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. In afwezigheid van een drukgradiént in kustlangsrichting
bevindt de maximale langsstroomsnelheid van de brandings-
stroom zich in de directe nabijheid van de locaties waar
golfenergiedissipatie het sterkst is, d.w.z. nabij de top van
de bank en/of de waterlijn.

. De positie van het snelheidsmaximum van de brandings-
stroom, zoals waargenomen tijdens de DELILAH meet-
campagne, is het resultaat van een door bodemvariaties
geinduceerde drukgradiént in kustlangsrichting.

. Hoewel instabiliteiten in de golfgedreven langsstroom en
randgolven zich in hetzelfde frequentiebereik kunnen bevin-
den stelt een laboratoriumonderzoek naar randgolven veel
hogere eisen aan de te gebruiken fysische faciliteit.

. Indien het bassin dat in het onderzoek voor dit proefschrift
is gebruikt 5 meter langer was geweest had het langsstroom-
snelheidsprofiel in de nabijheid van de uitstroomopening er
beduidend anders unitgezien.

. De voortschrijdende complexiteit van morfodynamische mo-
dellen zal er toe leiden dat het gebruik van deze modellen
voor de gemiddelde gebruiker als een black box benadering
werkt.

. De huidige inspanningen met betrekking tot de beschrijving
van kwaliteit van processen en functioneren in het kader van
ISO9001 en BTO zullen niet tot de gewenste verbeteringen
leiden.




7.

10.

11.

12.

Het toepassen van relatief eenvoudige modellen in complexe
situaties leidt vaak tot meer inzicht dan het gebruik van de
daartoe geéigende complexe modellen.

. Het gebruik van een spectraal golfmodel in combinatie met

HF-radar voor het meten van richtingsspreidingsspectra maakt
het gebruik van een (dure) tweede HF-radar opstelling over-
bodig (De Valk e.a., 1999).

De Valk, C., A. Reniers, J. Atanga, A. Vizinho and J. Vogelzang, 1999: Moni-
toring surface waves in coastal waters by integrating HF radar mcasurement and

modelling. To appear in J. Coastal Eng.

. De combinatie van numeriek, laboratorium en veldonder-

zoek is essenticel voor het verkrijgen van inzicht in de fysi-
sche processen beschreven in dit proefschrift.

De verificatie van complexe numerieke modellen stelt eisen
waar de huidige meetmethodieken en bijbehorende analyses
steeds vaker niet aan (kunnen) voldoen.

Hoewel de grenzen tussen netwerken en vriendjespolitiek
vaag zijn, zijn de mogelijke consequenties duidelijk anders,
zoals proefondervindelijk vastgesteld door voormalig EU-
commissaris Cresson.

Kleren maken de man niet tot wat hij is, noch tot wat hij
kan.
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‘Longshore current dynamics’ by Ad Reniers

Abstract

Laboratory experiments have been performed to examine the shear instability of
longshore currents. Minimizing the recirculation resulted in minimal alongshore
set-up gradients, indicating that the measured current velocity profiles corre-
sponded to purely wave-driven currents only.

Based on the experiments we conclude that, for purely wave-driven longshore
currents, the maximum longshore current velocities occur where breaking is most
intense, i.e. on the bar and near the shoreline. Lateral mixing smoothes the
current profile, but does not significantly affect the position of the maximum
current velocity, which in the case of a barred beach clearly remains near the
crest. This holds for the cases of short waves, long waves and random waves on
barred beaches.

Next we have used the mean wave-and flow data for verification and validation
of a numerical model for uniform alongshore conditions using existing model
equations. Comparison of computational results with measurements showed good
agreement for wave transformation, set-up and longshore current velocity profiles.
Lateral mixing was required to obtain a good match with the data, also in the case
of random wavces on a barred beach. The transition effect, caused by the surface
roller, was essential in the correct prediction of the location of maximum wave
forcing and improved the correspondence with the measured longshore current
velocity in the trough.

The thus verified numerical longshore current model has been extended with
an additional forcing of the longshore current due to the presence of a steady
alongshore pressure gradient. Next the model was applied to examine longshore
current measurement data obtained during the DELILAH field experiment. The
analysis showed that bathymetry induced alongshorc pressure gradients were
present during DELILAH experiment. A relatively small alongshore pressure
gradient over the trough, acting in the same direction as the wave forcing, has a
significant effect on the longshore current velocity distribution. If this alongshore
pressure gradient varies weakly in the alongshore direction, the current velocity
can be obtained from the local force balance. With increased modulation, the
inertia effect gains importance and the local approach is no longer valid. In
the cases of opposed forcing, the computed longshore current velocity profiles
matched the measured longshore currents, with velocity maxima over the bar,
analogous to the laboratory data.

Summarising, the preceding conclusions imply that in absence of an alongs-
hore pressure gradient the maximum longshore current velocity occurs near the
areas of most intense breaking, and that the occurrence of velocity maxima in
the trough, as often observed in the field, can be ascribed to the presence of an
alongshore pressure gradient (excluding wind effects).
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Using a spectral analysis technique based on the Maximum Entropy Method
the longshore current dynamics during the laboratory experiment could be ana-
lysed in detail. Using the zero-mode edge-wave dispersion as a reference, this
analysis clearly showed the generation of alongshore exponentially growing shear
instabilities. The dispersion curves thus obtained were almost linear, with a
phase speed of order of 70 % of the maximum longshore current velocity. The
downstream shear instability conditions for the various tests differed considera-
bly, indicating that the growth is a delicate balance of forcing and damping. The
results also showed that there is a significant influence of the beach profile on the
occurrence of shear instabilities. They did occur on a barred beach but were not
observed on a non-barred beach though the back shear was of similar magnitude.
This was explained by the fact that the position of the maximum longshore cur-
rent velocity in the case of a planar beach is closer to shore, rendering a more
stable longshore current.

A comparison between measurements of the longshore current dynamics and
computational results obtained from linear and non-linear modelling has been
performed. In general the correspondence between computations and measure-
ments is good. This is especially so for the frequency-alongshore wave number
signatures of the shear instabilities, implicating a good match of the computed
and measured phase speeds. Still, uncertainties in the prediction of the initial
growth rate exist if a linear stability analysis is used. Both in the measurements
and in the non-linear model computations, the observed shear instabilities were
very robust all along the beach. As a case of interest the bottom friction was
reduced, no longer requiring a good match with the measured longshore current
velocity profile, resulting in more energetic vorticity motions.

The interaction of the shear instabilities with the longshore currents has been
examined. A detailed analysis of the measured cross-shore momentum flux sho-
wed an alongshore increasing cross-shore flux, becoming of comparable order as
the mixing associated with breaking wave induced turbulence. However, no sig-
nificant downstream changes in the mean longshore current velocity profile were
detected. The same behaviour was observed in the numerical computations over
the domain of the laboratory basin. This is explained by the fact that the shear
instabilities take only effect near the downstream end, showing a strong increase
over a short distance making inertia effects important, whereas the wave forcing
1s present all along the beach.

The computations with an extended numerical basin indicate that equili-
brium for the shear instabilities was not yet reached during the experiment. The
cross-shore component of the shear instability velocity reaches an equilibrium at
approximately 35 m from the inflow opening (whereas the available length of the
basin was 32 m including outflow effects), as does the mean longshore current
profile. The latter does now exhibit the anticipated smoothing of the velocity
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profile, overcoming the earlier mentioned inertia effects.

The changes in the longshore current due to the presence of shear instabili-
ties are significant and therefore important to any related quantities such as the
transport of sediment. Using the results obtained from a linear stability ana-
lysis in an iterative procedure, the shear instability momentum transfer can be
incorporated in the computation of longshore currents on an alongshore uniform
beach.
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‘Dynamica van golfgedreven langsstromen’ door Ad Reniers

Samenvatting

Laboratorium experimenten zijn nitgevoerd om de instabiliteit van golfgedreven
langsstromen te onderzoeken. Door de recirculatie in het basin te minimaliseren
werd een nagenoeg uniform in langsrichting golfgedreven stroming verkregen.

Op basis van de experimenten concluderen we dat voor een puur golfgedre-
ven stroming de positie van het maximum van de langsstroom overeenkomt met
de positie van het meest intense breken, dat wil zeggen op de bank en nabij de
waterlijn. De laterale menging die plaatsvindt zorgt voor een gladder stroom
profiel maar heeft relatief weinig invloed op de positie van de maximum langs-
stroomsnelheid. Dit is het geval voor stroming aangedreven door korte, lange
danwel onregelmatige golven.

De geanalyseerde meetdata voor golven en tijdsgemiddelde stroming zijn ver-
volgens gebruikt voor de verificatie en validatie van een numeriek model voor
golfgedreven langsstroming, met in langsrichting uniforme conditics, gebaseerd
op reeds bestaande vergelijkingen. De vergelijking tussen berckeningen en me-
tingen laat zien dat een goede overeenkomst aanwezig is voor golfhoogte, set-up
en golfgedreven langsstroming. De toevoeging van laterale menging geinduceerd
door het breken van golven is daarbij belangrijk. Verder is de landwaartse ver-
schuiving van de golfkrachten door het gebruik van cen rollermodel essentieel
voor een betere voorspelling van de gemeten golfgedreven langsstroomsnelheden
in de trog.

Het aldus geverifieerde model voor de golfgedreven langsstroom is daarna
voorzien van een extra term die een constante drukgradient in langsrichting weer-
geeft. Dit teneinde het effect van bodem-geinduceerde set-up gradiénten op de
golfgedreven langsstroom te onderzoeken in relatie tot de gemeten langsstroming
in het veld tijdens de DELILAH meetcampagne in Duck, North Carolina. Deze
analyse laat zien dat tijdens die metingen er een nict te verwaarlozen druk-
gradiént in langsrichting aanwezig was. Het geval van een relatief kleine druk-
gradiént opererend in dezelfde richting als de golfkrachten laten een significante
toename van de langsstroomsnelheid zien in de trog. De lokale krachtenbalans om
de langsstroom te berekenen kan gebruikt worden in het geval de drukgradiént
langzaam varieerd in de ruimte. Bij een toenemende variatie kunnen traagheids-
effecten niet langer verwaarloosd worden en dient een meer complexe modellering
toegepast te worden. In het geval dat de relatief kleine drukgradiént in tegeno-
vergestelde richting van de golfkrachten werkt zijn de effecten op de langsstroom
klein.

Samenvattend stellen we vast dat in het geval er geen drukgradiént in langs-
richting aanwezig is, het maximum van de golfgedreven langsstroming zich be-
vindt in de nabijheid van de lokaties waar golven breken, dus nabij de top van
de bank en de waterlijn. Het feit dat de DELILAH-veldmetingen een maximum
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langsstroom in de trog laten zien kan aldus toegeschreven worden aan de aanwe-
zigheid van een drukgradiént in langsrichting (waarbij de effecten van wind niet
in beschouwing zijn genomen).

Door gebruik te maken van een spectrale analyse techniekgebaseerd op de
Maximum Entropy Methode is de dynamica van de golfgedreven langsstroming
tijdens de laboratorium experimenten in detail geanalyseerd. Deze analyse de-
monstreert het onstaan en de verdere exponentiéle groei van instabiliteiten op
een overtuigende manier. De aldus verkregen dispersiekrommen zijn nagenoeg
lineair met een bijbehorende fasesnelheid in de orde van 70 % van de maximum
langsstroomsnelheid. De intensiteit van de instabiliteiten benedenstrooms vari-
eert aanzienlijk daarmee duidend op het feit dat de groei een delicate balans is
tussen aandrijving en dissipatie. De resultaten laten overigens ook duidelijk de
invloed van het onderliggende bodemprofiel zien. Zonder de aanwezigheid van
een brekerbank treden de instabiliteiten niet op. Dit heeft te maken met de
positie van het maximum van de golfgedreven stroming. Indien dit zich dichter
nabij de waterlijn bevindt, zoals in het geval zonder brekerbank, zal de stroming
stabieler zijn.

Vervolgens is een vergelijking uitgevoerd tussen gemeten en berekende in-
stabiliteiten in de golfgedreven langsstroming verkregen middels een lineaire en
niet-lineaire stabiliteitsanalyses. Dit laat over het algemeen een goede overeen-
komst zien. Dit is met name voor de voorspelde frequentie-golfgetal bandbreedte.
Echter de voorspelling van de initiéle groei is minder goed in het geval gebruik
wordt gemaakt van de lineaire stabiliteitsanalyse. Zowel de metingen als de
niet-lineaire berekeningen lieten coherente instabiliteiten zien. In de berekening
is vervolgens een gevoeligheidstest gedaan met een veel kleinere bodemwrijving
wat resulteerde in beduidend sterkere instabiliteiten.

De interactie tussen de instabiliteiten en de golfgedreven langsstroom is in
detail onderzocht. De gemeten laterale menging tengevolge van de aanwezigheid
van instabiliteiten in de langsstroming is vastgelegd middels een uitgebreide ana-
lyse. Dit liet een in langsrichting groeiende invloed van de laterale menging zien.
Echter in de golfgedreven langsstroming is die invloed niet zichtbaar met slechts
minimale veranderingen in het snelheidsprofiel. Hetzelfde beeld was te zien in de
numerieke resultaten. Dit is verklaard vanuit de optiek dat de instabiliteiten pas
effectief worden in het benedenstroomse gedeelte, met een sterke toename over
een korte afstand zodat traagheidseffecten belangrijk zijn, in tegenstelling tot de
golfkrachten die in het hele domein aanwezig zijn.

