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MORPHOLOGICAL MODELLING OF STRONGLY CURVED ISLANDS

Dano Roelvink??® Kees den Heijér and Jaap van Thiel de Vrié3d

Abstract

Land reclamations and island coasts often invotwengly curved shorelines, which are challengingb#oproperly
modeled by numerical morphological models. Evabratf the long term development of these typesabts as well
as their response to storm conditions requiresegrogpresentation of the governing physical prazzssot all types
of numerical models are equipped to represent &ireasland and allow waves from any direction.this paper we
demonstrate XBeach's capabilities of plying a cimeiar grid around a small-scale circular island ardhanging
model variables between the lateral boundarieshey recently implemented cyclic boundaries. The bgtale

physical model tests by Kamphuis and Nairn (198d4)enmodeled with XBeach using both the stationaxy the

nonhydrostatic wave model on a rectangular as a®lh curvilinear grid. The wing-bars that typicadgvelop in
Kamphuis’ tests are represented in the model, talbai the angle of the bars is different. In dedént XBeach model
series, we investigate the behaviour of a largatescurved coastline model under extreme storm itiond, for

varying coastal radius. The results show that marinerosion occurs at the locations where the imticdeave

direction is under an angle of 45 degrees withctigestline, and the coastal radius is of seconaappitance.
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1. Introduction

Climate-related and autonomous changes in seaslemali wave conditions motivate an urgency to
understand the response of low-lying islands t@dghehanges in order to assess impacts and mitjgatin
measures. This paper particularly focusses on giyorurved coasts of small islands, which provide a
number of challenges to morphological modellers.

In a physical sense, curved island coasts are autgestrong gradients in wave conditions and sedim
transport. They usually have areas where the aofgl@ave incidence is larger than 45 degrees, thus
potentially leading to coastline instabilities suah sand waves or spits. This may however be ssggule
when the waves come from different directions. $maller islands, the curvature is such that dueaee
refraction and current advection, both delayingltmgshore current, the maximum longshore curreesd
not have to be anywhere near the location wheredast makes an angle of 45 degrees relative to the
incident wave direction. As a result the longshma@sport estimates based on a uniform coastlitiebwi
wide off the mark. Infragravity waves generatedraily on the upwind side of the island may propaga
around the island as edge waves, gradually danqihgnd interacting with edge waves coming from the
other side. Edge waves cause periodic oscillaiiotise mean water level which will change the impzic
waves on the coastline and thus sediment transports

In terms of numerical modelling, by far not all gof models are equipped to be applied arounchiine e
island and then to allow waves to enter from amgalion. Rectangular grids need excessive refinétoen
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have enough resolution everywhere. Unstructured-gniodels could be applied but hitherto lack
functionality to model infragravity waves. Modelstlva curvilinear grid such as Delft3D or XBeach
(Roelvink et al., 2009) can be plied around amigjdbut would need cyclic boundaries to make theeho
continuous around the island. With an implicit sokeesuch as Delft3D this poses problems; however,
XBeach has an explicit scheme where implementimfjcipoundaries is more staright forward.

Another issue is that for very small-scale islasdsh as the temporary sandy islands built to suppor
exploration drilling in the Arctic, discussed in iphuis (1984), it becomes questionable whethernaewa
averaged or even just short-wave averaged appisathi justified. In order to investigate thisracently
implemented functionality in XBeach, viz. a onedayonhydrostatic model following the formulatidns
Stelling and Zijlema (2003), Zijlema and Stelling005, 2008) and implemented by Smit (Smit et al.,
2013) was tested in a first application includioi morphodynamic response.

