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Abstract

Ever since 120 years people have been trying to create estuaries and tidal inlet systems in
experiments, starting with Osborne ReynoldgiirK S m $oyfar Sb&group of scientissucceeed
creating a physical scale model ofignamic tidal systemLow-sediment mobility, ebllominance
and the emergence of unrealistic deep scour holes and large ripglasresult of smooth flowvere
major problems of earlier experiment®©ur objective wa to create atidal inlet system in a
laboratory physical scale modbly applying a avelmethod to generate flowto determine whatthe
possible scale effects arand whether equilibrium morphology exisig, case ofa dynamic state. In
our experiments morphology emerged that resembled natunghvihe existence of an ebtdal
delta, channel network and inlet channel(B).contrast to the regular pumping of watethe entire
basin (3.8m by 1.2m) was tilted vertically, over the short axis. Thimvel metha of tilting the
experimental seup caused an increasesediment mobility in the ebband flood phasdecause the
bed surface slopes in downstream directidooth during flood and ebb phasedhis reducd
experimental time from weeks to days. Channels formed through backward erosion andisiarte
bifurcate after retreating from the basin margin to form a netwaifikup to four orders.Channelsn
the backbarrier area were found to migrate cyclicaljesemblance with natural cyclisehaviour
such as the number of inlet channels existed angdyl ebb and flood channels separated by sills
were present.The use of lightveight grains, an initial sediment basin level considerably higher than
mean sea level, a start perturbation amen-erodible barrierswere required to create a dynamic
tidal inlet system.The parametersnost sensitive to the equilibrium morphology were sediment bed
level, average water level, inlet width and tidal amplitulew average water level with respect to
the sediment bed cawsl long sharply curved channelShese chamnels had few branchesand
persisted on therregularly shapedbb-tidal delta. Higher average water levels increasbadnnel
migration rateshumber of branches and regularly shapeébb-tidal delta formed. Inlet width and
tidal amplitude most importanthaffected the shape and extent of tHeackbarrier basin and ebb
tidal delta since they determinedhe strength ofthe flow. The effectof a rise in water level was that
the backbarrier area widened and lengthengdhannels deepenednd the number of chanels
increased. The ebtidal delta built up in the verticaln this reportpossible scale effects, equilibrium
state of the system and how the experimentakults can be translated toatural systers has been
discussed

Keywords ebbtidal delta, tical channelpackbarrier,morphdogy, equilibrium,experiment, scale
rules, cyclibehaviour



Preface

This research thesis was done as part of gnaduation Master of Sciencesesearchat Utrecht
University, Faculty of Geosciences; Dapment of PhysicalGeography The research covered a
literature study, 35 laboratory experimentsjmage processing in Matlab and providing a written
report. On the 2% of January 2012 this research was orally presenteal nomber offellow students
and employees of Utrechtyniversity.The research was performeak part of the research group
River and delta morphodynamics leaded by Maarten Kleinhans of Utrecht Univaitsityesearch
group shares much experience in morphological experiments. There is not much literataribdides
experimental research on tidal morphology mainly because of scale issuestia@rdexperimental
constraints In this research a new method of generating flow was tested that shortens experimental
time considerablyand increases sediment mobilitlSo recommendations on scale issues were
made and testedThe novel experimental methodeems promisindpecause experimental results
closely resembled natural, dynamic, behaviour. Hopefully the novel metipeds up the door to
doing more experiments ondal morphology There already was significant interesftthird parties.

A scientific article was recently accept@ith results frompreparatory experiments of this research:

Kleinhans M.G., van der Vegt, M., Terwisscha van Scheltinga, R.C., B&aamnl. Markies, H., 2012.
Turning the tide: experimental creation of tidzlannel networks and ebb deltas.

The article will be published in October 20TThe abstract ofthis researchwas publishedat the
international conference NCG&ays 2011 in DelftCmtrolling the Dutch River¢NCR: Netherlands
Centre for River StudiesYhe audienceawarded me with theaward for best research poster
presentation (ex aequo)he abstract was also published and orally presetedVout van Dijk and

by Maarten Kleinhanat the conference of European Geosciences Union General Assembly in Austria
(April 2012)and at the American Geosciences Union conference in San Francisco (December 2011).
The novel methodhas proverto be promising, even more are thecentresults.
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Summary

