sediment is subsequently resuspended and transported back during events with winds having the
opposite direction. Fairly short windy periods opposite to tide-induced residual transport may in
this way balance the residual transport of sediment that occurred over longer time periods in calm
wind conditions (weeks to months). This temporal storage of sediment in combination with wind-
driven transport is crucial for understanding short- and long-term sediment dynamics in muddy
systems, but is in general poorly accounted for in literature. During winter conditions much less
sediment is temporally stored. This is probably the result of more energetic conditions (prevent-
ing sediments to deposit) but may also be attributed to bio-stabilisation of sediments in the spring
period.

HOw ARE PHASES OF ACCRETION AND EROSION OF INTERTIDAL FLATS IN-

FLUENCED BY WIND?

A tidal flat accretes when a new layer of sediment deposits and over-consolidates. The chronolog-
ical order of sediment deposition and over-consolidation provides what we define, in this disser-
tation, as a 'Window of Opportunity for tidal flat accretion’.

Intense depositional periods tend to occur following stormy conditions, as sediment is made
available by erosion processes in the intertidal basin or in the estuary area. During the tidal cycles
following a storm, the eroded sediment is distributed by the flooding and ebbing tides over the
(especially higher) intertidal areas.

Over-consolidation is promoted by the air exposure of the tidal flat bed, and so by wind-
induced set-down. Wind opposes the flooding tides, leaving the bed emerged for prolonged pe-
riods (also consecutive tidal cycles). The ideal sequel resulting in opportunity for the tidal flat

accretion therefore includes:

1. Stormy conditions resuspending sediments in the intertidal system (W-SW wind at our
sites);

2. Calm weather conditions with dominating tidal forcing, spreading the available sediment
over the higher intertidal zone (no wind or E-NE wind at our study sites);

3. Prolonged moderate wind conditions favoring water level set-down and hence sediment
over-consolidation: wind is directed off-shore and in the long-shore direction opposing the
flooding tide (respectively SE and NE wind at our study sites).

The sediment transport measurements conducted at the mudflats of Koehool and Westhoek,
located along the Dutch Frisian coast, revealed a relatively large availability of suspended sedi-
ment, especially close to the bed, with concentration ranging from a few mg/1 up to several g/l and
reaching peaks of 10 g/1. Point 1) of the previous list is therefore not necessarily needed at our site,
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as sediment is available also during calm weather conditions. Nevertheless, also at our sites the
highest deposition rates occurred after stormy periods.

Point 3) of the above list indicates that wind-induced set-down provide opportunity for bed
emergence, as the air exposure favours a faster over-consolidation process and so bed strength
development. This implies that the erosion rate of intertidal areas (e.g. during storm conditions) is
strongly influenced by its inundation history, especially the duration for which the flat is emerged.
And although many studies have addressed the morphodynamic behaviour of intertidal areas (e.g.
Allen and Duffy, 1998; Janssen-Stelder, 2000; Bassoullet et al., 2000; Green et al., 2000; Le Hir et al.,
2000; Shi et al., 2012; Zhu et al., 2017; Shi et al., 2017a), no systematic studies have been executed
investigating morphodynamic changes of the bed in response to inundation history. Especially
in microtidal environments (with a tidal range less than 2 m) the inundation history is strongly
influenced by meteorological conditions due to wind set-up or set—-down.

8.2. IMPLICATIONS

The shift from a bare to a vegetated state for salt marshes is a stochastic process, as the occur-
rence of disturbance-free period following seeds dispersal (i.e. the “Windows of Opportunity for
vegetation development” defined by Balke et al. (2014)) is regulated by episodic events.

By applying a similar approach to the study of intertidal flat accretion, we hypothesize that
the vertical accretion of tidal flats is regulated by the stochastic action of wind, with wind direction
playing a fundamental role in allowing for the over-consolidation process. In case a window of
opportunity for a tidal flat accretion occurs, the chance for a relatively quick (days/weeks) increase
in tidal flat bed elevation exists. This occurs if the deposited sediment layer is sufficiently thick
to allow for a vertical accretion, and sufficiently thin to allow for sediment consolidation, in the
available emerged period.