In this paper, we present simulations with the 2Riséach model exploring the moprhological evolution
of small islands and curved coastlines. Our airto iasses in more detail the key physical processds
parameters that shape the morphological evolutiamall islands and strongly curved coastlinesorher

to do this we have assesed different grids (rectangnd circular), different model approachesti@tary,
surfbeat and intrawave) and the model its sensittei different parameters (bedroughness, graimeier,
horizontal viscosity) and input (wave height). Tmglate the physical processes around circulandsaa
new type of boundary condition was implemented {{8ac2). Subsequently in Section 3 the effect of
different model approaches to simulate the mompgioal evolution of small circular islands is ass#bs
Very small-scale islands are considered where rltgsses are extremely non-uniform and the island
undergoes significant deformation and displacenwnthe centre of gravity. Next in section 4, the
morphological evolution of curved coastlines wisinger radii are studied, in order to obtain insighthe
transition to quasi-longshore uniform to strongbnruniform behaviour.

2. Model implementation

Cyclic lateral boundaries have been implementedBeach in order to allow modelling of the physical
phenomena around small islands as mentioned imtraduction. The basis for the implementationhs t
curvilinear version presented by Roelvink et aD12), which is presently standard functionalitytfie
code. Cross-wise communication at the lateral batied between the primary variables was carefully
implemented in the wave, flow, suspended transaiodt bed updating modules, with special attention to
avalanching processes. One overlapping grid cedinisugh to obtain a seamless coupling, allowing for
instance infragravity waves and edge waves to d¢tessoupling boundary in both directions.

3. Deformation of a small temporary island

In the first example, the deformation of a tempgrsandy island is studied. This case is represeatat
very small-scale islands where all processes ateerarly non-uniform and the island undergoes
significant deformation and displacement of thetienf gravity. This example is taken after smakds
physical model test by Kamphuis (1984). The islawad circular and the upscaled-scale real worldseros
section is shown in Figure 1.

Two grids were created to study this problem: autar grid with approx. 3 m resolution in cross+ghand
cyclic lateral boundaries, and a rectangular grith\s m by 5 m grid cells. Since Kamphuis' testgave
carried out with regular waves the model was rust@tionary mode with constant wave energy boundary
conditions. All simulations were carried out at fotgpe scale with the upscaled storm conditions tha
Kamphuis used in his test. The wave conditions weidirectional, regular with a wave height of 3amd

1342



Coastal Dynamics 2013

a wave period of 8 s. The simulation period wasddrs, enough to see the main developments occur.

The morphological evolution during the physical rebtests was characterized by the formation of so-
called 'wing bars', see Figure 2. Given the mamgertainties related to small-scale movable-bed hsode
we have not strived for an exact reproduction msteéad have investigated the mechanisms that can
explain the observed morphological feature.
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Figure 1 Cross-section of circular island test bynigauis (1984)
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Figure 2 Deformation pattern of island in Kamph(1i884) test.
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Figure 3 Wave height patn at beginning (left panels) and end (right pgnef simulation; stationa
runs, square uniform grid (top) vs. circular cygjiid (bottom).
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Figure 4 Pattern of mean current magnitude orainfteft panels) and final (right panels) bathymetnd
depth contours, on rectangular grid with 5 m resmfu(top) and circular, cyclic grid (bottom)
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In Erreur ! Source du renvoi introuvable. the wave height pattern and bed contours are cadgdar the
square grid and the circular grid, in the initidbiation and after approximately 10 hours of wacéaom.
The wave height patterns agree quite well, showingng refraction effects with an interesting pattef
wave height behind the island which is producedbath simulations. The resulting morphological
evolution however does not really tend towardswimeg bars as observed in the physical model tésts.
the simulation with rectangular grid there are separate wings behind the island, though much rmore
downstream direction and in the model with thewdac grid the longshore current wraps around ttands
more and deposits the sediment mostly behind taedsIn both cases the most severe erosion tdkes p
not at the upstream end of the island, but atdbation where the inital coastline makes an anfypprox.
45 degrees with the incoming waves.

The current velocity patterns for both runs are parad in Figure 4. We see qualitatively comparable
patterns and evolution but the circular grid letas sharper and more concentrated flow pattermciwhi
extends further behind the island. In the end tbsilts in rather different morphology behind thiand,
though the front end is quite similar between thiesr The likely reason for the differences betwten
rectengular grid and circular grid is the numeriifflusion that may take place as a result of tagcase-
like description of the coastline in the rectanggiad case.