A tidal inlet is a narrow channel that connects the open sea with a lagoon. Tidal inlets oftanimo
barrier island systems and are typified by deltas at each end of the (gktsfront page)The deltas
result from the highvelocity, tidal currents that flow through the channels and loose strength when
the flow diverts into the sea or lagoom the lagoon a backarrier environment developwith

branching channels and tidal flatBhe issue of conservation of tidal systems, exposed to the effects
of human interference (i.e. land reclamation, dredgiognstruction of groins and dikes) and clima
change is importantLiterature describing the hydrodynamics and morphology of-tdbdl deltas,

inlets and channel networks is widely available. The knowledge is largely based on field observations,
linear stability analyses and numerical modelliBgt the timescale of observations is usually smaller
than the timescale of morphological equilibrium. Due to numerical issues models have limited value.
Experiments can provide datach descriptions of their evolution in fully controlled boundary and
initial conditions. But experiments in the field of coastal morphodynassearch are rare mainly
because of scale issues and other experimental constrddafcits inprior experimentl workare

the occurrence of low sediment mobility, elslominance, hydraid smooth boundaries reflected in
unrealistic deep scour holes and a static equilibrium because of shear stresses below motion
[Kleinhans et al. 2010Tilting the experimental setip will cause increasesediment mobility in the

ebb- and flood phase becae the bed surface slopes in downstream direction, both during flood and
ebb phasesThus ebkdominance is counteracted while sediment mobility is increakeu

sediment mobility camlsobe overcomewith the use of lightweight grains.In this thesis itvas
suggested that scale rules should be more relaxed and that it is more important that the flow
remains subcritical and is near uniform. Alee composition of a sediment mixture is essential when
relaxing scale rulest was suggested to usaé sedinent that scales with flow depth on the
floodplains witha coarse sediment taib avoid smooth conditions.

The experiments were carriezlit in a plastic tub of 3.8m x 1.2m x 0.2m. The initial configuration was
a sediment basin of about 4cm height thaasvdirectly connected to a water basin of about 2.8cm
deep.The tide was generatedybvertically tilting the setip, instead of pumping water in and out

The effect othe experimental conditions amplitude of tilting, speed of tilting, inlet width, hortabn
water level (MSL), sediment level, sediméetslope and sediment type on evolution and
morphology were investigated.he spatial distribution of bed elevations and tidal water levels within
the tilting basin were surveyed through two digital photoveras. The water was coloured pink such
that the colour intensity of the water was an indication of water depth.

In our experimentsediment transport occurred both during the ebb phase as well as during the
flood phaseSo tilting the seup to generatelow rather than pumping water in and out worked well
to simulate the net effect of tidal flonChannels formed through backward erosion and started to
bifurcateand migrateafter retreating from the basin margimypical morphology emerged with the
exisence of an eb#idal delta, channel network and inlet channel@h he experimental

morphology resembled naturéxperiments with poorly sorted sand showed tkguilibrium

occurred invariably when the sediment in most of the tidal basin was immobdepéxear the inlet.
Experiments with lightveight grains showed a more dynamic state of changigical ebb and

flood channels separated by sills were presémtiso observed abandonment and subsequent filling
up of ebb and flood channels with sedimemd formation of new channel# addition bifurcations
occurred and a cyclic migration of channels existed in the-badler area. Channels in the inlet
showedresemblance with natural cyclaehavioursuch as the number of inlet channgls nature
constant tidal prisn channel area usually define equilibrium state. The experimental tidal prism and
channel area were constant while tiebb-tidal delta and tidal area still expanded. It indicated that
the subject of defining equilibrium state is notaghtforward. Meanwhile our experimenghowed
morphological equilibrium state when the bablrrier area remained equally large and the eiulal
delta did not expand anymore. Thaguilibrium state coincided with migration of bars, channels and



shoals ad was defined to be a dynamic equilibrium stafée use of lightveight grains, non
erodible barriers, a start perturbation and an initial sediment basin level considerably higher than
mean sea level were required initial conditions to produce a dynaiaet inlet system.

Multiple conditions were investigated in the experimeni&ie parameters that were most sensitive

to the equilibrium morphology were sediment bed level, average water level, inlet wsdthiment

and tidal amplitudeLow average wateelel with respect to the sediment bed caused long sharply
curved channels, caused by backward erosion. These channels had few branches and persisted on
the irregularly shaped ebbdal delta. Higher average water levels increased migration rates, number
of branches and a regularly shaped etdal delta formed. Inlet width and tidal amplitude most
importantly affected the shape and extent of the bawkrrier basin and eblidal delta since they
determined strength of flow. Ae effect to a rise in sea levah equilibrium morphology waa wider

and longer baclbarrier basin with more channels, a deeper inlet channel and thetielalb delta

built up in the vertical.