Restoration techniques aiming at reusing fine sediment to restore intertidal flats and salt-
marshes should take into account:

1. The effect of wind—driven flows interacting with tidal flows and the result of such interaction
on the residual sediment transport direction;

2. The background suspended sediment concentrations and the related deposition rates;

3. The consolidation timescales and the wind-induced elongation of emerged conditions of
the tidal flats.

8.3. SUGGESTIONS FOR FUTURE STUDIES

The analytical model presented in this dissertation, aiming at predicting the residual flow result-
ing from the interaction of tidal and wind-driven currents, still presents some weaknesses. These
weaknesses mainly relate to the limitation of the used point-measurements when estimating the
terms of the Momentum Balance Equation (MBE). Model limitations and possible improvements
are listed hereafter:

e Our MBE excluded the evaluation of the time-variant pressure gradient related to water
level gradients in the tidal basin, because it required a spatial water level gradient which was
not available from the realized point-measurements. However, the MBE analysis included
the local time-varying water levels, which indirectly includes the effect of wind on water
levels. The hydrodynamic modelling of Van Weerdenburg et al. (2021) involving our study
area, interestingly shows that the contribution of large scale set-up/down to the residual
flow is minimal compared to the local effect of wind shear on the water level variation. The
surge variation facilitate residual sediment transport but the local wind forcing is respon-
sible for its generation. The flow velocity predictions obtained with our model were well
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representative of field data also due to this reason. If the wind-related water level variation
was not included at all, the analytical model could have not provided such good estimates,
as the contribution of water level set-up/-down is relevant in enclosed basins like the Wad-
den Sea. However, further improvements of the model could be realized including the water
level gradients at large spatial scale.

e The friction coefficient ¢ fow in the bed shear stress formulation results from a wave-current
model interaction which also has its uncertainties (Soulsby, 1995). Moreover, for each in-
vestigated site, we assumed the time-averaged value of the friction coefficient over the mea-
surement period. The model could be improved including a time-variant friction coeffi-
cient representative for the current-wave interaction close to the bed. Moreover there are
several wave-current interaction models available in literature for the estimation of the bed
shear stress (Zhu et al., 2019), therefore the variation of the friction coefficient with different
models, could be further analyzed to optimize the predictions.

* We considered the two cases of: a) wind aligned with the tidal wave propagating during
flood, and b) wind aligned with the ebb. The model is easily extendable to all wind direc-
tions maintaining the simplistic "bimodal" approach of long-shore and cross-shore wind
and tide components.

* The variation of the cross-shore advection has been neglected, but the cross-shore advec-
tion may become relevant at intertidal areas that are more elevated than our monitored
sites, due to the refraction of the tidal wave over the coastal shelf. Moreover, this contribu-
tion to the transfer of momentum is expected to be more relevant where cross-shore gradi-
ents in bed elevation are relatively large (i.e. on tidal flats characterized by larger slopes).

* High resolution numerical models could provide more insights into the variation of the
residual terms of the MBE applied in this study.

* In-situ experiments of consolidation process on soft muddy beds, at different tidal flat el-
evations and during different meteorological conditions, would contribute to a further un-
derstanding of accretion- and erosion-related mechanisms. These experiments should in-
clude shear vane tests across the tidal flats (to characterize the sediment over the tidal
period) combined with hydrodynamic measurements (to quantify the inundation dura-
tion and the bed shear stresses), high-resolution bed level changes (with a resolution suffi-
cient to observe the phenomenon of bed compaction during consolidation as well), water-
pressure monitoring within the tidal flat bed (to quantify the suction head driving over-
consolidation), SSC along the vertical (to quantify the contribution of residual Suspended
Sediment Fluxes to local bed level changes) and the effect of biota and vegetation on sed-
iment stabilization over the (higher) tidal flat. The meteorological contribution via wind
forcing, precipitation, evaporation and solar radiation will complement this data to further
analyse the relative importance of deterministic and stochastic forcing on the accretion of
intertidal flats. The spatial-scales, the time-scales and seasonality of the measured vari-
ables will overall control the response of intertidal flats to the challenges imposed by the
increasing sea-level rise and modifications in storm frequency and intensity.
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ANNEX-A: CALIBRATION CURVES
OPTICAL BACK SCATTER SENSORS

This Annex is meant to illustrate the calibration curves obtained with the calibration procedures
performed in May 2017 and February 2018, following the respective field campaigns. The cali-
bration procedure and the calibration curves obtained for the 2016 campaign were reported in
Section 3.7.