Door vervolgens in de numerieke berekeningen uit te gaan van een langer
basin kon vastgesteld worden dat tijdens de proeven het evenwicht nog niet be-
reikt was. Met name de dwarscomponent van de instabiliteitssnelheden bereikt
zijn evenwicht op zo’n 35 m vanaf de instroom (tijdens de proeven was de be-
schikbare lengte 32 m), evenals de golfgedreven langsstroom. De laatste laat nu
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inderdaad de verwachtte aanpassingen zien, i.e. een gladder stroomprofiel, nu
traagheidseffecten niet meer van belang zijn.

De aanpassingen van de golfgedreven langsstroming in de aanwezigheid van
instabiliteiten zijn substantieel en daarmee van belang voor enig gerelateerde
grootheden zoals het transport van sediment. Door de resultaten van de lineaire
stabiliteitsanalyse in een iteratieve procedure te gebruiken kan de invloed van de
instabiliteiten op de golfgedreven langstroming op een relatief cenvoudige wijze
in de berekening worden meegenomen.
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Chapter 1

Introduction

1.1 General

The longshore current: defined by a relatively narrow strip of the beach with a
strong transport of water parallel to the shore line. The driving force for the
longshore current is predominantly governed by the obliquely incident breaking
waves. Out at sea the wind-generated waves radiate away from the center of
depression, thereby transporting energy, mass and momentum. As the waves
propagate toward more shallow waters they start 'feeling’ the bottom and their
propagation speed slows down with decreasing depth. In the case of obliquely
incident waves this results in wave refraction due to the difference in propagation
speed along the wave crests. At further decreasing water depths shoaling becomes
evident up to a point where the waves become unstable and breaking occurs. A
broken wave can be easily recognised by the acrated water at the front, known as
a roller, which results from the inclusion of air-bubbles by the overtopping wave
crest.

Several processes can be distinguished in the area where waves are breaking.
The roller is advected with the phase speed of the wave, thereby cxerting a shear
stress at the slower moving underlying water mass. On a small scale this roller
energy is transformed into turbulent kinetic energy (e.g. Roelvink and Stive,
1989, Nairn et al., 1989). This turbulence, being transported downward through
the watercolumn, redistributes momentum throughout the vertical plane and
stirs up additional sediment once it reaches the bottom. In the cross-shore di-
rection the wave induced forcing is balanced by a gradient in the set-up of the
mean water level (Longuet-Higgins and Stewart, 1964). However, given the ver-
tical imbalance between the wave forcing and the set-up in combination with the
wave induced mass transport a return flow results (Dyhr-Nielsen and Sgrensen,
1970). In the case of obliquely incident breaking waves, the shear stress induced
by the roller has a shore-parallel component, thereby generating a longshore cur-
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rent, which in turn is balanced by a bottom shear stress. A sketch of the various
phenomena is shown in Figure 1.1.

A
z
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\
longshore
curent
U
ohum flow

Figure 1.1: Definition sketch

As a feature the longshore current has less appeal than a socalled rip- current,
where water transported onshore by the incident waves is pushed offshore in a
narrow jet, with high velocities which can take a swimmer involuntarily far out to
sea. Possibly because of their lesser threat to swimmers, the longshore current is
less well known by the general public. Still, considering the mass of water that is
actually transported, the longshore current is an order of magnitude larger than
the less-frequently occurring rip-currents. It is the most important transport
mechanism of sediment in the surfzone, known as the littoral drift. Obstruction
of this drift results in an area of accretion, followed by erosion of the beach at
the down-drift end, a well known phenomenon observed at many a harbour en-
trance. The importance of wave-driven longshore currents in coastal processes
has long been established and much research has been done to model the longs-
hore current velocity accurately (Bowen, 1969, Thornton, 1970, Longuet-Higgins,
1970). Traditionally these analyses are based on assumed alongshore uniformity
and steady state conditions. This greatly facilitates the model equations and effi-
cient modelling of the wave transformation and corresponding longshore currents
becomes possible.

The fact that longshore currents are often far from being steady has been no-
ted as early as 1957 (Stoker) and more recently during the SUPERDUCK field
experiments in 1986 (Oltman-Shay et al., 1989). And contrary to the assumption
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of alonghsore uniformity, the longshore current is more likely to be inhomogene-
ous in the alongshore direction. These more recent observations have triggered
a new rescarch effort into the characteristics of longshore currents (Bowen and
Holman, 1989, Dodd and Thornton, 1990, Putrevu and Svendsen, 1992, and
others).

In this thesis, in line with the observations mentioned above, two phenomena
associated with the dynamics of longshore currents will be examined: the pres-
ence of shear instabilities and the bathymetry-induced alongshore inhomogeneity
of longshore currents.

1.2 Longshore current dynamics

1.2.1 Shear instabilities

During the SUPERDUCK experiment at Duck, North Carolina, shear instabili-
ties in a wave-driven longshore current were first identified by Oltman-Shay et al.
(1989]. Shear instablities are more or less periodic disturbances in an otherwise
uniform longshore current. Their presence results in an apparently meandering
longshore current. They are advected with the longshore current with a phase
speed in the order of half of the extremum of the longshore current velocity.
This is far slower than the phase speed at the same frequency associated with
edge waves. Bowen and Holman [1989] introduced the theoretical background
based on the conservation of potential vorticity. They obtained a linear stability
equation for longshore currents, showing with a simplified test case (horizontal
bottom) that the backshear of the longshore current, i.e. the offshore cross-shore
velocity gradient, is very important in the gencration of shear instabilities. A
strong back shear makes the longshore current unstable to a wide range of small
perturbations. This was confirmed by Dodd and Thornton [1990] and Putrevu
and Svendsen {1992] using more realistic longshore current velocity and bottom
profiles. Falqués et al. [1994] showed that the distance of the peak of the longs-
hore current velocity to the shoreline, X, is also important in the generation of
the longshore instabilities. An increase in X, results in a wider range of unstable
wave numbers. The generation of shear instabilities is strongly affected by the
presence of dissipative effects. Putrevu and Svendsen [1992] and Dodd et al.
(1992] showed that the number of possible unstable modes and their correspon-
ding growth rate is reduced if dissipation due to bottom friction is increased.
The combined effect of bottom friction and eddy viscosity on the stability of
wave-driven longshore currents was investigated by Falqués et al. [1994], who
show that for eddy viscosity and bottom friction giving rise to similar damping,
eddy viscosity gives a stronger reduction of the span of unstable wave numbers
compared to bottom friction.
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The above mentioned linear stability analysis is only valid for shear instabi-
lities of infinitesimal amplitpde, i.e. initial conditions. More detailed analytical
and numerical analyses were made using weakly non-linear (Dodd and Thornton,
1992) and fully non-linear modelling (Nadaoka and Yagi, 1993, Deigaard et al.,
1994, Falqués at al., 1994, Allen et al., 1995, Ozkan and Kirby, 1995, Ozkan-
Haller and Kirby, 1996 and 1997, Slinn et al., 1998) to describe the development
of shear instabilities in wave-driven longshore currents to finite amplitude values.

The relevance of shear instabilities in the prediction of the cross-shore distri-
bution of the longshore current velocity is not clear as yet. Shear instabilities are
believed to cause a significant amount of cross-shore momentum transfer (Bo-
wen and Holman, 1989). Numerical studies (Dodd and Thornton, 1992) indicate
an inflexion point in this redistribution, resulting in a smoothing of the initial
longshore current velocity profile. The redistribution depends on the cross-shore
structure of the shear instabilities and the phase coupling between the velocity
components. This means that for an accurate prediction of the longshore current
velocity profile knowledge is required of the possible existence of shear instabili-
ties and their associated momentum transfer.

1.2.2 Alongshore inhomogeneity

As a result of the DELILAH field experiment (Birkemeier, 1991), also performed
at Duck, North Carolina, there has been much discussion on the cross-shore
distribution of the wave-driven alongshore current velocity on barred beaches.
Where comparison of model results with both field (Thornton and Guza, 1986,
Church and Thornton, 1993, among others) and laboratory data (Visser, 1984,
Svendsen and Putrevu, 1994, among others) for wave-driven longshore currents
on planar beaches show in general good agreement, this is not necessarily so
for barred beaches. In the case where field measurements show a maximum
longshore current velocity in the trough, as observed during the DELILAH field
experiment, numerical model studies for uniform longshore currents show that
the maximum is near the bar crest with another maximum close to the shore
line, corresponding to the locations where wave breaking occurs. However, not
all field measurements show this kind of longshore current velocity distribution
(Whitford and Thornton, 1995). Several mechanisms have been examined to
explain this difference in behaviour, including turbulence effects (Church and
Thornton, 1993), rollers (Lippmann et al., 1994), shear instabilities (Church et
al., 1992), and alongshore pressure gradients (Putrevu et al., 1995). However, all
the effects mentioned previously, with the exception of the alongshore pressure
gradient, can at most cause a relatively minor shift of the velocity maximum
away from the bar crest. They are not believed to contain a mechanism which
would cause the maximum velocity to occur in the trough. Only the pressure
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gradient is such a mechanism. The fact that such gradient has not been observed
in the field does not exclude it from being a likely cause, simply because a very
weak gradient, too weak to be observable under normal conditions, suffices to
generate a current with significant velocities. These gradients are likely to be
associated with alongshore inhomogeneities in the bathymetry. Variations in the
crest level of the bar translate themselves in alongshore variations of the set-up,
thereby generating a current in the trough (Putrevu et al., 1995).

1.3 Outline of thesis

In the research presented in this thesis the emphasis is on the dynamics of longs-
hore currents, looking at alongshore non-uniformities and slow time modulations
of the longshore current velocity. To this end a combination of both laboratory
and field experiments with numerical modelling has been used.

First a detailed description is given of the laboratory test set-up and re-
sults obtained from the data-analysis of laboratory experiments on wave-driven
longshore currents on both barred and non-barred beaches. The objective for
the laboratory experiments was twofold: to examine the generation, growth and
equilibrium conditions of shear instabilities under controlled conditions. Next,
to examine the cross-shore distribution of the longshore current velocities for
purely wave-driven currents, with emphasis on the position of maximum current
velocity with respect to areas where wave energy is dissipated.

Next the modelling of longshore currents is discussed. The effects of mixing,
bottom friction and rollers on the cross-shore distribution of the longshore cur-
rent velocity are examined in detail with help of numerical modelling. Existing
model equations, based on the assumption of alongshore uniformity, are used to
compare to the laboratory measurements of wave driven longshore currents on a
barred beach in absence of alongshore pressure gradients. However, alongshore
uniformity in its true sense is not likely to be met in the field, where small spatial
variations in bedlevel and/or wave conditions can be expected. The next step is
to use the verified model to establish the relative importance of alongshore pres-
sure gradients induced by longitudinal bed undulations for the longshore current
distribution over a barred beach. With this in mind the field measurements
obtained during the DELILAH experiment in 1990 at the US Army Corps of
Engineers’ Field Research Facility at Duck, North Carolina were examined. The
approach is analogous to the work done by Putrevu et al. [1995] for the case
of planar beaches. However, aside from the difference in bottom profile, atten-
tion is focussed on the comparison with measurements versus a hypothetical case.

The longshore current instability is assessed in the following Chapter. First
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the stability analysis of wave-driven longshore currents, both linear and non-
linear is discussed. The effects of bottom friction and wave dissipation on the
shear instability signature are examined. A detailed comparison with the labora-
tory results is performed, looking at the initial growth rate, the frequency disper-
sion and finite amplitude conditions. The effects of the shear instabilities on the
longshore current velocity profile are treated in the following Chapter. As men-
tioned previously, the shear instabilities are expected to result in a cross-shore
redistribution of momentum. This is examined in great detail using cross-shore
spectral analysis to compute the frequency distribution of the shear instability
induced momentum flux. The total transfer is obtained by integration over the
frequency domain. Comparison is made with model results of the shear insta-
bility structure and the associated cross-shore momentum transfer. Numerical
modelling is also used to virtually extend the wave basin in order to predict the
alongshore development of the longshore current velocity profile at a place where
the shear instabilities are in equilibrium.

Finally a discussion is given on the observed phenomena and its relevance for
engineering purposes.




Chapter 2

Laboratory Experiment: Mean
wave and flow properties

2.1 Introduction

As mentioned in the Introduction, the objective of the laboratory experiment is
twofold. The primary objective is to examine the generation, growth and equi-
librium conditions of shear instabilities under controlled conditions to provide
measurement data to test theoretical predictions of their dispersion relation and
growth rates. An important part of this experiment is to establish longshore
currents in the wave basin which arc uniform alongshore prior to the onset of
shear instabilities. So a second objective is defined: examining the cross-shore
distributions of wave-driven longshore currents in absence of an alongshore pres-
sure gradient. This in view of the discussion on the position of the maximum
current velocity in relation to the areas where wave energy is being dissipated
by breaking. This Chapter treats the set-up of the cxperiments and the selec-
tion of test conditions, given the constraints of the laboratory basin. Next the
mean wave and flow properties obtained for the various tests are presented and
discussed. Parts of this chapter have been published in Reniers et al. [1994] and
Reniers and Battjes [1997]. The dynamic flow properties associated with shear
instabilities will be presented separately in Chapter 3.