From applying scale rules it was found that experimesgaliment mobility was low while ftion

was highBut the scalingules did not incorporate the effect of a tilting sediment bed. The time scale
of experimental cyclic behaviour more or less agreed with the scale ratio of Tingescale ratio of

time was a function of tidal velocities abdsin lengthThe occurrence of experimental cyclic
behaviourassociates with all parameters and indicates that experimental sediment mobility was
appropriate. It is thus suggested that the net effect of tilting is such that it more or less negates the
scde effects predicted from scale ruldsxperiments predict an inlet area an order of magnitude
higher than the95-percent confidence limit of extrapolated field data [Maydora, 1977] They
described that possible scale effect in their experiments wasiieeof typical size quartz sand which
did not scale with prototype barrier sediment conditions. But our results were consistent with

F 2 dzy RA y 3 GMora pLF77] avhil@ vie Ndaled sediment by the use of kgktght grains. It is

thus suggested that thmlet area versa prism relationship is not a poweelation for the entire

range of conditions from experiments to prototype.

The morphology of the experiments compared rather well with observaRatommendations on
folding of the ebktidal delta aroum the inlet and realizing sediment rearrangement were provided.
Experimental observations suggest further research on the effect of inlet width on morphology and
on inlet dynamicsThe experimental setp also allows investigatirestuaries, shorgaralleltidal
currents the effect of wind waves, and mare



Samenvatting voor een leek

Rondom de wereld zijn er verscheidene kusten waarin een smalle geul een binnenzee verbindt met
de open zee. Voorbeelden hiervan zijn de Waddenkust van Nederland tot Dermmedek

Amerikaanse zuidelijke oostkust en de Portugese kust. Ook Venetié in Italié ligt in een dergelijke
binnenzee. Door deze zeegaten stroomt dagelijks de vloedstroom de binnenzee in en de ebstroom
naar buiten. Doordat het zeegat vrij nauw is, versnadydtijstroom wanneer deze het zeegat

passeert. Waarna de getijstroom vervolgens uitstroomt in zee, neemt de snelheid van de stroom af

en daarmee ook zijn capaciteit om zand te vervoeren. Hierdoor ligt er aan één of beide zijdes van een
zeegat vaak een del. In de binnenzee zelf ligt een geulensysteem waarin de geulen zich blijven
vertakken. Hierbij vormen ze indrukwekkende patronen. Tussen de geulen liggen veelal platen die
droogvallen tijdens eb. De droogvallende platen en eventuele eilanden hebben jzender een

hoge ecologische waarde voor bodemleven, vogels, vissen en zeehonden. Nu zijn zulke zeegaten met
RStirQa Sy 3ASdzZ Sy Sy LXIFGSy Ay RS o0AyySyiSS Reéeyl
banken migreren en dat er lokaal erosie of ddpesptreedt doordat de ebstroom net even anders
stroomt dan de vloedstroom. Deze dynamiek is het waardevolle van zulke getijsystemen en moet
daarom behouden blijven. Er is een belangrijke discussie gaande over het behoud van de natuurlijke
dynamiek in ggjsystemen terwijl de systemen ook beinvloed zijn en worden door de mens
(landwinning, baggeren, aanleggen van dijken, havens ed.) en klimaatverandering. Dit benadrukt de
waarde van de resultaten uit dit onderzoek.

Het doel van dit onderzoek was om eegtifgysteem te creéren uit een enkel zeegat met vlak

achterland waarbij de stroming door het kantelen van de bak gedreven wordt. Vervolgens, bestaat er
een evenwichtsmorfologie en hoe ziet deze eruit? Lijkt de experimentele evenwichtsmorfologie op
denatuNI A21S Y2NF2f23AS @y RS RStdlFIQaxz 1SS3ard Sy
condities hierop, zijnde: initi€le geul, de mate van kanteling, de snelheid van kantelen, de breedte

van je zeegat, de waterhoogte in zee, de sediment hoogte, dmfpethn het sediment bed en het

type sediment? Als laatste zijn schaal regels toegepast op de resultaten en vergeleken met

natuurlijke systemen. Wat zijn de schaal effecten en welke processen zijn een goede weergave van

de natuur?

