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EBB-TIDAL DELTA MORPHOLOGY IN RESPONSE TO A STORM SURGE BARRIER
Menno Eelkemy Zheng Bing Wang and Marcel J.F. Stive

Abstract

The ebb-tidal delta of the Eastern Scheldt tidetihas been under the influence of a storm suageeb for the past
25 years. This barrier caused a strong decreaaeeirage tidal currents through the inlet. The molgdical response
of the ebb-tidal delta is characterized by sevdifférent processes: (1) an overall decrease imeed volume and
morphological activity, (2) downdrift reorientatiaaf channels and shoals, (3) a redistribution afireent between
channels and shoals, and (4) a lack of sedimemtagge with the basin. Simulations with a procesetianodel show
that the reorientation is a result of changed lmametween cross-shore and alongshore tidal carréhe sediment
volume decrease is a result of decreased tidadictgin combination with wind waves and a lackegfiment supply.
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1. Introduction

Tidal inlet morphology can be strongly influencedlarge-scale human interventions. A prime exangple
such an intervention is the storm surge barrieft boi 1986 in the Eastern Scheldt tidal inlet ireth
southwestern Netherlands (Figure 1). This bareduced the cross-sectional area of the inlet frord@
to roughly 16.000 fa As a result, the tidal prism was reduced by 39%6¢n, 1994). These hydrodynamic
effects in turn caused a change in the morpholbdebavior of the ebb-tidal delta. As this barigthe
first of its kind ever implemented, it is importanthave good understanding of its morphologictdats$.
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Figure 1: Overview of the Eastern Scheldt Inlete Thd polygon in the right hand side figure is #nea taken into
account for the sediment budget shown in Figure 4.
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The effects that have been observed in the firsyegs since construction should be regarded as the
initial response of the ebb-tidal delta morphologlge research presented in this paper gives arviever
of the observed trends, as well as an outlook @sipte development of the ebb-tidal delta in thmicg
decades. This is done by analyzing observed datapplying a process-based morphological model with
a simplified geometry.

2. Observations

The Eastern Scheldt (Figure 1) is an elongated lidsin of approximately 50 km in length and a acef
area of 350 ki(Eelkemaet al., 2012). The inlet is located between two (fornisignds called Schouwen
and North Beveland, and consists of three main méianseparated by shoals. The tide, which propagat
along the coast as a progressive wave from southweasortheast, has a mean tidal range of 2.9 meter
seawards of the inlet. The long-term mean signifis@ave height measured offshore of the inlet isrf,
and waves higher than 4 m occur less than 0.2%eofitne. The sediment on the ebb-tidal delta ctssis
mostly of fine sand with a median grain size ofgloly 200 microns. The grain sizes show a spatial
distribution with finer sediment on the shoals apdrser sediment in the channels.

In the nineteen eighties, the Eastern Scheldt ket partially closed off from the North Sea with a
storm surge barrier (Figure 1). This barrier cdsstf rows of concrete piers across the three rimaét
channels, plus two large construction islands. ©th lsides of the barrier the bed is protected again
erosion by a scour protection which extends ab6Qtré from the barrier.

The hydraulic effect of the constriction of theeihlvas a decrease in tidal range of 20%. Simultasigo
with the storm surge barrier, also two back-bardkrms were built in the Eastern Scheldt basin
(Philipsdam and Oesterdam, see Figure 1). Thisdeas in order to restrict the decrease of the tidage
by limiting the basin length and thereby increasthg reflection and amplification of the tidal wave
(Figure 2). These dams also reduced the basinfram@a450 knf to 350 knd. The combined effect of these
measures was a decrease in tidal prism from 1288ughly 900 million mper tide.
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Figure 2: Mean tidal range measured in the ceptalof the basin.

From the bathymetrical development of the ebb-tatkdta, measured every 4 years since 1960, a view
emerges of an ebb-tidal delta that is adaptindfiteethe presence of the storm surge barrier (fEgR).
The construction of the storm surge barrier cawsetbckwise reorientation of the main channels lan t
ebb-tidal delta, effectively caused by sedimentatia the southern sides and erosion on the nortides
of these channels. Also, the channels running nooréess shore-parallel are lengthening in northern
direction, and are becoming deeper. This reoriemtatould be related to the interaction between the
alongshore tidal current and the tidal current eaout of the inlet (Aarninkhof and Van Kessel, 229
According to Sha and Van den Berg (1993), the taién and protrusion of ebb-tidal deltas are eslab
the relative phases and strengths of alongshorertsrand currents coming out of the inlet. Becdhse
current flowing out of the Eastern Scheldt has éased in strength, the alongshore current going fro
southwest to northeast should have become relatstednger on the ebb-tidal delta. This could expthe
clockwise reorientation of most channels and shoals
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Figure 3: (a through d) Bathymetry of the ebb-tidalta between 1984 and 2008. (e) Bed-level diffexepetween
1984 and 2008 (red=erosion).
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Figure 4: (a) black circles: Total cumulative seeithvolume change. Red diamonds: cumulative sedimanime
change above 10 m depth. Blue crosses: cumulatiliensat volume change below 10 m depth. (b) Morpbictal
activity.