We have assessed the reproduction and evolutidheofving bar pattern in both grids by varying bed
roughness, wave height, grain diameter, horizonsaosity and back boundary conditions but coutdi fi
only minor qualitative changes: All simulations gugced wing bars, if any, that were too much in
downstream direction. Qualitatively, increased baayhness led to some more upstream development of
the wing bars; increased wave height led to everendownstream evolution; grain diameter had little
effect; increasing horizontal viscosity mainly léd smoothing and having an open back boundary
increased the longshore velocities somewhat.

A possible reason that the wing bars are pushéar tm downstream direction is the lack of diffriact in

the wave-averaged model. As a result there isylikeb much refraction around the island and hehee t
current patterns wrap around the island too farirkestigate this in more detail we carried out som
exploratory simulations with the nonhydrostatic rstweave model implemented in XBeach. We generated
sine-wave boundary conditions for the same rectanguid schematization of the island, to which we
added a 1:10 beach to dissipate the waves, as iphysical model tests. In Figure 5 and Figure &hav
snapshots of the current velocity pattern on tlitealrand final bathymetry, respectively, for diféat bed
roughnesses characterized by Chezy values of 3(nd580. Results are compared with the current
velocity pattern obtained from the stationary, waveraged model, discussed before. We now cleady s
much smaller velocities behind the islands, a dle#fwmence of the bed roughness on the flow patterd
consequently a tendency towards wing bars developthat start to approach those observed in ths.tes

To clarify the difference in wave-driven currenttlween the nonhydrostatic and stationary tests we
compare the time-averaged wave height and curmeotity patterns for Chezy value of 45 in Figure 7.
For the wave height pattern, the nonhydrostatic ehgtilows an interesting interference pattern batwee
the waves refracting around either side of thentslaThe current patterns are similar in strengthit the
nonhydrostatic case the current strength reduces more behind the island.
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Figure 5 Magnitude of flow velocity (snapshat)initial stage around a circular with differemtughnes

for non-hydrostatic and stationary mode (bottonhtjigdepth contours from + 8 td2 m with 2 n
intervals and -15 m.
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Figure 6 Magnitude of flow velocity (snapshatter 10 hrs around a circular island, with diffa
rouahnessor nor-hvdrostatic and stationarv mode (bottom riaht); themntours from + 8 t-12 r
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Figure 7 Mean wave height pattern for nonhydrostatic (tofi) land stationary model (bottom left) ¢
corresponding mean current patterns (right panels)

4. Morphodynamic evolution of a curved isand coast

In order to investigate the processes involvedunederosion along a curved coastline and the effieitte
coastal radius, Den Heijer (2013) performed a senfeXBeach simulations with arc shaped shorelines
with different radii. In all models the cross-shgrmfile is alongshore uniform and the coastal iarc
circular, ranging over 180 degrees. Five radiiiavestigated, ranging from 1900 m to 9500 m, whach
one or two orders of magnitude larger than the Kaugpislands from the previous section. The indiden
wave direction is shore normal in the middle of #re. Figure 3 (top left) gives an impression of th
bathymetry and the curvilinear grid. The bed lesagiges from MSL-20 m at the offshore boundary to
MSL+15 m at the dune crest. All simulations, fiveuhs in duration use time invariant typical Dut@sign
storm conditions characterized by a storm surgemiavel of MSL+5 m, a significant wave height ofr®
and peak wave period of 12 s.

In all simulations, the erosion volume is primaudgpendent on the location along the coastal adt)ess

so on the coastal radiusigure 8(top right) shows the erosion volume in time aldhg coastline for the
case with a radius of 1900 m. The maximum erosmuis at the zones around 45 degrees with regpect t
the incident wave directioigure 8(center left) shows the erosion volume along thestline for different
radii. The erosion pattern is similar for all radiut the magnitude varies.