Er is veel wetenschaelijke literatuur over de waterdynamiek en morfologie van het zeegat, de

buiten delta, het geulensysteem en platen. De kennis is vooral afkomstig van observaties en
metingen in de natuur, lineaire stabiliteitsvergelijkingen en numerieke modellen. Maigddehalen
waarop de morfologie in een soort evenwicht komt zijn vaak langer dan er observaties zijn. Ook
hebben numerieke modellen hun eigen beperkingen zoals de complexiteit van sediment transport en
is het numeriek lastig om nag¢n droogvallen te modkeren. Experimenterechterzouden een

volledige beshrijving van het ontstaan van een getijsysteem kunnen nabootsen waarbij de rand
condities en initiéle condities zelf bepaald word&mordat een experiment op kleinere schaal
plaatsvindt, is het een vemglde weergave van de realiteit. Maar het probleem is nu dat

experimenten zelden gedaan worden om kustmorfologie te onderzoeken. Dit komt vooral door
schaalproblemen. Andere beperkingen van eerdere experimenten waren dat de morfologie gevormd
was door eerebgedomineerde stroom, er werd weinig sediment verplaatst met de stroom en het
GeLIS adNRYAYy3 gl a WwIEFITRQ ¢l NR22NJ 2S RASLIS 3L 4GSy
als er in de gevormde getijsystemen geen verandering van de bodem meer ptahtsvanks dat

er water stroomde. In de natuur echter, blijven zulke systemen dynamisch.

In dit onderzoek maken wij gebruik van een compleet nieuwe methode om water te laten stromen
die eb en vloed moet nabootsen. Normaalgesproken werd dit gedaan doayafaeweging te

simuleren of water in en uit te pompen. Wij kantelen de bak vanuit één hoekpunt op en neer.
Hierdoor gaat water stromen in de richting van de helling waarbij de zandbodem mee helt. Hierdoor
is er een lagere stroomsterkte nodig om sedimeneroderen en vervoeren en heb je dus hogere
sediment mobiliteit. De sediment mobiliteit wordt ook nog eens verhoogd door gebruik te maken



van hele lichte plastic korrels die gemakkelijk meegevoerd worden. Dan zijn er nog de schaal regels

waar aan voldaamoet worden. In de literatuur sectie staat een uitgebreide uitleg waarom deze

regels die in eerdere experimenten geformuleerd zijn niet persé opddeins veel belangrijker dat

het type stroming juist is en de stroomsnelheid in verhouding met de wagptdi Door grovere

12NNBta S 3ISOoNHzA 1Sy 1T 2NBH 2SS SNW22NJ RIG RS aidNey
een plastic bak van 3.8m bij 1.2 m en 20 cm hoog. Deze bak was opgedeeld in een laag sediment aan

de ene kant en water in de rest vde bak. Door de bak te kantelen ging er water in en uit een

initieel geultje in het zandbed stromen. De veranderingen van de geul werden zichtbaar gemaakt

R22NJ YARRSt @Iy OFYSNIQa Iy KSG LIXITFT2yR RAS | dzi

In de experimenten vondrezowel tijdens inals uitstroom sediment transport plaats. Het kantelen

van de bak simuleert dus het effect van eb en vioed. Er ontstond een karakteristieke morfologie met
een ebgetijde delta, hoofdgeul(en) in het zeegat en een geulennetwerk in heedahtl. De
experimentele morfologie was dus vergelijkbaar met die in de natuur. De evenwichtsmorfologie in de
experimenten was een systeem waarbij het achterland niet meer groeide en de delta niet meer
uitbreidde. In de natuur wordt evenwicht vaak gededimid aan de hand van een verhouding tussen
getijvolume en doorstroomoppervlakte van het zeegat. Het experimentele getijvolume en de
doorstroomoppervlakte van het zeegat waren al lange tijd redelijk stabiel terwijl de delta nog groeide
en het achterland nogitbreidde. Uit de experimenten blijkt dat het definiéren van een evenwicht
wellicht complexer is. Toen het systeem niet meer groeide bleven de geulen wel migreren. De
experimentele evenwichtsmorfologie was dus in een dynamische staat. Dit was nog eroleit e

gezien op experimentele schaal. Belangrijke condities om een dynamisch evenwichtssysteem te doen
2yGadlly gl NBYyY fAOKGISHAOKEG LIXTFadAO 1 2NNBfaz SS
sediment bed lag hoger dan de zeestand en een inigéld. Bij de experimenten met zand vond er

na verloop van tijd geen transport meer plaats en was dat dus het evenwicht.