Figure 4a shows the total cumulative sediment veluatative to 1960 (black circles) of the areadesi
the red polygon shown in Figure 1. The constructibthe storm surge barrier marks a clear changkdn
trend of the sediment volume. Before 1986, the valgrew at a rate of roughly 2 to 3 milliorf per year,
as a result of another back-barrier dam built iFQ 9After the storm surge barrier was finalizedL 886,
the trend changed into an eroding trend with a o&te®ughly 2 million ni per year. Between 1986 and
2008 the ebb-tidal delta has lost between 30 anahiBidn m® of sediment. This trend has not shown any
signs of leveling out, and still seems linear. Tikigonsistent with the idea of an ebb-tidal dskdiment
volume far out of equilibrium with its tidal forain A precise value for the loss is difficult to dehine due
to inaccuracies in the data (Cleveringa, 2008). Most probable destination for the eroded sediraent
the abandoned channels of the Grevelingen ebbdieléd north of the Eastern Scheldt, which havenbee
filling up with sediment since the closure of Grigwvgen inlet in 1970. The sediment is transportegards
the north by the tidal current, which has a stroegjdual component running from southwest to naghe
However, the bathymetric data of the area norththef Eastern Scheldt cannot account for the entire
volume eroded from the ebb-tidal delta.

Another effect on the morphology is a general desean morphological activity, which is defined éner
as the average size of the absolute bed level elsaifdggure 4b). After the completion in 1986, ttwity
decreased sharply and continued to decrease extberfafter 2000. This indicates that the new $ibua
on the ebb-tidal delta is such that there are kaadly large-scale or high amplitude bed-level cleang
occurring, and the area is characterized by a $lotacontinuous development towards a new state. The
decline in activity is probably caused by the gaheéecrease in flow velocity over the area. Du¢h®
drop in current velocities the magnitudes of theiment transports must have decreased also. This
decrease in transport is stronger than the deciedk®v, because of the non-linear relation betwéew
and transport. The strong net erosion of the sam® @means, that although since 1986 the bed-chamges
relatively small, most of them are negative, megtimat erosion is more prevalent than it was before

The effect of the barrier is also observable indkelution of the hypsometry (red and blue symliols
Figure 4a). Since 1986, the sediment volume ofethie-tidal delta above 10 m below mean sea level has
continuously decreased, signifying erosion of thallsw parts. The sediment volume below 10 m has
increased since 1986, indicating sedimentatioméndeeper parts. The erosion on the shallow pétteo
ebb-tidal delta does not seem to have slowed 4ifi86, while on the other hand the volumes of thepde
parts do seem to have reached some sort of stahie.v

The shallow parts are suffering net erosion propdkelcause the tidal current is not strong enough to
supply the shoals with sediment anymore, and adsause the supply from the basin is cut off. Howeve
the tidal current is supposedly still strong enotmfransport sediment stirred up by waves awam ftioe
shoals. This behaviour is notably different frore #bb-tidal deltas neighboring the Eastern Schelthte
north, called the Grevelingen and Haringvliet. Théwo inlets were closed with dams in the nineteen
sixties. Their ebb-tidal deltas responded with regr@rosion of their seaward fronts and the creatibn
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large shore-parallel intertidal bars closer toghere (Steijret al., 1989). The development of these kind of
bars is virtually absent at the Eastern Schelde bars that are there are much smaller and mucérlow
than the bars at the Grevelingen and Haringvliee @ause of this might be the reduced tidal cuwarthe
ebb-tidal delta still being strong enough to ireeef with the wave-driven cross-shore transportschvhi
would normally build up the intertidal bars.

3. Outlook on possible future developments

The situation around the Eastern Scheldt tidaltirdequite unique in the way in which the hydraulic
conditions have changed in response to the storgesharrier. This uniqueness also means thatstilis
unclear what the future morphological evolutiontbis ebb-tidal delta might look like. The Eastern
Scheldt’s tidal inlet behaves notably differentnfrother tidal inlets which have been affected Wfedént
types of human interventions. This means it isidiff to use other cases as a reference for theeas
Scheldt. In order to still form an outlook on thespible future morphological development of thet&as
Scheldt’s ebb-tidal delta, we have applied an aggowhich involves letting a process-based numilerica
model create its own bathymetry similar to the BastScheldt’s, and then apply human interventians t
see how the modeled bathymetry reacts to thesevamtons.