The results can be explained by the joint effectalsingshore varying wave setup, alongshore flow
gradients and cross-shore flow pattern. At the eidd the arc, the wave setup is at its maximum thed
alongshore current is zero. The alongshore cur@htpresented ifigure 8 (bottom right), increases
towards its maximum at about 90 degrees. This mainoccurs typically at an angle larger than 45
degrees due to the refraction effects. The alonmgsthvater level gradient is another driving force tioe
alongshore current. The cross-shore, offshore tdidewelocities Kigure § bottom left) are almost constant

in the region around normal wave incidence (betwssout -45 and 45 degrees) and fade out towards the
lateral boundaries of the model. The absence déar peak in the cross-shore velocities at nornalen
incidence can be explained by the 2D behavior. d&mand for water to flow in alongshore direction
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towards both lateral boundaries needs supply (oestmwn) at the location of nhormal wave inciden€ais
onshore flow obstructs the undertow and so previmgtslear peak in the cross-shore (offshore ditBct
flow velocities. This obstruction effect limits tloeoss-shore transpoffigure 8center left) and is also the
reason for the relatively limited erosion volumésarmal wave incidence. Intercomparison of simata
with different radii shows that the alongshore eélpis mainly dependent on the local incident wangle
w.r.t. the coast orientation rather than the radius

As opposed to the small-scale islands in the prsvaection, which show strongly non-uniform aloragsh
behaviour, in the series of simulations discussetlis section the coastal radius is large witipeesto the
wave length. With increasing radius, more alongstspace is available for the refraction processceSi
this larger scale curved coastlines do not covercttmplete island, diffraction does not play a ruéee.

Den Heijer (2013) shows that the erosion patterfoasd for 9500 m radius is similar to a straightist

with varying incident wave angle. As a result, dancbe stated that the larger radii in this serfgg@ach

towards a quasi-alongshore uniform situation.

In conclusion, the dune erosion volume along a edirgoastline is especially related to the waveangl
relative to the local coastline orientation. Thiglies that the actual coastal radius is of minguartance
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Figure 8 (top left) bathymetry and grid, erosionglepment in time (top right), erosion volume amdss-shore
transport for various radii (center left), snapshioivave height (center right), mean cross-shoreeat (bottom left)
and mean alongshore current (bottom right)

5. Discussion
The cases as presented in this paper, involvimmgly curved small-scale islands as well as laspaile
curved coastlines, show the importance of reprasgbbth alongshore and cross-shore processesaind t

interactions. Therefore, classical coastline theorgl other approaches that involve cross-shoreepses
only are not suitable for this type of problem. Asresult of the curvature, large alongshore current
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gradients are present and large alongshore flowciteds occur. Wave current interaction and sedimen
stirring due to alongshore current need to be pippepresented to model this type of coastal cumea
cases.

In both cases, described in this paper, a locai@nominimum is found at the upwind side of theisl,
where the incident wave direction is shore noriéhen classifying dune erosion as a primarily cross-
shore process, an erosion maximum would be expettéide islands’ head. The modeling approach as
applied in this paper shows that the maximum erogatypically occurring at the location where @os
shore and alongshore processes optimally coopdraieg further downstream at about 45 degrees w.r.t
the main wave direction. At that location, the srgbore processes (undertow) is still rather strargje

the relatively high (but not maximal) alongshom@aflvelocity facilitates the stirring of the sedineft the
head of the island, the alongshore flow velocitgaso, but alongshore flow in both directions isiated.
The supply needed, to fulfill the demand by thengkhore current flowing along both sides of tharidl

is for a large part coming from the offshore dii@ctat the island head. This induces blocking & th
undertow at that this location, and so obstructireggcross-shore erosion process.

The morphological behaviour of the nonhydrostatmded is quite promising, even though no changes at
all were made to the sediment transport formulatidhe main difference is that in the wave-averaged
approach the mean current and orbital velocity tagated separately, whereas in the nonhydrostatic
approach there is only one velocity, which flucegabn all timescales. The model is capable of lnagnd|
the runup and avalanching processes without protdech can erode the whole island away without
numerical problems. It automatically produces skesgnand asymmetry and related transports, as sell a
the depth-averaged return flow. All of these preess however, need careful validation for which Imuc
more validation data from lab and field is needed.
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