2.2 Experimental set-up

The experimental set-up is predominantly governed by the need to model the
generation and growth of shear instabilities accurately. The relevance of shear in-
stabilities to laboratory experiments was already asscssed by Putrevu and Svend-
sen [1992]. Based on their numerical results they find typical length scales of
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O(8) m and time scales of O(20) s for shear instabilities in the Visser experiment
[1980, 1984]. In addition they estimate the temporal growth rate of the shear
instabilities, concluding that in the Visser experiment the dissipative effects are
dominant and therefore suppress the occurrence of shear instabilities. A second
assessment was made by Brgker et al. [1994], who used the numerical results of
Deigaard et al. [1994] to scale to laboratory conditions. From their analysis it
follows that the length of the basin should be substantial, approximately 50 to
100 metres if a root mean square wave height of 10 cm is considered, before shear
instabilities become apparent. From these analyses it is clear that attempts to
generate shear instabilities under laboratory conditions are not in the least gua-
ranteed to be succesful. In order to maximise the possibility for the instabilities
to develop, based on the characteristics mentioned in the Introduction, we have
opted for the following choices given the restrictions of the available basin:

- maximum length of the beach (more room for the instabilities to develop)
- barred profile (greater distance of back shear to the waterline)

- smooth bottom (small dissipation due to friction)

- large angle of incidence (strong back shear)

Based on these criteria the experimental lay-out was determined as shown in
Figure 2.1. A wave basin of approximately 40 m long and 25 m wide was used.
A wave generator consisting of individual wave paddles is located at the offshore
end of the basin, with a total length of 26.4 m. The paddles were moving in
phase in the present experiments. The beach makes an angle of 30° with respect
to the wave generator to create a large incident angle and a longer beach with
a length of 33 m, and thus more room for instabilities to develop. This means
that the distance from the wave generator to the breaker line varies along the
beach. In case of first order wave generation this would result in a varying wave
field along the breaker line, depending on the phase difference between the first
and bound second harmonic and the spurious second harmonic. To avoid this,
second order Stokes wave generation has been used, accounting for the bound
second harmonics. Variation of the wave field along the breaker line was not
assessed explicitly, though intercomparison of the wave height transformation
along four different transects showed the wave field to be approximately uniform
alongshore. A pump was used to recirculate the longshore current. The maxi-
mum pumped discharge was 200 1/s, enough to cover a range of wave conditions.
Wave guides at both sides were terminated at some distance from the water line
to allow the in- and outflow of the longshore current. The inflow opening had
been constructed in such a way that it was possible to distribute the pumped
discharge along the cross-shore profile in order to match the wave-driven current
and hence increase the length over which the longshore current was uniform.
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Figure 2.1: Layout of experimental set-up, position of current meters in alongs-
hore array denoted by markers.

2.3 Test Conditions

The set of experiments had to be completed within a timespan of 8 weeks (this
included the time required to build the experimental set-up). This meant that
only a limited number of runs with different wave conditions could be performed
during the experiment. The idea was to find the conditions most conducive to
the generation of shear instabilities. These were arrived at using results from
numerical 1D wave transformation and longshore current models (see Chapter
4) combined with a linear stability analysis (see Chapter 5). The following pa-
rameters were varied in the computations within the limits imposed by the ex-
perimental facility:

- H: wave height
- T: wave period
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- 0: angle of incidence

- dy: water depth at wave maker
- 25 bottom profile

- ky: bottom roughness

These limits are discussed briefly in the following. First the wave maker limitati-
ons. The wave periods generated in the basin are typically in the range of 1 to 2
seconds. Then for a given water depth, do, in the order of 50 cm, the maximum
wave height, Hn.e, which can still be generated is in the order of 15 cm. A
second and more stringent restriction on the maximum wave conditions results
from the requirement that Stokes second order wave theory should be valid at
the wave maker. A measure for the amplitude of the bound super harmonic is
given by the Ursell number, Uj:

U= —+ (2.1)

where L is the wave length at the wave maker. For Ursell numbers larger than
25 Stokes second order theory is no longer valid. A third restriction is given by
the fact that reflections have to be kept at a minimum, to avoid a non-uniform
wave field. The reflection coefficients, R,, are obtained from an empirical formula
based on experimental data (Battjes, 1974):

R, =0.1£* (2.2)
and:
£=—7= (2.3)
Lo

where m is the bottom slope, H; the local incident wave height and Ly the deep
water wave length. A final restriction is obtained from the pump capacity. The
maximum pump discharge has to be able to match the wave-driven discharge
to avoid spurious recirculations in the basin. The wave-driven discharge is a
function of incidence angle, wave height, bottom profile and bed-roughness. The
bottom profile, with a Gaussian bar, was selected with the objective to have
intense wave breaking near the bar crest, followed by reforming of the waves in
the trough and additional dissipation near the shore line.

Numerous computations were performed to optimise the bottom profile and
reach a limited set of potential wave conditions which complied with the restric-
tions imposed by the experimental facility. By intercomparison of the various
computational results and taking into account the previously mentioned restric-
tions, a final set of experimental conditions was obtained (see Table 2.1).
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| waves | profile [test [d (em) [H (cm) [T (s) ]

regular | barred | SA243 | 55.0 8.0 1.0
regular | barred | SA337 | 55.0 10.0 1.0
regular | barred | SA432 | 55.0 12.0 1.1
regular | barred | SA635 | 55.0 13.5 1.1
regular | barred | SA537 | 55.0 8.0 2.0
random | barred | SO014 | 55.0 6.7 1.2
regular | planar | SC219 | 45.0 8.0 1.0
regular | planar | SC315 | 45.0 10.0 1.0

Table 2.1: Conditious used throughout the experiment, H represcnts the wave
height at the wave maker and T the corresponding wave period, except for the
case of random waves where H represents the root mean square wave height and
T the peak period.

The laboratory experiments have been conducted with monochromatic and
random waves with an incidence angle of 30°. The measurements were performed
on a barred concrete profile as shown in the lower panel of Figure 2.2, with a
1 : 20 slope offshore. The bar profile had a crest height of about 0.1 m, which
resulted in an approximately 1 : 8 slope on the seaward side of the bar. Shore-
ward of the bar, a plane 1 : 10 slope extended to an elevation above the expected
run-up. Lowering the water level below the bar crest in combination with the
same incident wave conditions as for the higher water level gave the opportunity
to assess the effect of the presence of the bar on the generation of the instabilities.
For the wave conditions used throughout the experiment, the wave reflection was
expected to be less than 5%, with the exception of test SA537 where reflections
are expected to be up to 10%.

2.4 Instruments

A set of 8 two-dimensional electromagnetic velocity meters (EMF) was used to
measure the cross-shore distribution of the flow field. The 8 EMF’s had a disk
shape with a diameter of 3.3 cin. Calibration of the instruments was performed
prior to the experiments, showing lincar behaviour for velocities up to 1 m/s
with an accuracy in the order of 1 cm/s. The current velocity meters were set at
1/3 of the water depth from the bottom. The cross-shore array of 8 EMF’s was
attached to a mobile carriage (Figure 2.2) to monitor the cross-shore distribution
of the longshore current velocity. In addition 10 resistant type wave gauges were
mounted on the carriage to monitor the wave transformation and set-up of the
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Figure 2.2: Upper panel: Instruments attached to the mobile carriage during
the experiments. Lower panel: Bottom profile used throughout the experiments
with mean water level for barred (dashed) and non-barred (dotted) beach profiles.

mean water level, with a linear response up to 20 cm with an accuracy in the
mean water level of O(1) mm. It was possible to move the carriage along the
beach during a test to measure the current velocity and wave height in any
transect between the wave guides. The position of the various instruments is
given in Table 2.2. The total arrangement resulted in a flexible measurement
set-up with a high resolution across the beach.

2.5 Recirculation

The flow at a given transect is a combination of the pumped discharge and
the wave-driven recirculation in the basin. Visser (1980,1991) showed that a
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EMF [01 Jo02 |03 |04 [05 |06 [07 |08 |
z(m) [2.00|2.50|3.00][4.00][500]5.50]86.00]|7.00
WHM [01 |02 |03 [04 [05 |06 [07 [08 [09 |10
z(m) [ 1.75]2.25]2.75[3.50 [ 4.00 | 5.25[6.50 [ 8.0 [9.0]11.0

Table 2.2: Distance of electromagnetic current velocity meters (EMF) and wave
height meters (WHM) from the beach.

minimum recirculation in the basin corresponds to an alongshore uniform wave
driven current. His argument is as follows.

The recirculation is, in theory, zero when the pumped discharge is equal
to the discharge forced by the waves. However, due to lateral mixing, a small
recirculation remains. If the pumped discharge is too small, part of the wave
driven flow is forced to recirculate in the basin. In case the pumped discharge is
too large, this also results in a recirculation due to convection and lateral friction.

For each test condition (Table 2.1), the following had to be established to
obtain an alongshore uniform current:

- width of the outflow opening
- the optimal pumped discharge corresponding to a wave driven current only
- redistribution of the pumped discharge at the inflow opening

If the width of the outHow opening was too large, a double recirculation cell
would occur in the case of a barred beach, irrespective of the fact whether the
pumped discharge matched the wave-driven discharge or not. To avoid this,
the wave guide would be extended just into the surfzone, forcing the excess
flow in the main basin to deeper water near the outflow opening, resulting in a
single recirculation cell. Further decreasing the width causes the flow to contract
towards the downstream end of the basin, thereby decreasing the length over
which the flow is uniform.

Once the width of the outflow opening was established, the uniformity of the
longshore current was verified by a visual check of the recirculation in the basin,
using dye or floaters, in combination with the measured cross-shore distribution
of the longshore current velocity in four transects along the beach. Velocities
were measured for 5 minutes in cach transect (increasing the sample time beyond
this value proved to give negligible differences in the measured mean, both for
monochromatic and random waves).

In the case where the pumped discharge was not near the optimal discharge, a
strong offshore directed flow would occur along the wave guide at the downstream
end of the basin. This could easily be observed using the floaters and/or dye.
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The velocity measurements would show whether or not the distribution of the
pumped discharge at the inflow opening had to be adapted. After each change in
the basin configuration, the wave and current field were allowed to adapt for half
an hour, after which the velocity field was measured again to check uniformity.

The preliminary data analysis was almost real time, so results could be
checked immediately after the measurements had been performed, resulting in
an efficient process to establish alongshore uniform currents.

2.6 Barred beach conditions
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Figure 2.3: Measurements test SA243. Upper left panel: Wave height distri-

bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile.
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The results for test SA243, which will be considered as the base case in the
following, with regular obliquely incident waves of 8 cm height and 1 second
wave period, are shown in Figure 2.3. For presentation purposes the results
obtained from the first wave gauge offshore are not shown.

Most wave breaking occurred on the offshore side and on top of the bar (see
also Figure 2.4), followed by a non-breaking area in the trough and then some
additional breaking near the water line. The breaking occurs in a narrow strip
of about two wave lengths, in which the wave height shows a steep decline.
The wave height transformation is shown at four transects at various positions
with respect to the inflow denoted by y, demonstrating that the wave field is
approximately uniform along the basin.

Figure 2.4: Dispersion of dye for test SA243 showing a bimodal longshore
current velocity structure. ( Dye experiment performed by Pieter Pasterkamp,
Piet Rorije and the author all present on the mobile carriage.)

The Jongshore current velocities show nearly uniform distributions along the
beach. The pumped discharge for this specific test was 63 I/s. The width of
the breaker zone is seen to be narrow compared with the width of the measured
current profile. However, lateral mixing drives the current outside the area of
wave forcing, causing the current profile to become smoother.

The longshore current velocity has a clear maximum near the bar crest,
though the measuring grid in the cross-shore direction is not dense enough to
determine the exact position of the maximum. Part of the experiment was to
examine the cross-shore structure of the shear instabilities (see Chapter 6). These
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measurements were performed with an alongshore array of twelve EMF’s. The
position of the alongshore array was varied with respect to the shore line. For
test SA243 one EMF in the alongshore array coincided with the fourth measuring
transect, resulting in additional measurements of the longshore current velocity.

These are also shown in Figure 2.3, indicating that the maximum longshore cur-
rent velocity is indeed near the bar crest.
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Figure 2.5: Measurements test SA337. Upper left panel: Wave height distri-

bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile

The current velocity close to the shoreline cannot be measured directly with
the EMF’s due to the limited water depth. The EMF’s require a minimum sub-
mergence of about 1 cm and should not be closer to the bottom than 2 cm. This
means that it is not possible to measure velocities at water depths smaller than
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3 cm. To obtain qualitative information on the current velocity profile at small
depths, i.e. near the shoreline, dye was used. The dispersion of dye for test
SA243 is shown in Figure 2.4. The dye was inserted from the measurement car-
riage across the surfzone starting at the shore line with the picture taken shortly
after. It clearly shows the high alongshore velocities on top of the bar (note the
breaker line) and small velocitics in the trough. In addition we can see a second
maximum in the longshore current profile near the water line. These observations
lend support to the theory that in case of predominantly wave driven currents
the maximum velocities are where wave breaking occurs, i.e. near the bar crest
and near the water line, resulting in a bimodal longshore current velocity profile.

The results for an increased wave height (10 cm), test SA337, are shown in Fi-
gure 2.5. The wave period is kept at 1 second. The wave field is again shown
to be approximately uniform with maximum differences in wave height offshore
in the order of 10%. The set-up of the mean water level is increased, but the
alongshore differences in the set-up are still negligible. Due to the increased
wave height, wave breaking starts further offshore, resulting in a slightly broader
current velocity profile (compare Figures 2.3 and 2.5). The wave height in the
trough is about 50 % larger than in the previous case due to the increased set-up
level. The 25 % increase in incident wave height results in a 25 % increase of the
maximum measured longshore current velocity on top of the bar (Figure 2.5) and
in a 40 % increasc in the wave driven longshore current mass flux, corresponding
to a pumped discharge of 90 1/s.