For this study, a process-based numerical modédft@De see Lessegt al., 2004)) will be applied. The
model application is designed and applied in acoed with the ‘realistic analogue’ modeling stratexs
described by Roelvink and Reniers (2011). In thizleting strategy, the goal is not so much to repced
the exact same bathymetry as found in realityebudt the goal is to let the model create morpholeigy
similar patterns as found in reality, and to use thodel as a numerical laboratory to study theat$f of
interventions in a more qualitative way (e.g. Vam Wegen and Roelvink, 2008; Dastgheib, 2012).

The model domain consists of a rectangular are&n®ng and 25 km wide, representing the open sea
and coast. Halfway along this coast, the Eastehelfit basin is attached (Figure 5). This basinthas
same geometry as the real Eastern Scheldt basis.gEometry is adopted because it should make this
model more comparable to the real situation arahedEastern Scheldt. The size of the grid cellsegar
between 150 by 150 m in the inlet to about a kiltemaeear the boundaries.

The initial bathymetry of all simulations consistisa uniform sloping bottom with a depth of O nlz
landward end, linearly increasing to 15 m in thietinSeaward of the inlet, the depth increaseslfigeo
20 m over a distance of 12.5 km (Figure 5). Théahbed composition consists of an even mixture of
three non-cohesive sediment fractions of 100, 886,500 microns.

The model is forced by a combination of water ldyelindaries on its alongshore edge and Neumann
boundaries (i.e. water-level gradient boundarigsjt® cross-shore edges. All other boundaries lased.
The only tidal constituents considered are thetlle and its first two harmonic overtides, nd M.
Values for these constituents were derived by nestiis detailed grid in a much larger and coansedel
covering the southern North Sea (Roelvatlal., 2001), and calculating the amplitudes and pha¢ise
Neumann boundaries following the method describgdDissanayake (2011). This configuration of
boundary conditions results in a progressive tidave running from south to north along the coase T
model produces a tidal amplitude at the inlet 8f rh, which is very similar to the average tidal #itade
measured seaward of the Eastern Scheldt inletalityreln combination with the surface area of tasin
this tidal amplitude results in a tidal prism ofughly 1500 million n¥tide, which is comparable to the
tidal prism in the Eastern Scheldt by the timeloare.

The morphological model with this geometry is finsin for three hydrodynamic years with a
morphological acceleration factor of 200. Thus, tiedel simulates 600 years of morphological evohuti
This simulation will serve as a baseline simulatibhe effects of a storm surge barrier are invastig by
implementing a barrier in the bathymetry after 4@ars, and then letting this new simulation run for
another 200 morphological years. The effects oftlogleled barrier become apparent when resultsiof th
altered simulation are compared to the last 20@syefthe unaltered baseline simulation.
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Figure 5: Model domain and initial bathymetry.

After 400 years of computed morphology, a barrierimplemented in the bathymetry. This barrier
consists of three elements: (1) dry points acrosssiands at the barrier’s location, (2) decreatagaths in
the channel openings, and (3) non-erodible layarbaih sides of these openings, which act as thersc
protection. The dry points have the same effedhasconstruction islands by cutting off the floweov
these tidal flats. The decreased depths in the intmgachannel openings act as the sills and piéthe
barrier by significantly reducing the cross-sectioarea (Figure 6). These openings are also made no
erodible. The total size of the openings has bedibrated to cause the same relative decreaselah ti
amplitudes as the real barrier, which reduced it famplitude by 20%. The total reduction of cross
sectional area is 81%. Apart from the barrier, #fmoback-barrier dams (Oesterdam and Philipsdavg h
a serious effect on the tidal range and prism, leedhey reduce the basin length and basin areseTh
dams have been incorporated in the model by plaxitign dam which reduces the basin area by 22%. Th
total decrease in tidal prism in the model is rdy@@®%.

The wave forcing is kept simple, with a single waveshore-normal direction on the western boundary
which stays constant in time. The significant wéedght and period are the same as the average wave
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height and period measured offshore of the EaSeheldt tidal inlet: &= 1.4 m, T= 4.5 s. The evolution
of the wave field is simulated using online cougliof the SWAN model (Booigt al., 1999) with the
Delft3D FLOW-module. The wave field computed wittW8N is updated every 60 minutes.
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Figure 6: Modeled inlet cross-sectional area befm after implementation of the storm surge barrie
4, Results

Before the model can be used to give an outlookuture developments, first we need to check whether
the model reproduces the morphological trends obsen reality.