Over het algemeen breidde een geul zich uit door teohgijdendeerosie. Een splitsing vond plaats

nadat een geul zich iets had tegegrokken. Na splitsing vond er zijwaartse migratie plaats.
Karakteristieke eb en vioed geulen waren aanwezig met daartussen drempels. Ook werden er geulen
verlaten, opgevuld en ontstonden er nieuwe geulen. Migratie van geulen in het achterland gebeurde
in een cycliciteit. Ook in het zeegat was er cyclisch gedrag dat ook in de natuur plaatsvindt: het
wisselen van het aantal geulen. De morfologie was het meest gevoelig voor de volgende condities:
hoogte van het sediment bed, gemiddelde waterhoogte, breedte et zeegat en de getijamplitude
(mate van kanteling). Een zeespiegelstijging leidde tot uitbreiding van het achterland, een dieper
zeegat en de elgetijde delta werd opgehoogd.

Uit de schaal regels bleek dat de mobiliteit van het sediment aan dekéagavas en dat

bodemwrijving aan de hoge kant was vergeleken met de natuur. Maar de schaal regels nemen niet
het effect mee van het meehellende zandbed tijdens eb en tijdens vloed. Terwijl de tijdschaal van de
cycliciteit wel overeenkwam met de schaalveuding van tijd. De cycliciteit is een gevolg van alle
condities en is wellicht een betere maatstaf. De suggestie is dan ook dat de het effect van kantelen
dusdanig is dat het ervoor zorgt dat de mobiliteit van het sediment toch juist was. Kortom, aan de
schaal regels werd bijna voldaan; de experimentele morfologie en processen daarin leken erg op die
in de natuur; een evenwicht werd bereikt waarin geulen en platen dynamisch waren.
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Chapter 1: Introduction

A tidal inlet is a narrow channel that connects the open sea with a lagoon. Tidal inlets often occur in
barrier island systems and are typified by delidsne or bothends of the inlets(see front page)
The deltas result frordeceleration of theéhigh-velocity, tidal currents that flow through the channels
and loose strength when the flow diverts into the sea or lagdoithe lagoon a backarrier
environment developswith branching channels and tidal flafBhe baclbarrierareasare ecologically
AYLRNIFYG FNBFA F2N) Soad aKStt FAAK | ljdz Odzt (i dzNB =
channel system provides natural access to ports [varidegen et al. 2008a]. The areas can be
densely populated and attractive for recreation which increases the economic value of the system
[van der Vegt 2006]. Literature describing the hydrodynamics and morphology didztleltas,
inlets and channel rtevorks is widely available. The knowledge is largely based on field observations,
linear stability analyses and numerical modelliBgt the timescale of observations is usually smaller
than the timescale of morphological equilibriubue to numerical isss models have limited value.
Experiments can provide datdch descriptions of their evolution in fully controlled boundary and
initial conditions. But experiments in the field of coastairphodynamiaesearch are rarelhe issue
of conservation of tidadystems, exposed to the effects of human interference (i.e. land reclamation
dredging construction of groins and dikeand climate change is important. Therefore we should
improve our understandingrothe evolutionof a tidal inlet systenthe existen@ of an equilibrium
stateand the effect of changes in conditions such as sea level rise and land reclarBgtiemments
can give new insight on tketopics.

Not much is known about thgenesis of tidal inlet systems and estuaries because the
depositsare usually reworke in nature [Perillo 1995Experiments allow describing the evolutioh
a tidal inlet systenfrom plane bed to equilibrium staté&ver since 120 years people have been trying
to create estuaries and tidal inlet systems in experimesigting with Osborne Reynolds in the
MYy y JREYRA0Ids118874891] So far no group of scientist did succeed creating a physical scale model
of a dynamic tidal systenMost importantly, lowsediment mobility, ebllominance and the
emergence of unrealistideep scour holes and large ripples have to be avoidled.main objective
of this research is to create tidal inlet systems in a laboratory physical scale model by applying a
novel method to generate flonBubsequently, desequilibrium morphology exist ahwhat is the
equilibrium morphologyf the tidal inlet systerdA How does it compare to naturelhe focus is on
morphologyand dynamic®f the ebb tidal delta, the inlet and the channel networks. We study the
sensitivity to the width of the inlet, the tidalonditions, sediment level, initial perturbation and sea
level rise Third,scaingrules are applied oexperimental parameterand those ofrototype
systems What are scale effects and which phenomena in experiments represent nature?
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Chapter 2: Theoretical review and scope