The results for test SA432, H = 12.0 cm and T = 1.1 s, are shown in Figure 2.6.
The variation of wave height along the beach at the sea-side of the bar is sig-
nificant if compared to the base case. Especially near the inflow opening there
are some unexpected variations in wave height. We expect this to be due to the
interaction of the incident waves with the current velocity field, which is stron-
ger and more inhomogeneous in this case. The inhomogeneity is apparent from
the measured cross-shore distributions of the longshore current velocities, where
the current in the first transect clearly has a different velocity profile than in the
other transects, indicating that the cross-shore distribution of the pumped inflow
discharge is not correct. The redistribution of the longshore current then causes
flows in the cross-shore direction, which interact with the incident waves. Once
the waves start breaking, alongshore variability decreases, resulting in a uniform
wave field over most of the bar and trough.

The alongshore gradients in the set-up over the trough are small, with an
increased maximum set-up level due to the higher incident wave energy. Over
the bar crest larger differences in set-up are apparent, though part of that can
be explained by the strong gradients occurring there, for which the present me-
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Figure 2.6: Measurements test SA432. Upper left panel: Wave height distri-
bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile

asurement resolution may be inadequate.

In Figure 2.6 it is shown that the longshore current at the seaward side of
the bar is gradually increasing alongshore. This is most likely due to a mismatch
at the inflow redistribution. The maximum current velocity over the bar crest
reaches approximately 0.8 m/s. Differences in the longshore current velocity
occur throughout the surfzone. The pumped discharge has been increased to 150
1/s to match the wave-driven flow.

The results for the maximum wave condition, test SA635 with H = 13.5 cm and
T = 1.1 s, are shown in Figure 2.7. During this test the offshore wave field is
strongly varying, with maximum differences ocurring in the transect near the
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Figure 2.7: Measurements test SA635. Upper left panel: Wave height distri-
bution. Upper right panel: Set-up of mean water lcvel. Lower panel: Longshore
current velocity profile

outflow. Most likely this is related to the relatively strong longshore current,
with velocities up to 0.9 m/s. From visual observations it was apparent that
reflections occurred as the current entered the deeper downstream basin (see
Figure 2.1) following the outflow opening, thereby affecting the wave field. Con-
trary to the wave field, the set-up of the mean water level is reasonably uniform
alongshore. Similar to the previous case an alongshore increasing current velo-
city is observed offshore. In this test the maximum pumped discharge of 200 1/s
had been reached.

Figure 2.8 shows results for test SA537, with a wave height of 8 cm and a period
of 2 seconds. The wave field is again less uniform in this case compared to the
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Figure 2.8: Measurements test SA537. Upper left panel: Wave height distri-

bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile

base case. The comparison with test SA243 shows that for test SA537 the wave
height in the trough is higher, again due to the increased set-up level (compare
Figures 2.3 and 2.8). The results for the current velocity show that increasing
the wave period at constant wave height causes the longshore current velocity
inshore of the bar to increase, indicating that the region of wave-forcing is ex-

tended further away from the bar crest, though the wave height transformation
is similar in both cases. Offshore the current velocity profiles are similar.

The results in the case of random waves, test SO014, are shown in Figure 2.9.
The wave field again is approximately homogeneous. The width of the breaker-
zone is now in the order of three wavelengths. The difference in maximum set-up
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Figure 2.9: Measurements test SO014. Upper left pancl: Wave height distri-
bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile

between the transect near the inflow opening and further downstream has in-
creased but is still small (O(107®)) m. The longshore current velocity profile is
smoother than in the monochromatic wave cases (compare Figures 2.3 and 2.9),
as is to be expected due to the varying wave height and corresponding position
of wave breaking, i.e. the forcing of the longshore current is spread over a broa-
der area. The maximum longshore current velocity is less than in both previous
cases, whereas offshore, the longshore current velocity is larger. Still, the maxi-
mum current velocity is on top of the bar and clearly not in the trough.
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2.7 Non-barred beach conditions
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Figure 2.10: Measurements test SC219. Upper left panel: Wave height distri-
bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile

The results in the case of a non-barred beach, test SC219, are shown in Fi-
gure 2.10. Wave breaking occurs in a narrow strip close to the shoreline, which
is confirmed by the measured set-up, starting at or beyond the next to last me-
asuring point. The wave field is less uniform compared with most of the previous
cases.

It proved to be difficult to obtain a uniform longshore current in case of a
non-barred beach. The longshore current profile in the first two transects shows
that the distribution of the pumped discharge at the inflow opening was not op-
timal. Further downstream the longshore current becomes more homogeneous.
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The maximum current velocity occurs close to the shoreline at a depth smaller
than the minimum measuring depth for the EMF. It is apparent from the me-
asurements that there is strong lateral mixing which drives the current outside
the surfzone.
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Figure 2.11: Measurements test SC315. Upper left panel: Wave height distri-
bution. Upper right panel: Set-up of mean water level. Lower panel: Longshore
current velocity profile

Similar results were obtained for test SC315, see Figure 2.11, where the wave
heigth has been increased to 10 cm. The spatial variability of the wave field has
increased further. Wave breaking still occurs in a narrow strip near the shoreline,
which is not covered by the spatial resolution of the wave gauges. The maximum
longshore current velocity has increased O(20%) with respect to the previous
case. The mismatch of current velocities at the inflow has increased accordingly.
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2.8 Conclusions

The results for the measured set-up show that the alongshore variation in set-up
in most of the cases were small, indicating that the measured current velocity
profiles correspond to purely wave-driven currents.

In the case of forcing by monochromatic waves on a barred beach, the maxi-
mum of the longshore current velocity was clearly near the bar crest, coinciding
with the location where waves are breaking. The dye experiment showed that
in this case a second maximum in the longshore current velocity occurred near
the shoreline, where the remaining wave energy was dissipated after propagating
over the bar. The longshore current velocity in the trough increased if the wave
period or the wave height were increased, indicating that the wave forcing was
extended toward the shore.

In the case of random waves on a barred beach, the longshore current velocity
profile became smoother, but the maximum longshore current velocity was still
near the bar crest and clearly not in the trough.

Based on the above we conclude that the maximum longshore current veloci-
ties occur where breaking is most intense, i.e. on the bar and near the shoreline.
Lateral mixing smoothes the current profile, but does not significantly affect the
position of the maximum current velocity, which in the case of a barred beach
clearly remains near the crest. This holds for the cases of short waves (test
SA243), long waves (test SA537) and random waves (test SO014) on barred
beaches.

For monochromatic waves on a plane beach the maximum alongshore current
velocity occurred very close to the water line, at a depth smaller than the mini-
mum depth for instrument deployment. Strong mixing caused the velocity profile
to smooth out, becoming of comparable width as the current velocity profiles in
the case of a barred beach.




Chapter 3

Laboratory Experiment:
Dynamic flow properties

3.1 Introduction

In the following the results for the dynamic flow properties obtained from the
various tests are presented and discussed. Prior to that a description is given of
the spectral analysis procedures used in the analysis. The data on the alongshore
development of the flow dynamics was obtained from two identical longshore
arrays. Each array deployed six current meters, shown in Figure 2.1, to measure
the development of the shear instabilities along the beach. The current velocity
meters were set at 1/3 of the water depth from the bottom to obtain a measure of
the depth-averaged velocity. They were attached to four beams each of 6 metres
long, supported by thin poles at either end of the beam to avoid a vast number of
poles to support the individual EMF’s. The total number of lags is determined
by the number of instruments and their position with respect to each other (e.g.
Huntley et al., 1984). The distance of the EMF’s from the inflow-opening, y, is
given in Table 3.1.

EMF | 01 02 03 04 05 06
Y(m) | 375 |875 | 975 |11.25|11.75 | 15.25
EMF | 07 08 09 10 11 12
Y(m) | 19.75 | 24.75 | 25.75 | 27.25 | 27.75 | 31.25

Table 3.1: Distance of electromagnetic current velocity meters (EMF) from the
inflow opening

Detailed measurements of the cross-shore structure for Test SA243 were ob-
tained by repositioning these alongshore arrays perpendicular to the beach. In

39
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doing so the vertical position of the current velocity meters would be changed
to keep a representative measurement of the depth-averaged velocity based on
a logarithmic vertical velocity profile. During the repositioning the input wave
and flow conditions were maintained. Measurements would restart after the
disturbances induced by the repositioning of the instruments had disappeared
(estimated duration less than half an hour). Note that instruments could not be
positioned at the bar crest given the strong wave breaking induced turbulence.

Spectral analysis is performed both in the frequency and combined frequency-
longshore wavenumber domain. The first shows how much energy is present in
a specific frequency bandwidth. This does not imply that the observed energy
in the low-frequency bandwidths is due to the presence of shear instabilities. It
could also be due to basin-related long wave resonance. Given the fact that the
phase speed of shear instabilities is much lower than the phase speed associated
with (infra-)gravity waves, the spectral analysis in the wave-number domain will
show whether the observed wave energy is due to the presence of shear insta-
bilities. The frequency-wavenumber spectral analysis is based on the Maximum
Entropy Method (Burg, 1967). The length of each array was 11.5 metres, allo-
wing estimates of the frequency (f)-longshore wavenumber (k,) spectrum over
the upstream half and the downstream half of the beach.

Parts of this chapter have been published in Reniers et al. [1994] and Reniers
et al. [1997]. '

3.2 Spectral Analysis

The velocity timeseries were sampled with a frequency of 25 Hz over a half hour
period. The analysis in the frequency domain is performed with FFT-transforms.
For that purpose the timeseries are divided into a number of half-overlapping sub-
series for which the spectral components are computed. By averaging over the
subseries stable spectral estimates can be obtained.

The frequency-longshore wavenumber spectrum is given by:
S(fky) = [ 8(r, Flet-*mdr (3.1)

where:

f = wave frequency

k, = longshore wave number

¢ = spatially lagged frequency cross-spectrum
r = spatial lag
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To compute the cross-spectral values for two velocity time series at a given
alongshore spatial lag, their signals represented by z and y, are composed in the
following way:

2(t) = z(t) + 1y(t) (3.2)
In discrete form their Fourier-transform is given by:
N-1 kn

7y = Z (zn)ezp(—2m—) (3.3)
n=0 N

where z, = z(t,) and ¢, equals n times the constant time interval A¢. The
Fourier coefficients for z and y can now be written as:

) I+ Zn_
Xy = )(1,k +1 X9k = —k—Q—N—k (34)
Iy — Zn_
Vi =Y. +iYas = L—Q—”—k (3.5)
where X and Y, are real. Next the cross-spectral values are obtained from:
¢ = Xi Yy = (XipYip + XoxYor) — (X1 4 Yor + Xo kY1) (3.6)

where the co-and quad values are given by the real and imaginary parts of the
cross-spectrum respectively. Again averaging over half-overlapping subseries,
stable estimates of the co-and quad spectral values are obtained. This procedure
is performed for each discrete spatial lag r;.

Due to the limited number of spatial lags, FFT methods cannot be used to
perform the transformation expressed by eq. 3.1. To obtain the spectral estimate
we have resorted to the Maximum Entropy Method (Burg, 1967), which essen-
tially fits a polynomial to the cross-spectral values for each fixed frequency and
at each spatial lag:

X : _ ao(f)
'=Z—N ¢(Tj,f)efl‘P(-lTjky) = I 1+ Z;-V:l aj(f)exp(—irjky) 12

(3.7)

This results in a linear set of equations between the cross-spectral values, ¢(r;, f)
and the coefficients a,(f), which can be solved efficiently (Burg, 1968) if the
cross-spectral values are given at equidistant intervals. This is not the case (see
Table 2.2), so we have to use a different solution method which does not depend
on the spatial lags, r;, being uniform.

Therefore the problem is restated in the following way. The entropy associ-
ated with wave-number space can be expressed as (dropping f)

1
€= / In(S(k,))dk, (3.8)
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We want to maximise the entropy £ subject to the constraint

hy(S) = 51; | S(hy)eaplikyry)ak, — ¢ =0 (3.9)

for all j, where ¢; is the cross-spectral density at lag r;. Using (3.9) we maximise
the function f defined by

= iﬂ / [=in(S(ky)) + 3_ 13 S (ky)exp(ikyri)ldky — 3 113 (3.10)

in which p; are Lagrangian multipliers The derivative to S(k,) is

i 1

15 = o /[S(k ) + Z,u]ezp (ikyr;)ldky, = 0 (3.11)

so that

1

Sky) = > uiexp(ikyr;)

(3.12)

Introducing this into eq. 3.10 for the cost-function:

1 ky,maz
q= —/ [1+1In Zu]ezp ikyr;)))dk, — Zp]qS] (3.13)

27 J—ky maz

which is to be maximised as a function of the Lagrangian multipliers p;. The
maximisation of ¢ is performed with the BFGS method (Dennis and Snabel,
1983) using the gradient of ¢ with respect to p:

, 1 //c,,,,m exp(ik,r)
= — —_————dk, — 3.14
¢'(m) 21 Jkymar 2; pi€xp(ikyr;)  ° Z (3.14)

Recognising the Fourier transform, the gradient can be obtained for all available
values of the lags r;, where ky ... is the Nyquist wave number. Using the cross-
spectral density at discrete intervals, ¢;, as input, the Lagrangian multipliers p;
can be obtained and the spectrum reconstructed from eq. 3.12.