The modeled channel-shoal pattern of the ebb-tidih behaves as expected: The baseline simulation
creates an ebb-tidal delta with a large shoal @matrthern side, and the main channels towardsdhth
(Figure 7). This ebb-tidal delta is somewhat witthem in reality, which might be because the realtal
delta is bordered by other ebb-tidal deltas, whitethe other hand the modeled ebb-tidal deltarisefess
limited in its growth. When the storm surge barigimplemented after 400 years, there is virtualty
sediment exchange with the basin anymore. Theidabeelta is being pushed northward, which seams t
confirm that the model is able to reproduce theegainchannel-shoal pattern and the effect of thedra
on this pattern.

However, when the modeled sediment budget is sludiere closely, important discrepancies are
observed. First of all, the total cumulative seditmeolume stays more or less stable after impleatimt
of the storm surge barrier (dashed line in Figyrenile in reality the ebb-tidal delta startedetmde. The
sediment volume below 10 m depth seems to deciieatbe model, while in reality these parts gained
sediment. More importantly, the areas above 10 pthdghould have started to erode after implemantati
of the barrier. Instead, in the model these pdmbsvshardly any response to the inclusion of thenstsurge
barrier. Apparently, the total sediment volumehia model is predominantly affected by the fact thate
is no more sediment supply from the basin. The lafickrosion of the shallow parts then results in an
overall stable total sediment volume.
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calculating the sediment budgets in Figure 8. (bubh i): Morphology of the baseline simulationti(jough L): Last
200 years with storm surge barrier and backbadiaens.
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Figure 8: Modeled sediment budgets of the ebb-tié#th. (a) Cumulative sediment volume changes @d@vm depth.
(b) Cumulative sediment volume changes below 10 mthde(c) Total cumulative sediment volume changes.
Cumulative sediment volume changes in the basin.

5. Discussion & Conclusions

The Eastern Scheldt Storm Surge barrier has beplaée since 1986. The initial response of the teddd-
delta consists of a reorientation of the channebtpattern and a redistribution of sediment, kaththe
ebb-tidal delta itself as well as towards its adjaccoastline. The ebb-tidal delta’s sediment vaums
been steadily decreasing, even though the morpivallogctivity is relatively low, and there is vietlly no
exchange of sediment with the basin behind theidyarfhe reorientation is most likely caused by the
alongshore tidal current becoming stronger relativeéhe cross-shore tidal current coming out ofitthet.
The redistribution of the ebb-tidal delta sedimeonsists of sedimentation in most channels, ansi@ro
of the shoals and swash platforms.

Because of the uniqueness of this situation, itnidlear what the future morphological evolutiortiaf
ebb-tidal delta might look like. The model appliedthis study was not able to reproduce some of the
observed morphological trends of the ebb-tidaladdecause of this inability, the model cannot hedpn
answering our questions regarding what the ebl-dieléa might look like in the future.

There are several possible causes behind the shurgs of the model. First of all, the wave climate
applied in this study is highly schematized, caimgjsof just a single significant wave height andirgle
shore-normal wave direction. In reality, waves @me from multiple oblique directions. However,
Dastgheib (2012) already states that the variabbmwave directions is not a determining factor lie t
reshaping of an ebb-tidal delta, but the relathapartance of waves and tidal forces are essential.

This leads us to a more probable cause: The madsl Kot reproduce the proper balance between wave-
driven and tide-driven sediment transports. Ourodllypsis about the observed erosion of the shodhais
the tidal currents are no longer capable of trarispmp sediment towards the shoals. However, these
currents are still strong enough to transport sediraway from the shoal, aided by waves whichugtithe
sediment. In the model, apparently, these transpairected away from the shoals are underestimated,
resulting in a lack of erosion on the shoals, atatk of sedimentation in the channels.

Yet another possible cause for the model's shoritegsnis the choice for two-dimensional depth-
averaged computation. This means that certain wlaiven cross-shore processes such as undertow, wave
streaming and wave asymmetry are not incorporafbdse processes might play a role on top of the
shallow swash platforms on the northern side ofehle-tidal delta, especially during low tide. Ather
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indication for this hypothesis is the observatidnsand waves on top of these shoals, which migrate
westward in cross-shore direction. It remains teéen how these cross-shore processes might agstrib
to the overall lowering of the shoals.

The Eastern Scheldt tidal inlet has been undemtihgence of the storm surge barrier for more tBan
years already, and major morphological changes halveady become apparent. However, the
morphological response observed until now is misty only the initial response to the interventidrne
sediment surplus on the ebb-tidal delta is stityvarge, and the lack of sediment exchange wighitasin
means that it will take longer than most other &bal deltas to reach a new morphological equilibri
What this new equilibrium might look like, and whhte implications might be for coastal maintenance
remains to be researched.
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