The theoretical analysis considers literature on morphology of tidal inlet systathprocesses
governing the morphology from different methods of resear€hist the reader is introduced tbe
typical morphology of tidal iek systems and the principle of sediment transport. Chapter 2.2
considers basic knowledge from observatioftee processes governing the morphology of tidal inlet
systemsare provided Also quantificatiosof typical characteristicwill be considered andheir
interrelations.The so called equilibrium stateill be defined with a description of simultaneous
cyclicbehaviour Then chapter 2.3 covers findings franodellingstudies.Modellingstudiesallowed

to test findings from observationgheir resultsprovidebetter insight in theeffect of the character of
tidal flow, the relevant effect ofvavesand their combined actionThese two processes most
importantly describe the dynamic state thfe sediment bed on a range of time and spatial scales.
Thereafer chapter 2.4 summarizes prior experimental wgrtqvidesfindings from prior

experiments and most importantlyiscussegxperimental constraints. The last section, chapter 2.5,
is on the application of scale rules. First the principle of upsceligigen followed by suggestions on
relaxing scale rules. Nevertheless multiple methods of scaling are outlined to allow comparison of
results to previous experimental work aatlow comparison to nature. Last, chapter 2.6 gives the
thesis outline.

2.1 Tidal inlet systems and sediment transport

This section describes typical morphology of tidal inlet systems and estuaries and how they emerged.
Also the principles of sediment transport will be explained.

2.1.1 Tidal inlet systems

In many coastlines the tidal water passbsugh inlets into and from hackbarrierarea twice a day
and thereby created typical morphologligure2.1 presents four examples of tidal systems with
exposed sand bodie$hey are respectively the Dutch Wadden Sea Coast, the Western Scheldt
estuaryin the southwest of the Netherlands, Cape Hatteras and North Inlet at the Atlantic coast of
the United States of Americd he ebb and flood current transport sediment. But the ebb and flood
flow not simply reverse the direction at each part of the beaytimay have different flow paths
[Reynolds 18871891]. So what has been a scouring flow during ebb can be a depositing flow during
flood. A typical shape of the sand bodies results from the local change in the character of flow and
the flow having to pasthrough a narrow inlet. Figure 2.2 presents a sketch of a typical tidal inlet
system. Typical sand bodies are the inlets in between the barriers, the delta at the seaward and at
the landward side of the inlet and the channel network in the Baakier. Tle seaward delta is

referred to as the ebitidal delta while the landward delta is the flodlal delta.The region of the
ebb-tidal delta is shallow, with depths in the order of several meters. Some parts can be above mean
sea level. The delta is foldedoaind the deep ebltlominated channel [de Swart and Zimmerman
2009].The channel through the inlet usually consists of a centraiddyhinated channel and one or
two flood dominated channels. Between the barriers and the mainland generally ebbagkr
environment (estuary or lagoon) is situated. The bhaekrier shows a typical branching channel
network of several orders with tidal bars, meanders and an intertidal zone of tidal flats and salt
marshes [de Swart and Zimmerman 2009]. So many coastlinesddatets with typical morphology

of the system as a result of tidal flow.

The deltas, inlet and baddarrier area consist of different sand deposits preserving historical
development. Figure 2.3 shows the sedimentological architecture in the bottgresént tidal inlet
systems. The deposits in a bamdrier usually consist of fine sands and mud (striped in figure 2.3).
While the deposits near the inlet and of the eblal delta are usually coarser and consist of medium
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US Atlantic coast at
South Carohna

Figure 2.1 Examples of tidal systems with exposed sand bodies.

sand (densely dotted in figure 2.3). The sequence of bottom layers found indicated vertical accretion
of thick layers of sediment. At the same time typical deposits ofesuwlironments are longtretched

and layered tp of each indicating migration. The theory is that present barrier island systems
migrated landward when sea level rose since the last glacifitasselink and Hughes 2003]
Continental shelves which lay dry during thst glaciations became flooded. $lvaused a

complicated process @éworking of sediment, filling in of the topographic lows of the glacial
landscape and esion oftopographic heights [de Swart and Zimmerman 2009]. Another
phenomenorthat can lead to the formation of a tidal inlet systésa breach through a barrier

island or the coastline [Stefanon et al. 2009]. Barrier morphology is affected by a number of factors
which include sea level, sediment supply, substrate gradient, geological inheritance, wave energy
level, tides and wind [Msselink and Hughes 2003]. In terms of barrier evolution and stratigraphy, the
two most important factors are sea level and sediment supply. It depends on a combination of these
two factors whether the barriers are prograding (fig@8 typical stratigrapt), stationary or
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retrograding [Masselink and Hughes 2003). most tidal inlet systems formed and migrated when
sea levetose and their preservation depends on future conditions.