To test the performance of the two methods descibed above, a covariance
function is generated in the following way:

Re(¢;) = (0.25 cos(0.5 ;) + 0.05 cos(r;) )exp(—r;/100) (3.15)
Im(¢;) = (0.25sin(0.5 ;) + 0.05 sin(r;))exp(—r;/100) (3.16)
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Figure 3.1: Left panel: Co-and quad values, ¢(r), used in spectral estimates
expressed in m?/Hz. The values at lags 4 and 6 have been omitted in the case
Lagrangian multipliers are used. Right panel: Spectral estimates based on eq. 3.7
(dashed) and using Lagrangian multipliers (dotted) eq. 3.12 vs. target spectrum
(solid)

The corresponding spectrum is obtained with the Fourier Transform of the covari-
ance function for a large number of lags. To obtain the MEM-spectral estimates,
only the first seven lags have been used. The corresponding co-and quad va-
lues, ¢(j) for these lags are shown in Figure 3.1. The two spectral estimates are
also shown in Figure 3.1. The first is obtained with the MEM for equidistant
data (Burg, 1967). The sccond estimate is obtained using Lagrangian multi-
pliers where co-and quad values at lags 4 and 6 have been omitted to create a
non-equidistant distribution. Both spectral estimates compare favourably with
the real spectrum, showing sharp spectral features at the correct wave numbers.
The energy present in the second harmonic is somewhat underpredicted in both
cases.

3.3 Results

3.3.1 Frequency Domain

To check on the shear instabilities, a spectral analysis in the frequency domain
has been made of all time series obtained with the current velocity meters in the
longshore array for the longshore velocity. For brevity, attention is focussed on
the results obtained for test SA243. Similar results were obtained for other tests.

The result of the spectral analysis for the longshore velocity in the frequency
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Figure 3.2: Alongshore velocity spectra obtained from EMF 01 in the upper
left hand corner to EMF 12 in the lower right hand corner, showing the energy
density, S, in (m/s)?/Hz as function of frequency in Hz for test SA243

domain is shown in Figure 3.2. EMF 01 shows the spectral density at 3.75
m from the inflow opening. There are two distinct peaks present, due to the
primary wave at 1.0 Hz and the bound superharmonic at 2.0 Hz. The noise
which is apparent in the plots is ascribed to turbulence caused by the inflow at
the beginning of the beach. This interpretation is supported by the fact that
the energy density at most of these frequencies is dampened as the current flows
along the beach toward EMF’s 02 and 03 at 8.75 m and 9.75 m from the inflow
opening respectively.

The most striking feature in the spectra is the strong increase in spectral
density at low frequencies. This spectral density increase continues as we move
along the beach toward the outflow opening, apparently reaching an equilibrium
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near EMF 11, from where the spectral density no longer seems to increase. It
is interesting to see that the sidebands at the primary and secondary wave fre-
quencies are increasing in magnitude in the downstream direction, suggesting an
interaction with the low frequency features.

Figure 3.3: Snap shots with an interval of approximately 4 seconds (starting
in the upper left corner going from left to right) of the experimental sct-up and
wave field during test SA243.

This interaction is also apparent in a sequence of photographs of the wave
field during test SA243 (see Figure 3.3). Starting at the upper left panel we
see that after passing the bar crest waves stop breaking in the trough and pro-
pagate further toward the shoreline, showing curved wave crests due to bottom
refraction. Given the decreasing depth from trough to water line a curvature is
expected convex to the shore, which is indeed apparent in the upper left panel
of Figure 3.3. A few seconds later a local disturbance is present showing concave
instead of convex wave crests (see upper right panel of Figure 3.3), where current
refraction due to the presence of the disturbance must take precedence over bot-
tom refraction. Further in time this oscillation propagates donwstream thereby
increasing in magnitude, displaying an increased interaction with the incident
wave crests.

A closer look at the alongshore development of the spectral density in the
low-frequency part of the spectrum is shown in Figure 3.4. This shows that a
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Figure 3.4: Low-frequency alongshore (dash-dotted) and cross-shore (solid)
velocity spectra obtained from EMF 01 in the upper left hand corner to EMF 12
in the lower right hand corner, showing the energy density, S, in (m/s)?/Hz as
function of frequency in Hz for test SA243

distinct peak occurs at .04 Hz.

Similar results to those presented above for the alongshore velocities have
been obtained for the cross-shore velocities which are also shown in Figure 3.4.
A notable difference is the delayed pickup of the energy density in the low-
frequency part of the spectrum, which now starts approximately halfway down
the basin. Also the final intensity measured at the downstream end is smaller
than obtained for the longshore velocities. This most likely corresponds to the
cross-shore structure of the oberved oscillations, i.e. depending on the cross-shore
position of the alongshore arrays the u or v velocity component may dominate.

In the following, we give evidence that the low-frequency energy density is
associated with shear instabilities.
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3.3.2 Wavenumber Domain

Cross-spectral analysis of the alongshore velocity is performed for the upstream
and the downstream part of the beach separately, for EMF’s 03 to 06 and EMF’s
07 to 12 of the two arrays respectively.

The strong growth of the low-frequency oscillations in the upstream part of
the beach affects the cross-spectral values. For this reason EMF’s 01 and 02 have
been left out of the cross-spectral analysis.
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Figure 3.5: Upper panels: Co (drawn) and quad (dashed) values in (m/s)? /(Hz)
of alongshore velocity at the downstream array for f = 0.0244 Hz (left) and 0.0407
Hz (right) for test SA243. Lower panels: Corresponding wave number spectra in

(m/s)?/(m 'Hz).

Typical results obtained with cross-spectral analysis for the downstream array
are shown in Figure 3.5 for two frequencies, f = 0.0244 Hz and f = 0.0407 Hz.
The co- and quad-values values are somewhat erratic, due to the non-stationarity
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of the velocity field. Still, the sequence of co-and quad-values clearly indicates
that there are progressive waves present.

The ky-spectral estimates at these two frequencies are also shown in Fi-
gure 3.5. The results indicate a dominant wavelength of 9 m for the first frequency
bandwidth and 6.8 m for the second. These wavelengths are much shorter than
expected for gravity waves of this frequency.

15

0 k, (rad/m)

f(Hz)

Figure 3.6: Test SA243: f — k,-spectrum for alongshore velocity obtained from
the upstream (left panels) and downstream array (right panels) displayed as a
surface plot (upper panels) and contourplot (lower panels) with contours at .1 .2
5125102050 (m/s)?/(m~"Hz). The zero-mode edge wave dispersion curves
for a plane beach indicated by dashed lines.

Performing the same analysis for all frequency bands results in ( f, k,)-spectra,
shown in Figure 3.6 for the upstream and the downstream arrays respectively.
The results indicate an almost linear dispersion relation with a phase speed of
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about 35 cm/s, which is roughly equal to the mean longshore current velocity.
The area in between the zero-modc edge wave dispersion curves, see Figure 3.6,
represents energy density associated with gravity waves. The observed energy
density is clearly outside this domain. Therefore we conclude that the observed
oscillations represent shear instabilities. Given the nearly constant phase speed
for all frequencies the position with maximum energy density corresponds to the
fastest growing temporal mode (denoted FGM in the following, see also Appendix
A), which is frequently used in comparisons with computational results. In this
case the FGM is located at an alongshore wave number of 0.91 (m~1) with a
corresponding frequency of 0.041 Hz.

Comparison of the spectral estimates for the upstream and the downstream
array (compare left and right panels of Figure 3.6) again shows the strong increase
in magnitude of the shear instabilities while propagating along the beach.

30

0 10 20 30 0 10 20
Y(m) Y (m)

Figure 3.7: Alongshore growth of total variance in 0 to 0.1 Hz frequency band
for alongshore velocities (left panel) and cross-shore velocities (right panel) du-
ring test SA243.

A semilogplot of the total variance in the frequency band from 0 to 0.1 Hz,
denoted by a, as a function of the longshore coordinate is presented in Figure 3.7.
This clearly shows an approximately exponential growth of this energy for both
the alongshore and cross-shore velocities. The values at the most downstream
stations may suggest a levelling off and an approach to equilibrium. Given the
fact that the distance between these EMF’s is small, and the scatter present in
the measured growth of the instabilities, caution is required in concluding that
an equilibrium is reached.
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Figure 3.8: f — ky-spectrum for alongshore velocity obtained from downstream
array for Tests SA337 (left upper panel), SA432 (upper right), SA635 (lower left)
and SA537 (lower right). Spectral energy density expressed in (m/s)*/(m 'Hz).

Next we discuss the results of the additional tests. First a test where the
incident wave height is increased (Test SA337, H; = 10 cm) with respect to the
previous test (SA243, H; = 8 cm). The longshore current velocity distribution
for increased wave height shows a stronger mean velocity shear (see Figure 2.5).
As mentioned earlier, an increased backshear is expected to give a wider shear
instability range. This is confirmed by comparing the results obtained for Tests
SA243 and SA337 (compare Figures 3.6 and 3.8).

The measured dispersion relation for Test SA337 is again almost linear,
though with an increased phase velocity with respect to Test SA243, ¢ = O(45)
em/s vs. ¢ = O(35) cm/s, in correspondence with the increased longshore cur-
rent velocities. A stronger shear is also expected to lead to a larger growth rate,
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whereas the intercomparison shows the energy density at the downstream end to
be less. Part of this can be explained by the increased propagation speed of the
shear instabilitics, which results in less time to develop given the limited length
of the basin. Furthermore, the damping due to the eddy viscosity increases with
increasing wave height, reducing the growth rate. The shear instability intensity
reached at the downstream end of the beach is a dclicate balance of forcing,
damping and propagation time; these aspects are discussed in Chapter 5.

The results for test SA432, where the incident wave height is further incre-
ased to H; = 12 c¢m, are also shown in Figure 3.8. Again there is a wide range
of instabilities present. Note that as a result of the increased velocity shear, see
Figure 2.6, the peak frequency corresponding to the fastest growing mode has
increased to approximately 0.06 Hz (compared to 0.04 Hz for test SA243). The
further increased longshore current velocity is again apparent in the mesasured
phase velocity of the shear instabilities, ¢ = O(65) cm/s. This increase results
in a smaller intensity of the instabilities at the downstream end compared to the
previous cases.

The results for the maximum wave condition, test SA635, with the highest
longshore current velocity (see Figure 2.7), are also shown in Figure 3.8. There
is some spurious energy at frequencies less than 0.02 Hz, followed by a linear
dispersion of the energy density at higher frequencies. The peak frequency has
increased further to approximately 0.08 Hz. The phase velocity has increased
up to approximately 75 cm/s whereas the maximum longshore current velocity
is approximately 90 cm/s (see Figurc 2.7). The downstream shear instability
intensity has decreased even further, being of O(10%) of the results obtained for
test SA243 (se also Figure 2.7).

In SA537, where the wave period has been increased to 2 seconds, the longs-
hore current velocity values are of similar magnitude as test SA243, but have
a different distribution (compare Figures 2.3 and 2.8). The back shear of test
SA537 is only slightly weaker, still the measured shear instability intensity at
the downstream end of the basin is significantly smaller (compare Figures 3.6
and 3.8). The latter cannot be explained by the phase velocity of the shear in-
stabilities, which is of O(35) cm/s in both cases.

Finally a test is discussed where random waves (SO014) instead of regular
waves (SA243) were used to generate the longshore current. This results in a
smoother velocity profile and weaker backshear (Figure 2.9). The expected insta-
bility range is therefore narrower than in the base case. The f — k,-spectrum for
Test SO014, obtained at the downstream end of the basin, is shown in Figure 3.9.
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Figure 3.9: f — k,-spectrum for alongshore velocity obtained from downstream
array for Test SO014. Spectral energy density expressed in (m/s)*/(m 'Hz).
The zero-mode edge wave dispersion curves for a plane beach indicated by dashed
lines.

The energy density concentrated along the zero alongshore wave number line
corresponds to the low-frequency part of the incident infra-gravity waves. The
energy density concentration outside the wave-number band associated with the
incident waves is indeed narrow in frequency, (0.01Hz < f < 0.04 Hz), with some
energy at higher freqencies. This is clearly associated with the shear instabilities.
The phase velocity is of O(30) cm/s, which is less than test SA243, corresponding
to the decrease in the longshore current velocity.

For tests SC219 and SC315, with a planar profile, shear instabilities were
not detected. This may seem surprising given the strong back shears that occur
in the longshore current velocity profiles (see Figures 2.10 and 2.11). Still, as
mentioned earlier, the position of the maximum longshore current with respect
to the water line is an important parameter too, which is considarably smaller

in the case of a planar beach profile. This will be examined further in Chapter
7.

The results for the various test are summarised in Table 3.2.
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L test [ c(cm/s) | Vinaz(cm/s) | FGM: ky (rad/m) | FGM: f (Hz) |

SA243 | 35.0 50.0 0.91 0.041
SA337 | 45.0 65.0 0.75 0.035
SA432 | 65.0 80.0 0.70 0.060
SA635 | 75.0 90.0 0.86 0.082
SA537 | 35.0 50.0 0.81 0.040
S0O014 | 30.0 35.0 0.81 0.028

Table 3.2: Summary of results obtained from the experiment. ¢ : phase speed,
Vinee: maximum longshore current velocity, FGM: k,: position FGM along the
ky-axis, FGM: f: similar but along the frequency axis.