Figure A.1 shows the calibration fits (linear up to 1.5 g/l and quadratic for higher concentra-
tions) obtained for maximum SSC of ~ 10 g/1. As mentioned in Section 3.7 this represents only
part of the total number of calibration data-points. During the 2017 field campaign four OBS sen-
sors were deployed, respectively two per each site (Wy, Wy). The OBS installed at ~ 60 cm above
the bed at Wy (Serial Number T9850) was damaged after the instrumentation retrieve. The data
was downloaded from the instrument, but the calibration procedure could not be performed. The
calibration curve found for this instrument in 2016 (reported in Figure 3.13) was adopted. The
deviation between the calibration curves obtained for the same instrument, through the differ-
ent calibrations procedures (i.e. 2016, 2017 and 2018) increases for increasing concentrations, as
shown in Figure A.2. Maximum deviations of 2 g/l are observed between the 2016 and 2018 curves
for ~ 2700 mV. Being the 2017 calibration curves steeper than 2016 curves, we expect that the us-
age of the 2016’s curve, for the damaged OBS, resulted in a slight underestimation of the SSC at site
W (< 15%).

The 2018 OBS calibration procedure was performed with maximum sediment concentrations
of about 5 g/1. In this field campaign, totally eight optical sensors were installed, among which
seven OBS-3+ Campbell and one Fluorometer (see Figures A.3 and A.4). The seven OBS sensors
were calibrated simultaneously, whereas the Fluorometer was calibrated separately. The curves in
Figure A.3 and Figure A.4 indicate a different slope for the linear fit.
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Figure A.1: OBSes Calibration curves obtained after the in-situ sampling at site WH after the Field Campaign
2017. Three out of the four deployed instruments, were calibrated. The OBS Serial Numbers (SN) are indicated

as panel’s title.
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Figure A.3: OBSes Calibration curves, obtained after the Field Campaign 2018. The OBS Serial Numbers are

indicated as panel’s title. The linear fit results in averaged R-Squared values of 0.89.
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ANNEX-B: WIND CLIMATE

This dissertation investigates the effect of deterministic tidal forcing, and stochastic wind forcing
on the hydroynamics and morphodynamics of intertidal flats. The results of our research suggest
that a fundamental role is played by wind forcing. In this Annex, we provide the results of wind data
analysis, performed, as specified in Chapter 3, on the wind speed at 10 m above mean sea level,
and wind direction gathered at the Leuwardeen meterological station. The Wind Roses presented
hereafter are referred to:

* The specific (about 1 or 2 month-long) periods in which field measurements were con-
ducted in 2016, 2017 ans 2018 (Figure B.1).

* The one year-long period of the years 2016, 2017 and 2018 (Figure B.2).

* Seasonal periods of six months, named in Figure B.3 as "Spring" and "Winter". "Spring"
represents the period April 1st - September 30" (of the indicated year) whereas "Winter"
represents the period from October 1° ! (of the indicated year) until March 31° ! (of the fol-
lowing year).
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Figure B.1: Wind Roses relative to the three measurement periods: [a] Spring Campaign 2016, [b] Spring Cam-
paign 2017, [c] Winter Campaign 2018.

Wind Speed [m/s]

I, > 15
[ ]10<u, <15
s <u, <10
_0§u10<5

Figure B.2: Wind Roses relative to years (Jan 15t Dec 31°%) 0f 2016, 2017 and 2018.
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Figure B.3: Wind Roses relative to the "Spring" and to the "Winter" periods of 2016, 2017 and 2018. "Spring"
indicates here the period April 1st - September 30th (of the indicated year) whereas "Winter" indicates the
period from October 1st (of the indicated year) until March 31st (of the following year).
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This wind data analysis suggest that:

The dominant wind direction at our study site is SW (Figure B.2);

Most frequently, the highest wind speeds (u19 = 15m/s) are from the SW direction, followed
by NW and NE directions. SE wind is relatively weak (5m/s < ujg < 10m/s) and the less
frequent: this is the wind, at our study site, directed towards the offshore direction (Figure
B.2).

Winds with u19 = 15m/s from the SW sector mainly occur in winter season. Albeit the lower
frequency, these SW storms also occur during the spring semester (Figure B.3).

During the spring semester NE wind is more frequent compared to the winter semester
(Figure B.3). However during the winter semester, high wind speeds (u19 = 10m/s) from
the NE also occur relatively frequently.

The wind conditions during our winter field campaign (2018) were characterized by in-
tense winds from the SW, which were favourable to analyze what happens during the typical
storms in our study areas.

The wind conditions during our spring field campaigns (2016, 2017) were characterized
by relatively intense winds from NE and NW but also be weaker winds from all directions.
These were helpful to analyze what happens at our study areas when the wind blows in
direction that are less "typical" compared to the dominant one, and to compare hydro- and
morphodynamics changes in case of windy and non-windy conditions.












About the Photo
A canoe was used to transport instruments to and from the measurement site. This photo was taken
during the spring field campaign at Westhoek on May 15, 2017.
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