The schematizations figure 2.2 and figure2.3 give rise to some coradictions. The figures
show a weldeveloped flood tidal delta and a waleveloped ebb tidal delta. While in nature it is
usually observed that either the ebb tidal delta or the flood tidal delta is-dealeloped [de Swart
and Zimmerman 2009]idure 2.2 presents he direction of the tidal current parallel to the coast
which is the case for the Dutéadden $a Coast. Though, the direction of the tide can also be
perpendicular to the coast. This is observed for the U.S. Atlantic @bast ebbtidal deltas are
usually more symmetrical than for the Dutch Wadden Sea C8addespite of having general
morphology, the morphology of a tidal inlet systestnongly depends on local conditions.

Tidal flats

s ;);\;,a\EM 1epy
. Tdal watersheq

Coast

Figure 2.2 Sketch of an idealized tidal inlet system, showing the different
geomorphologic elements and the dominant physical processes
and phenomena. From De Swart and Zimmerman 2009.
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Figure 2.3 Block diagram illustrating the various sub-environments in a barrier island system.
Note the stratigraphy which shows the barriers island system to be a prograding system
due to sea level rise since the last glaciation. From Masselink and Hughes 2003 (page 244).

2.1.2 Estuaries

As long as freshwater is discharged into the sea in a channeled form, there is a potential for the
dewelopment of an estuarine environment [Perillo 1995]. An estuary is a partly enclosed sediment
body that is fed by river water and has a free connection to the sea so it is influenced by tide. It forms
a transition zone between river environments and ocearironments. Estuaries occur in many
types wherein geology is often a major contrdkertain type of estuary is comparable to a tidal inlet
system because they are tidltominated and also form channel networks and an-tidal delta.
Welltknown examplegre the Westerscheldt in the Netherlands and the Thames in the United
Kingdom. So in an estuattye tidal flow interacts withriver flow. River discharges in tide dominated
estuaries are generally small conmpd with the tidal prism (< 5%Perillo [1995]ntroduces the role

of tides to be complex and less well studied than many other aspects. A short andritteth
introduction is given here by Wells, edited by Pefill#95, page 179]:

We know that certain basins, such as the North Sea, the Yelloan8d¢he Bay of Fundy
have especially large tide ranges because of basin geometry. We know that when tides

O2y@SNHS Ay O2Failt SyoravySyiQas adOK Fa S$Saic

range increases as tides are forced through smaller @exg®onal areas. We know that as
tides move upstream through smaller cregstional areas, the tidal currents become
progressively more asymmetric in both speed and duraGommonly estuaries have lengths
of the same order as the tidal wavelengifet, &en when generalizations and simplifying
assumptions are made, it is difficult to unravel the role of tides in sedimentation pattern and
morphological development because of the difference in source, distribution, and nature of
both fine and coarse sedimesnfound within estuaries.

The general sedimentology of a specific estuary is the consequence of many conditions. One of the
most important is the sediment source. The sediment source may be from the river or the adjacent
shelf. The sediment is introducéato the estuary by tidal action or a currealong the shore

Erosion of inner estuary rocks or pestuary sediments and biogenic material may also be significant
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incised valleyfills with brackish trace fossils. In such settings topokgybasin geometnhave a

strong control on morphology during infillinhe question arises to what extent the morphology is

controlled by the original topology. Also, Rler{1995] states that the understanding of coas{alane

estuaries may be biased by estuaries along the east coast of the U.S. and in the Netherlands.

Experiments can provide new insight on the effect of topology and basin geometry on morphology.

2.1.3 Sediment transport

A current or drift acts on the bed sediment [Reynolds 188%1]. The primary action is not so much
to drag the grains along the bottom but to pick them up, hold them in some kind of eddying
suspension at certain distance above the bottom arehtlallow them to settle. As a consequence,
there is a layer of water adjacent to the bottom that is loaded with sediment. The thickness of the
layer depends on the sediment properties and current velocity. The faster the current and the finer
the sedimentthe thicker and the denser the loaded layer will be [Reynolds 11&91].