3.4 Conclusions

The experiments clearly demonstrated the possibility of shear instabilities on a
barred beach in a laboratory generated wave-driven longshore current. This fol-
lowed from a succesful analysis of the longshore current dynamics with a spectral
analysis technique based on the Maximum Entropy Method (Burg, 1967) which
has been extendend in order to analyse the dispersion characteristics of the longs-
hore current dynamics. The dispersion curves thus obtained were almost linear,
with a phase speed of order of 70 % of the maximum longshore current velocity.
Using the zero-mode edge-wave dispersion as a reference it was clear that the
energy cannot be associated with gravity waves and therefore corresponded to
shear instabilities.

Starting at the upstream end the shear instabilities show an exponential
growth along the beach, possibly approaching an equilibrium near the outflow
for Test SA243. Given a number of uncertainties caution is still required in
concluding that an equilibrium is actually reached. The finite amplitude shear
instabilities for the various tests differed considerably, indicating that the down-
stream conditions are a delicate balance of forcing, damping and propagation
time. These matters will be investigated in Chapter 5 and 6 with help of non-
linear numerical modelling.

In all cases the observed low-frequency energy corresponded to shear insta-
bilities only, with the exception of Test SO014, where due to the randomness of
the incident wave field, part of the low frequency energy corresponded to gravity
waves.

The results showed that there is a significant influence of the beach profile
on the occurrence of shear instabilities. They did occur on a barred beach but
were not observed on a non-barred beach.




o4

CHAPTER 3. LAB. EXPERIMENT: DYNAMIC PROPERTIES




Chapter 4

Modelling of longshore currents

4.1 Introduction

Much research has been done to model the longshore current velocity accura-
tely. Comparison of model results with both field (Thornton and Guza, 1986,
Church and Thornton, 1993, among others) and laboratory data (Visser, 1984,
Svendsen and Putrevu, 1994, among others) for wave-driven longshore currents
on planar beaches show in general good agreement. However, there has been
much discussion on the cross-shore distribution of the wave-driven alongshore
current velocity on barred beaches (Church and Thornton, 1993, Smith et al.,
1993). As mentioned in Chapter 1, the case where field mecasurements show a
maximum longshore current velocity in the trough, as observed during the DE-
LILAH field experiment (Birkemeier, 1991) at Duck, North Carolina, numerical
model studies for alongshore uniform currents show that the maximum is near
the bar crest with another maximum close to the shore line, corresponding to
the locations where wave breaking occurs. Note that not all field measurements
show a longshore current velocity distribution with a maximum in the trough
(Whitford and Thornton, 1995).

In the above mentioned modelling of wave-driven longshore currents, alongs-
hore uniformity in bathymetry and wave-and current fields is often assumed.
This greatly simplifies the model equations to 2-D in the cross-shore. Howe-
ver, alongshore uniformity in its true sense is not generally expected to be met
in the field, where small spatial alongshore variations in bedlevel and/or wave
conditions are likely to be present. In the following we introduce a set of equa-
tions to model the wave-driven longshore current for a bathymetry which varies
alongshore.

The objective of this chapter is to establish the cross-shore distribution of the
longshore current velocity over a barred beach with respect to the areas of wave
breaking and the potential presence of alongshore pressure gradients induced by

55
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weak alongshore bed undulations. To that end a set of equations is introduced
to model the wave-driven longshore current for a bathymetry which may vary
alongshore. Existing state of the art model equations have been used; no attempt
has been made to improve these formulations.

It is assumed that the breaking wave transformation can be modelled with
the concept of surface rollers (Svendsen, 1984). The idea is that the organised
wave energy which is released at breaking is first transferred to energy of a roller
which rides on the wave front with the phase speed of the waves. The difference
in velocity between the roller and the water particles at the wave front yields a
shear stress between the roller and the underlying wave front. The work done
by the shear stress equals the dissipation of roller energy. The time needed for
the organised wave energy to dissipate through the roller causes a spatial lag
between the location of wave breaking and the actual dissipation (Nairn et al.,
1989).

Once the model equations have been introduced comparison between com-
putational results and the previously described laboratory measurements is used
to assess the effects of rollers, bottom friction and mixing on the cross-shore dis-
tribution of the longshore current velocity for a purely wave-driven flow. In the
comparison with measurements attention is focussed on random waves because
these are a better approximation of what happens in the field than periodic wa-
ves.

Next the longshore current profiles obtained during the DELILAH experi-
ment (Birkemeier, 1991) at the US Army Corps of Engineers’ Field Research
Facility at Duck, North Carolina are examined. A comparison is made with me-
asurements where the following cases are considered:

- weak alongshore variation
- strong alongshore variation
- alongshore uniformity

Intercomparison of the various cases yields additional information on the im-
portance of alongshore non-uniformities and their consequences in modelling the
longshore current.

Parts of this chapter have been published in Reniers, Thornton and Lipp-
mann [1995], Lippmann, Thornton and Reniers [1995] and Reniers and Battjes
[1997].
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4.2 Modelling

4.2.1 Wave transformation

Considering a stationary wave field of obliquely incident random waves on a
variable bathymetry, the wave transformation is modelled with a 2D-wave roller
model. The balance for the wave energy, F,,;, on a variable bathymetry is given
by:
OE,cyco8(0)  OFEycysin(f)
+
Ox Ay

where ¢, represents the group velocity, D,, the wave energy dissipation, x the
distance along the shore normal (positive onshore), y the distance alongshore
(following the cartesian convention) and  the angle of incidence with respect the
z-axis. The wave energy is defined along the up-wave boundaries. To model the
wave energy dissipation due to wave breaking different formulations can be used
(Battjes and Janssen, 1978, Thornton and Guza, 1983, Roelvink, 1993, among
others). Introducing the dissipation model according to Battjes and Janssen
(1978):

=-D, (4.1)

_ . PY
D, = a4TpH'"”Qb (4.2)

where T, is the peak period and « a coeflicient of O(1). The fraction of breaking
waves, (), is computed from the implicit relation:

_ 1-Q
@ =exp ((Hrms/Hnim)Z) (4.3)

where H,,,, represents the root mean square wave height and the maximum wave
height, Hp,qz, is given by:

k 0.88

Here «y is a wave breaking parameter representing saturation.
The group velocity is obtained from linear wave theory:

dw 1 N kh (4 5)
g=—=|=-+————<1c .
97 0k~ \2 " sinh(2kh) )

where w is the angular frequency, k the wave number, h the total water depth
(including set-up) and ¢ the phase speed given by:

Hpoz = 0.8% tanh (M) (4.4)

c=— (4.6)
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Given the bottom topography the wave number, k, can be obtained from the
linear wave dispersion relation:

w? = gk tanh(kh) (4.7)

g being the gravitational acceleration. The wave incidence angle, 0, is obtained
from the computed wave refraction over the bottom topography.

The wave energy dissipation serves as input in the balance for the roller
energy, E, (Nairn et al., 1989, Stive and de Vriend, 1994):

02E,c cos(§) O2E,c sin(9)
+
ox dy

where D, represents the roller energy dissipation expressed by (Longuet-Higgins,
1970, Deigaard, 1993}

= _Dr -+ Dw - (48)

Dr = CTy (49)

and 7y represents the wave-averaged shear stress between the roller and wave
interface. The shear stress for a steady roller is given by (Duncan, 1981):

= pgAsin(S)
L
where p is the water density, 3 represents the slope of the wave front, A the roller
area and L the wave length corresponding to T,,. The roller area is related to the
roller energy by (Svendsen, 1984):

(4.10)

_ pAc?
E, = 37 (4.11)
so eq. 4.9 can be rewritten to:
2gsin()E,
D, = —gsmc(ﬁ )E (4.12)

choosing 3 a single unknown is left in eq. 4.8, E,, which is taken to be zero at
the upwave boundaries.

4.2.2 Current velocity

The wave-group and depth-averaged current velocity field is computed with non-
linear shallow water equations. The continuity equation is given by:

oq  9(hu) 8(hv)

o oz T oy

=0 (4.13)
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where 7] represent the short wave-averaged water level, v and v the short-wave
and depth-averaged velocity components in the z and y direction respectively.
The cross-shore momentum balance is given by:

ou ou ou onp 10 du 10 ou

—tu—tv—=—F,—g—+-—|\vh— |+ (nh—| -7 (414

ot dx Oy * " 9% T hor \"oz oy \ " ay » (414)
where 7, represents the short-wave averaged combined wave and current bottom
shear stress in the cross-shore direction. The alongshore momentum equation is
given by:

8v+ 0v+U(')U F 877+18 ov 10 dv

Ly h vl = L F gty 2 h2 =

ot ar oy Y Yoy hox o
where 7, represents the short-wave averaged combined wave and current bottom
shear stress in the alongshore direction.

The forces F, and F, represent the wave forcing. They are defined as:

1 [0Sz 0Sy
F, = /Th( o T By ) (4.16)
_ 1 [0Sy, 9S4
F, = ph( By + 5, (4.17)

where the subscripts refer to the direction in which the forces act and the ra-
diation stress, including the roller contribution, is obtained from linear wave
theory:

Syo = (n (1 + cos(9)) ~ %) Ey+2 cos’(0)F, (4.18)
S,y = sin(f) cos(0)(Ey, + 2E;) (4.19)
Sw=(n (1+5i%®)) - %) Eu + 2 5in®(0)E, (4.20)
with: . h
"= (5 + Sinh(?kh)) (4.21)

The eddy viscosity, 14, associated with lateral mixing is obtained from (Bat-

tjes, 1975):
D.\3
v=nh (—T) (4.22)
p
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where the roller energy dissipation, D,, is obtained from the wave transforma-
tion. Various boundary conditions can be applied for the flow model, prescribing
velocities, discharges or surface elevation. Details will be discussed in the relevent
sections on model-data comparison.

4.3 Comparison with laboratory data

4.3.1 Reduction of equations

Given the fact that the experimental set-up, described in Chapter 2, represents
an alongshore uniform configuration, the wave and flow equations can be simpli-
fied to account for cross-shore variations only. This reduces the computational
effort and facilitates the analysis. At present we are interested in the mean flow
characteristics and therefore wave-group averaged quantities are considered in
the following. The balance for the wave energy now reduces to:

dE,c,4 cos(6)
dz

Given the alongshore uniformity the wave incidence angle can be obtained
from Snell’s law:

=-D, (4.23)

sin(#) _ sin(fg)

4.24
- o (4.24)
where the subscript, 0, denotes a reference point offshore.
The roller energy equation reduces to (Stive and de Vriend, 1994):
T 2gsi E;
d(2E,c cos(f)) _ g sin{3) ' D, (4.25)

dx c

The storage of wave energy and momentum depends on the value of the wave
slope B. Large values correspond to more or less instantaneous dissipation, resul-
ting in a small roller area, and vice versa. The wave slope is not known a priori,
but given the fact that the roller contributes to the set-up of the mean water
level, a good estimate of 3 can be obtained from the time-averaged cross-shore
momentum balance:
di

Frtgg =0 (4.26)
where the zero mean mass flux in the cross-shore direction has been taken into
account. The first term represents the gradient in radiation stress associated with
the wave and roller motion, the second term the cross-shore pressure gradient
associated with the set-up, 7. The combined cross-shore wave-current bottom
shear stress, 7, , has been neglected.
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The above results in three coupled differential equations to model the wave
transformation, being the time-averaged wave energy balance (4.23), the energy
balance for rollers in breaking waves {4.25) and the cross-shore momentum ba-
lance to compute the set-up of the mean water level (4.26). The three equations
are solved simultaneously by numerical integration over the cross-shore profile
(implemented in the numerical model UNIBEST-TC, Bosboom et al., 1997), re-
sulting in the cross-shore distribution of wave height, set-up and roller energy.
The model requires a bottom profile and boundary conditions for the wave energy,
E.,, the roller energy, E, and the set-up, 7. In addition 8 has to be chosen and
a number of coefficients have to be defined, viz. two wave breaking parameters,
a, which is set at 1, and -y which is obtained from (Battjes and Stive, 1985):

v = 0.5+ 0.4tanh (3351—L—°) (4.27)
0

The longshore current velocity is computed from the reduced wave-and depth
averaged alongshore momentum equation, Eq. 4.15, which is rewritten as:

1d dv
Fy = Ea (VJla) — Ty (428)

where V is the mean longshore current. The first term represents the forcing due
to a change in wave-induced momentum flux as a result of wave and roller dissi-
pation, the second term is the horizontal mixing where the cross-shore variation
of the turbulent eddy viscosity is taken into account. The depth-invariant alongs-
hore wave induced forcing can also be obtained form the alongshore component
of the shear stress (Deigaard, 1993);

F, = 7;sin() (4.29)

The (non-linear) bottom shear stress is modelled as:

T

1 - .
Y= Fp/o pcf\/u + 24V sin(@) + V2)(V + asin(9))dt (4.30)

where c; is a friction coefficient and @ the instantaneous near-bed orbital velocity
based on the H,,, and in the direction of wave propagation. In the computations
cy is used as a fit parameter. The whole set results in an implicit second order
differential equation in V| which is solved iteratively; boundary conditions are
provided by setting V' to zero offshore and at the shoreline.
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4.3.2 Results

The test involving random waves, SO014, has been selected from the set of
laboratory measurements (see Chapter 2) for a comparison study, based on the
knowledge that random waves give a better approximation of what happens in
the field. Numerical model results are compared to the measurements thereby
assessing effects of rollers, bottom friction and lateral mixing on the cross-shore
distribution of the longshore current velocity.

The result for the wave height transformation and set-up of the mean water
level is shown in Figure 4.1. Overall, both wave height and set-up compare

+y=875m o0y=1525m, x y=2150m x y<27.25m =) +y=875m

x10 0 y=1525m  x y=21.50m

Figure 4.1: Left panel: Wave height transformation, comparison between com-
putational results (solid line) and measurements. Right pancl: Set-up of mean
water level computed with (solid line) and without (dashed line) the roller con-
tribution, compared with measurements.

favourably with the measurements. In the trough the wave height is slightly
overpredicted. Still, the wave energy decay over the bar is well predicted and so is
the set-up if the roller effect is included with 8 = 0.1. In the case where the roller
is not included, the set-up level near the shore line is somewhat underestimated
(Figure 4.1). However, inclusion of the roller appears to cause hardly any spatial
lag in the present case.

The measurements for the longshore current velocity were performed at one
third of the water depth from the bed, which in the case of a logarithmic velocity
profile is representative for the depth-averaged flow. However, it is not known
whether the velocity profiles are actually logarithmic, so the measured veloci-
ties may differ from the depth averaged velocity. In the comparison between
measurements and model results, it is assumed that these differences are small.
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Figure 4.2: Computed longshore current velocities. Upper left panel: Using
linear, ¢; = 0.015 (dashed line) and non-linear, ¢; = 0.007 (solid line) bottom
shear stress. Upper right panel: Without mixing. Lower left panel: Without a
roller. Lower right panel: Without a roller and without mixing. Measurements
at y = 21.50 m (x) and bottom profile (dotted line, not to scale) are given as a
reference.
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The results for the computed longshore velocities, using ¢; = 0.007, show
good agreement with the measurements (see upper left panel Figure 4.2). The
cross-shore distribution of the longshore current velocity profile matches the me-
asured distribution quite well. The location and the value of the computed and
measured maximurmn longshore current velocity coincide though the limited cross-
shore resolution in the measurements has to be kept in mind. This shows the
ability to predict the longshore current velocity profiles for purely wave driven
flows on barred beaches, for alongshore uniform conditions, using existing model
equations.

A closer look at the results shows that the longshore current velocities are
overpredicted at the seaward end of the bar and underpredicted in the trough.
It is difficult to say what causes these differences, given the fact that forcing,
mixing and bottom friction have similar order effects on the predicted current
velocities in these areas. These effects are examined in more detail below.

The sensitivity of the computed longshore current velocity to the bottom
shear stress formulation is illustrated by the use of a simpler, linear bottom
friction. Often the bottom shear stress is linearised under the assumptions that
the longshore current velocity is small compared to the wave orbital velocity and
that the angle of incidence is small (Longuet-Higgins, 1970):

7, = peslafsin(6)V (4.31)

These assumptions are violated in the case presented, but the idea is to investi-
gate the importance of the bottom shear stress formulation. The bottom friction
coefficient, ¢y , has been increased to 0.015 to give the same maximum current
velocity as in the non-linear case. The resulting velocity profiles, see upper left
panel of Figure 4.2, show a good agreement with the measurements both for the
linear and nonlinear bottom shear stress formulations. Only minor differences in
the longshore current velocity occur, an observation made earlier by Thornton
and Guza [1986].

The roller effect on the longshore current velocity profile is illustrated in the
lower panels of Figure 4.2. If the roller contribution is excluded from the longs-
hore momentum balance the locations of the measured and computed maxima
no longer coincide. The absence of storage of alongshore directed momentum
in the model without roller results in a premature release of this momentum,
resulting in an underestimation of the longshore current velocities in the trough.
This shows that the cross-shore distribution of the alongshore forcing can only
be modelled correctly if the roller contribution is taken into account.

If mixing is included, only part of this effect is compensated (see lower left
panel of Figure 4.2), but it also leads to an overestimation of the current velocities
offshore. Though mixing by itself has no significant impact on the position of
maximum velocity it is important in modelling the cross-shore distribution of the




4.4. COMPARISON WITH FIELD DATA 65

longshore current (see the upper right panel of Figure 4.2). It is often assumed
that in case of random waves, no additional mixing is required to model the
longshore current velocity profile. In this case however, the predicted longshore
currents are clearly too narrow compared to the measurements if mixing is not
included. Tt seems therefore that in the case of random waves on a barred beach
the lateral mixing effect is more important than in the case of random waves
on a plane beach. This is ascribed to the fact that in the case of a plane beach
there is a gradual increase and decrease in the wave forcing as the water depth
decreases, whereas on a barred beach there is concentrated wave breaking on the
bar followed by a rapid decrease in the number of breaking waves in the trough,
resulting in stronger shears and thereby increased mixing.

Overall, it appears that both roller and lateral mixing have effects on the
longshore current profile of comparable magnitude but of a different kind: the
roller shifts the profile shoreward and mixing smears it out. Both are needed to
obtain reasonable agreement with the measured profile.

4.4 Comparison with field data

4.4.1 Description of experiment

The field data were obtained during the DELILAH experiment in 1990 at the US
Army Corps of Engineers’ Field Research Facility at Duck, North Carolina. An
overview of the area is shown in Figure 4.3. Recognising the pier which extends
approximatly 800 m into the easterly direction, the measuring area, also known
as the mini grid, starts at a distance of 250 m north of the pier and extends over
a length of approximately 400 m along the beach and 350 m in the cross-shore
direction covering the surfzone. The local bathymetry in the vincinity of the pier
can vary significantly with respect to the areas further away, which are generally
much more alongshore uniform.

The measurements used throughout this section have been obtained from a
cross-shore measurement array deployed within the mini grid to measure the wave
transformation and cross-shore distribution of the longshore current velocities
(see right panel of Figure 4.3). Note that the comparison with model results
is based on the depth averaged mean longshore current velocities. The vertical
elevation of the instruments is a function of the initial position and bed level.
The bed level changes from day to day, which was measured each day. Assuming
that the vertical velocity profile of the mean longshore current is logarithmic, the
measured current velocities were corrected to yield the depth averaged current
velocities using the measured depth of water and elevation of the current meter
relative to the bed for each day.

The waves and resulting longshore currents varied considerably during the
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Figure 4.3: Left panel: Plan view of Field Research Facility at Duck, North
Carolina. Offshore pier direction coincides with east (courtesy of FRF). Right
panel: Part of minigrid with bathymetry of 10 Oct. Position of velocity meters
and colocated pressure transducers denoted by x’s.

experiment. Waves and currents were mild from 3-9 October. On the 10th,
a frontal system from the south generated broad-band waves at relatively large
angles (about 40 degrees from the south in 8 m depth) driving a strong longshore
current to the north (up to 1.5 m/s). The storm abated between the 11th and
12th, when on 13 October, large swell waves (H, ~ 2.5m) arrived from the south
due to distant hurricane Lili; these waves gradually diminished on subsequent
days. On the 19th, a small frontal system passed from the north generating
waves from the north and currents to the south (see Thornton et al., 1996 for
details).

The large scale morphology responded to the changing waves and currents.
The morphology normally features rythmic crescentic bars during times of qui-
escent waves. Alongshore rythmic features are evident on the 10th of October in
the time-lapse video exposure (Figure 4.4) where wave breaking is inferred from
the lightly coloured areas owing to surface foam, i.e. over the bar and near the
shoreline. The video image clearly shows the cyclic character of the observed un-
dulations extending far beyond the mini grid. The morphology tends to a linear
bar(s) during times of storms with strong longshore currents, which is reflected
in subsequent video exposures for 12, 15 and 19 October (see Figure 4.4). There
is often a bulge of sand at the foot of the pier and a scour hole at the end of the
pier. The persistent longshore currents to the north during 10-18 October moved
this bulge of sand progressively northward into the measurement area. As will
be seen, this bulge of sand can have a strong effect on the hydrodynamics.
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Figure 4.4: Time lapse video exposures of the nearshore on 10 (upper left), 12
(upper right), 15 (lower left) and 19 (lower right) October.

4.4.2 Reduction of equations

From the video imaging it is clear that the morphology present from 10 to 19
October of the field experiment is not' uniform alongshore. Therefore the full
equations should be used to compute the spatial distribution of the wave and
flow field. However, considering the cross-shore and alongshore length scales
Putrevu et al. (1995) showed that for weak alongshore variations a reduced set
of equations can be obtained. In that case the wave transformation can be com-
puted with the previously described 1-D wave propagation model. By applying
the wave transformation model to a number of consecutive transects alongshore,
the spatial distribution of wave height and resulting set-up are obtained. From
this, the local alongshore pressure gradient across the transect of interest can be
estimated. This has the advantage of a simple 1D approach, though including
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the effect of an alongshore pressure gradient on the longshore current velocity
profile. The wave and depth averaged alongshore momentum equation is then
given by

190 v a7
i (uth5$—> - 953 -7y (4.32)

in which the forcing due to an alongshore pressure gradient, given by the second
term on the right hand side, is included. The formulation above is subject to
the following assumptions made by Putrevu et al. (1995): The longshore current
velocity is expected to be small with respect to the phase speed of the incident

waves:
Vinaz ~ €y ghb ) (433)

where € = O(.2) and h, represent the water depth at which the waves start
breaking. The incidence angle at wave breaking is small:

sin(6y)/e = O(1) and cos(8;) ~ 1 (4.34)
The alongshore length scale is much larger than the cross-shore length scale:
Ly/L,~¢ (4.35)

and the maximum set-up of the mean water level is of O(d) with respect to the
depth at breaking:
Tmar = 0hpand § << 1 (4.36)

These assumptions will be checked for each individual case. Given the predo-
minance of swell in the observed wave conditions, the dissipation is modelled
according to Thornton and Guza (1983), given by:

D =3ﬁpgf BS—H—’S"EM {1— ! ] (4.37)
Y16 A (1 + (Homs/¥h)2))?

where f, is the peak frequency, B a coefficient of O(1), and the weighting func-
tion, M, is given by (Whitford, 1988)

M = (14 an [s (’i_;; - 1)}) (439)

The wave energy dissipation again acts as a source term in the roller energy
balance (equation 4.25). However, measured set-up data is not available to ca-
librate the roller model. Therefore the roller dissipation has been modelled as
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a function of the wave asymmetry (Lippmann et al., 1994) and calibrated with
visnal observations of the spatial variation of wave breaking across the profile
(lippmann and Thornton, 1996). A brief description of their approach is given
here. The wave asymmetry, e,, is related to the wave slope by:

2H
sin(8) = — 7=
P

where Ly, is the wave length associated with the peak frequency. Introducing this
into eq. 4.25 gives:

(4.39)

3(2ETC COS(Q)) 49H s
- E, » 4.4
o A D (4.40)

Taking into account the distribution of wave rollers, the average roller energy is
defined by:

B =2 [
L, Jo
where p(H) is the wave height distribution of the incident waves and W(H) a

weighting function which determines when rollers exist and A is a function of
the local wave height:

Ap(H)W (H)dH (4.41)

L 3 g H"Z
A= "L /52— 4.42
el VR T, (4.42)
and the roller length, L,. A solution of eq. 4.40, with L, and e, being the only
unknowns, can be obtained for a given value of e,,. By matching the computed

cross-shore distribution of the percentage of wave breaking:
oS
Q@) = [ p(H)W (H)dH (4.43)

to the measurements an optimal value for e and the corresponding roller energy
dissipation, D,, is obtained.

4.4.3 Comparison

In the next part, comparisons of field data with numerical model results are
described. The procedure in all cases is to calibrate the wave transformation
model based on the measured wave height and percentage of wave breaking along
the cross-shore measurement transect. Once calibrated, the wave transformation
model is applied to cross-shore transects throughout the mini grid. Next, the
local alongshore pressure gradient and alongshore shear stress are used to drive
the longshore current over the measurement transect. The hydrodynamic con-
ditions for the various cases are presented in Table 4.1. Intercomparison of the
different cases is used to assess the effects of wave forces and alongshore pressure
gradients on the longshore current velocities.
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Day |[time [0k | Hyms |Tp |0° | ks | Vimar | Uw o3,
(h) [(m) |(m) [(s) (m) | (m/s) | (m/s)
Oct 10 [05 [-037[0.80 [10.7[-38.[23 [1.0 |22 111.
Oct 1207 [-015]0.90 [8.9 [-38.]27 [09 |51 67.
Oct 19105 [-0.11[086 |58 [60. [24 [08 [91 |-14L
Oct 18 |16 [-0.20 [ 0.82 [ 6.2 | -46. 07  [112 76.

Table 4.1: Test Conditions, éh: tidal elevation relative to mean sea level, Hyps,
T, and 6 all at 8 m water depth. hy: depth at breaking, Vin..: maximum
longshore current velocity, U,,: wind speed and 0,,: wind direction with respect
to the coast normal.

4.4.4 Weak alongshore variation
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Figure 4.5: Left panel: Bathymetry for computational domain obtained for 10
Oct. Middle and neighbouring transects indicated by vertical lines; correspon-
ding profiles shown in right panel.

On Oct. 10 moderate swell waves, H,ns = .80 m, with a T, of 10.7 s, were
incident from the south-east at an angle, 8, of -38° with the coast normal. The
bottom contours obtained with linear interpolation between various bottom pro-
file measurements for Oct. 10 are shown in the left panel of Figure 4.5. The
spacing between the individual profiles is in the order of 25 meters. The bathy-
metry clearly shows the presence of alongshore non-uniformities, with alongshore
length scales of O(200) m. The differences in bed-level along the bar crest and
trough are of O(.2) m. The bathymetry has a typical barred profile as was ob-
served during most of the time throughout the DELILAH field experiment. The
bar crest is located approximately 100 m offshore with a water depth in the or-
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der of 1.2 m with respect to the mean sea level. This is followed by a trough
region with a maximum water depth in the order of 1.7 m. The offshore slope is
O(1 :100). The slope at the seaward side of the bar and near the shore line are
both O(1: 20). The accuracy of the bathymetric survey system is of O(.03) m.