The most important modes of transport are bed load and suspended load transporo&éd
movesh y GKS FT2N)XY 2F &t ARAY3 | YR Niatfpartofth8totAINI Ay aed { d
sediment transport which is maintained in suspension by turbulence in the flowing water for
O2yaARSNIofe LISNA2Ra 27T [VanRen 1903).(Ba2 tdrispod thobésl OG0 & A
may occur simultaneously and the transition zone carbetveltdefined. Whether sediment is in
suspension or transported as bed load is largely determined by the equilibrium between the fluid
drag force and the gravity force, expressed in the terminal fall velocity. Small particles have a low fall
velocity andare therefore more easily transported as suspended sediment since gravity does not pull
them down.

Theforcethat acurrentexerts on the bed surffadsRSa ONA G SR o6& (KS o06SR akKk
(N/m?). The bed shear stress is given:

ol c* 3 dz (2.1)

with “, being the water density (kg/f), g the gravity acceleration (nfjs u the depthaveraged flow
velocity (m/s) and C the Chéegefficient(m®%/s) [Van Rijn 1993]. The Chénefficientis a measure

for bottom friction. A certain velocity is needed before particles start to move [Van Rijn 1993]. Then,
the quantity of the sediment which passes a particular section increases much faster than the
velocity Reynolds 18871891] To initiate and retain motion, a bed shear stress is needed just larger
than the critical beeshear stress, .. Shields (1936) did many experiments to determine the

initiation of motion for different grain sizes. He determined an empirical dimensionless parameter
for bed shear stress, the Shields parameételt describes whether the flow is sufficiently stgpto

initiate motion [Van Rijn 1993]. This is given by:

‘ cr:_b,cr/ ((’ sG ’w) gdéo) (22)

with _,..is the critical bed shear strefd/m?), " s the sediment density (kg/f, ", the water density
(kg/m®), g the gravity acceleration (nfjsandds, the median grain size (m). Figu2et shows the

classical Shields diagram for a fixed temperature and viscosity. For fine sediment with a boundary
Reynolds humber below (sediment size of about 8m) a relatively high critical Shields stress is

needd to initiate motion.Since he gravity action on a smaller particle is smaller which would make

it more easy to initiate the motion. Still, a higher mobility parameter is needed to initiate motion.
CKA& A& RdzS G2 TFTAYS &S Re) andfyidiparocksiintdce [¥s2 tNBuleNéd. i A O & ¢
Roughness elements such as grain particles generate eddies which affect the turbulence structure
and hence the flow velocities close to the bottom. Roughness elements facilitate initiation of motion
[Van Rijn 293]. In turbulent flow conditions the flow velocities are not constant in space and time. In
addition, the particles are random in size, shape and position [Van Rijn 1993]. So the actual transport
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of sediment is not necessarily described by a simple féatran. This is resembled in the availability

of different deterministic transport formulas that differentiate in the parameters needed to obtain a
transport rate (i.e. MeyePeter Mueller, Bagnold and Van Rijn). In short, the most important
parameters fordetermining sediment transport are flow velocity, water depth, bottom roughness
and sediment size and density. Transport formulations generally determine sediment transport, g
(m?/s), from the flow velocity, u (m/s}p the power of 3o 5 [Van Rijn 1993When, at a particular
place, the sediment load of the water is less than the full load due to its velocity, it will take up from
such place more sediment than is released. The water increases its load at the expense of the bed.
The bed is lowered or eded locally. Conversely, when the water is overloaded by sediment net
deposition will take place. Consequently, the bed will raideyholds 1884891] Predominantly,
changes in velocity determine deposition and erosion of the bed. The gradual chamgesefiiment
bed does not depend on the rate of deposit and withdrawal, but on the tidally averaged excess of
one of these over the other.
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Figure 2.4 Shields diagram describing the initiation of motion for a current over a plane bed from the

2.2 Observations

This section provides basic knowledge from observations. First a classification scheme introduces the

most importantprocesses governing the morphology of tidal inlet systems. Then the development of
channels and subsequent channel patternsiéscribed for Quantifications of typical characteristics
of channels such as widtb depth ratios, channel branching numbers and channel areas are
considered. Channel areas have interrelations with tidal wataraek and sediment volumes
introducing the concept of equilibrium stat&he so called equilibrium state will befined.
Thereafter the existing of an equilibrium state is discussed because of its dynamic state and
simultaneous cyclibehaviour

2.2.1 Classification scheme

Hubbard et al. [1979] classified tidal inlet systems based on examples frosoulieeasternAtlantic
coast of the USA. Three types of inlets are identified and schematized inZigubeing tide
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