The bathymetry transects were measured at a small angle (1—4°) to the shore
normal (sec left panel Figure 4.5). To align the calculations in the longshore
direction, the bottom profiles used in the computational wave transformations
are shifted in the cross-shore direction such that the offshore side of the bar
coincides in each transect (see right panel Figure 4.5). This assumption is based
on the fact that the differences in bathymetry in the alongshore direction are
small compared with the total water depth, and therefore, will not affect the
mean flow direction of the longshore current.

Next we check whether the underlying assumptions based an a slow alongs-
hore modulation of the bathymetry as defined by Putrevu et al. [1995] are valid
for Oct. 10. Wave breaking starts on the seaward side of the bar at a depth
of 2.3 m where the tidal elevation of approximately —0.4 metres has been taken
into account. The maximum longshore current velocity is in the order of 1 m/s
which gives:

o = Yios
Vhy

which is okay. The angle of incidence at breaking is estimated at 15° thereby
complying with the afore mentioned assumptions. Estimates of the length scales
involved are obtained from the bottom slope in both directions, s, =1:20 and
sy = 1:100, as measured from the bathymetric survey data (see Figure 4.5).

~0.20

L s

== =2 =0.20=0()

L, s,
The maximum set-up of the mean water was not measured but is estimated from
numerical calculations to be in the order of 0.1 m:

§="1m — 0(0.05) << 1
by

which shows that the assumptions made have not been violated for Oct. 10.
Note that the scaling arguments for the trough are different, given the fact that
the bed level becomes more or less horizontal and waves cease breaking. This
will be discussed later.

The wave transformation model comparison with data is shown in the left
panel of Figure 4.6. Incident waves from the south-east refract and shoal while
propagating from decper water. Wave breaking occurs mainly on the bar, resul-
ting in a strong decrease in wave height. The waves reform in the trough where
the height stays more or less constant, followed by additional wave breaking near
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Figure 4.6: Left panel: Computed transformation of H,,,, at the measurement
transect (solid line) compared with measurements (+). Right panel: Fraction of
breaking waves for Oct. 10, measurements (o) and model results obtained for
ey = 0.5 (dash-dotted line), e,, = 0.7 (solid line) and e,, = 0.9 (dashed line).

the shore line. The computations show a good match with the measurements.
The calibration of the roller dissipation model is obtained from the match with
the measured percentage of breaking waves. A good match between the me-
asurements and computations is obtained for an asymmetery value, e,, of 0.7
(Figure 4.6).

Next, the calibrated wave transformation model is applied at two adjacent
transects. The waves in the south transect decay more over the bar (see upper
left panel Figure 4.7, due to the smaller water depth. This results in a locally
higher set-up of the mean water level (upper right panel Figure 4.7), O(2) cm,
but relatively less wave energy in the trough and less set-up at the shore line.
Near the shore line, the cross-shore set-up gradients are very steep. So a small
offset in the cross-shore position, based on the expected stream lines, results in
large alongshore set-up gradients. Based on the present modelling effort it is not
possible to make a reliable estimate of the alongshore set-up gradients near the
shoreline. These are therefore not taken into account, the main interest being
the forcing of longshore current in the trough. Note that the depth of water near
the shore line is small and therefore the expected pressure gradients are small
also.

Given that the set-up level south of the measurement transect is higher than
to the north, the pressure gradient acts in the same direction as the wave forcing
(lower left panel Figure 4.7). The longshore current calculations are compared
with measurements (upper right panel Figure 4.7). If the local pressure gradient
is ignored, the position of the maximum longshore current velocity is predicted
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Figure 4.7: Conditions on Oct 10. Upper left panel: H,,, at the measure-
ment transect computed (solid) and measured ("+’), the southerly (dashed) and
northerly transect (dash-dotted) respectively. Upper right panel: corresponding
computed set-up. Lower left pancl: Wave forcing (solid) and local alongshore
pressure gradient (dashed). Lower right panel: Longshore current velocities using
¢5 = 0.0035 with (dashed) and without (solid) the local pressure gradient. Bot-
tom profile (dashed) is given as a reference (not to scale).
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to be near the bar crest, whereas the measurements show the maximum to be in
the trough. Including the local pressure gradient results in a better match with
the measurements, showing a strong flow in the trough. Next we look at a case
of strong alongshore variation.

4.4.5 Strong alongshore variation

00
¥ (m) X {m)

Figure 4.8: Conditions on Oct 12. Upper left panel: Bathymetry. Upper right:
Corresponding bottom profiles. Lower left panel: Computed wave forcing (solid)
and local alongshore pressure gradient (dashed). Lower right panel: Computed
longshore current velocities (solid line), without pressure gradient (dashed line)
and without mixing (dash-dotted line) with ¢c; = 0.006. Measurements denoted
with ’x’.

In the vicinity of the measurement transect, the bathymetry for October 12
(lower left panel of Figure 4.8) is more uniform alongshore than in the previous
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case, with a linear bar and trough. However, further south toward the pier,
the bathymetry is no longer uniform alongshore, showing a change in the single
barred profile.

The same procedure as described previously is used to compute the local
forcing and the corresponding longshore current. The bottom profiles of the two
adjacent transects are shown in the upper right panel of Figure 4.8, which shows
a mild variation of the bed level in the trough, becoming shallower toward the
south. The bar crest however has very little alongshore variability.

The forcing due to wave breaking and pressure gradient are shown in the
lower left panel of Figure 4.8. Only a small gradient in the set-up level remains
in the trough, resulting in a forcing that is directed in the opposite direction
from the wave forcing.

Next the longshore current velocities with and without a pressure gradient
are computed (lower right panel Figure 4.8). The results show that including
the local pressure gradient does not improve the computation of the longshore
current velocities. The computations show a maximum velocity near the bar
crest, unlike the measured velocity distribution, which shows a maximum closer
to the trough. Applying the alongshore pressure gradient results in an increased
discrepancy between the computed and measured longshore current velocities in
the trough. It is interesting to see that there is no flow reversal, even though
the pressure gradient is locally larger than the wave forcing. Mixing causes the
profile to smooth out, resulting in a unidirectional flow field (lower right panel
Figure 4.8). Therefore, flow reversals would not be expected if the opposing
pressure gradient is small with respect to the wave forcing.

From the time exposures of breaking waves (Figure 4.4) it is apparent that
on October 12 the toe of a much larger bed feature is entering the computational
domain. Near the toe the alongshore length scale is of similar order as the cross-
shore length scale (see Figure 4.8). The response of the set-up of the mean
water level to the changes in the profile south of the measurement transect is
shown in Figure 4.9. Note that given the strong variations of the bed, it is no
longer appropriate to use a one-dimensional wave propagation model to compute
the wave transformation and set-up. What follows is therefore predominantly
a qualitative assessment of the effect of a strong alongshore pressure gradient
acting over the trough. Given the strong alongshore variations in bathymetry, the
longshore current inertia has been added to the alongshore momentum equation:

av on 10 ( oV
CASN -0 LA (W Sead) B 44
v Oy E g@y + h oz (Vth 8w> Tv (444)

represented by the first term. Next the relative importance of the various con-
tributions in eq. 4.44 for the longshore current in the trough is discussed. We
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Figure 4.9: Conditions on Oct 12. Left panel: Synoptic view of the set-up of
the mean water level in m. Right panel: Estimated forcing along the beach over
the trough due to the presence of an alongshore pressure gradient. Lower panel:
Corresponding longshore current velocity in the trough with (solid) and without
inertia terms (dashed).

discriminate between cases where alongshore pressure gradients and wave for-
cing are acting in the same direction or in opposite directions. In both cases
there is a strong decrease in the wave forcing once the waves enter the trough
and breaking occurs less frequently. Consequently the turbulent eddy viscosity
becomes less. Without mixing, the case of wave forcing and pressure gradient
acting in opposite directions leads to flow reversals and corresponding strong
gradients in the longshore current velocity. This means that although the eddy
viscosity has decreased, lateral mixing cannot be neglected, thereby preventing
the alongshore pressure gradient driven current in the trough from fully deve-
loping. Given the small longshore current velocity in the trough, the longshore
current inertia becomes negligible. It is therefore expected that for the case of
opposed forcing the total cross-shore distribution of the longshore current velo-
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city is dominated by the wave forcing on the bar crest and shore line. This is
not the case for unidirectional forcing where cross-shore velocity gradients are
expected to be significantly less and lateral mixing decreases correspondingly.
The geographic trapping between the shore line and bar in combination with
weak lateral mixing may then lead to strong alongshore pressure gradient driven
currents in the trough and a corresponding increase in the relative importance
of the longshore current inertia.

Next the inertia effect for Oct 12, where a strong alongshore pressure gradient
over the trough acting in the flow direction can be expected between 700 and
800 m (see Figure 4.9), is examined in more detail. The simplified alongshore
momentum equation over the trough, neglecting mixing and wave forcing, is
given by
v VIV on
dy hy gay
where h, is the water depth in the trough and a simplified non-linear bottom shear
stress formulation has been used. The forcing is obtained from the computed
alongshore set-up gradients in the trough, where a water depth of 1.5 m is used
(right panel Figure 4.9). A first estimate of the longshore current velocity in the
trough (right panel Figure 4.9) is computed with eq. 4.45, where V is taken to
be zero at the upstream end. The inertia effect is evident as is the significant
flow velocity at the measurement transect. Therefore, it is likely that only part
of the longshore current resulted from local pressure gradients. In this case more
sophisticated modelling tools are required to assess the effects of the upstream
bathymetry on the flow conditions near the measurement transect.

The time exposures of Figure 4.4 show that further north the bathymetry is
much more uniform, with a single linear bar. In cases where waves are incident
from the north-east, wave forcing acts opposite to the pressure gradient resulting
from the bed-undulations south of the measurement transect. It is expected that
in this case the measured longshore current velocities will correspond closely to
a wave-driven current only as will be seen in the next case.

v

(4.45)

4.4.6 Alongshore uniformity

The short period wave conditions, with T, = O(6) s, incident from the north-east
(see Table 4.1) during the 19th of October are different from the cases previously
considered. The bathymetry north of the measurement transect displays a linear
bar and trough (Figures 4.4 and 4.10). It is also evident that the bed feature
observed earlier has propagated further into the measuring domain.

The forcing by the local pressure gradient is shown to be small compared
with the wave forcing (lower left panel of Figure 4.10)). The resulting longshore
current velocity profile compares well with the measurements (right panel of
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Figure 4.10: Conditions Oct 19. Upper left: Bathymetry. Upper right: cor-
responding bottom profiles. Lower left: Forcing due to wave breaking (solid)
and local alongshore pressure gradient (dashed). Lower right: Corresponding
longshore current velocities with local pressure gradient (solid line) and without
(dashed line) for c; = 0.0035. Measurements denoted by 'x’.

Figure 4.10)). Note that in this case the current velocity maxima, both measured
and computed, are near the bar crest where wave breaking occurs, unlike the
previous cases with a maximum current velocity in the trough. This supports
the assumption that a relatively small pressure gradient cannot generate a strong
flow in the trough if it acts in the opposite direction to the wave forcing. The
model results show a second maximum close to the shore, but measurements
are not available in that region to conclude as to whether a second maximum is
actually present or not.
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4.5 Discussion

In this Chapter we atrributed the observed discrepancies between the measured
and computed longshore current velocity profiles for the various field cases to the
presence of an alongshore pressure gradient. An important aspect in reaching
this conclusion is the comparison with laboratory data. During the laboratory
experiment the effect of an alongshore pressure gradient was minimised. Using a
simplified balance between the estimated alongshore pressure gradients over the
trough and bottom shear stress, neglecting wave forcing and lateral mixing, we
typically find for the laboratory experiment:

_ gh AR _ 9.81(m/s*) - 0.07(m) 0.001(
CelUlAy  0.01-0.1(m/s)  12.75(

m)
) = 00.05)m/s  (4.46)

where U represents the orbital velocity. The resulting current velocity is indeed
small with respect to the measured velocity in the trough and implies a purely
local wave-induced driving force.

The comparison between laboratory measurements and computational results
has therefore demonstrated the ability to model purely wave driven longshore
currents on barred beaches, using existing model equations. Including lateral
mixing, roller effects and a non-linear bottom shear stress, good correspondence
is obtained. Thus verified, the model has been used in a comparison with field
data, knowing that longshore currents in the field are in general not locally wave
driven only, but result from a variety of different mechanisms, including wind
and pressure gradients.

Three different cases have been considered. The results suggest that in the
case of slow modulation of the alongshore bottom profile the longshore current
velocity distribution can be obtained from the local force balance. Still, some
caution is required in concluding that this is actually the case here, not knowing
what the upstream wave-and current conditions are. It is apparent from the
time exposures on 10 October that we are looking at some rythmic features in
the bathymetry (Figure 4.4), but it is not known whether these features are also
present south of the mini grid.

The results obtained for the second case are typical for the Delilah experiment,
where long period waves incident from the south-east resulted in strong longshore
currents in the trough. We have used the argument that this is a result of an
alongshore directed pressure gradient acting over the trough in combination with
inertia of the longshore current.

Most of the time, swell waves were incident from the south-east. However,
the results obtained for the third case are typical of waves incident from the
north-east, resulting in a longshore current maximum near the bar crest.
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One might argue that the short period, sea wave conditions on the 19th
are significantly different from the long period swell waves present during the
other cases, and that this could be responsible for the observed differences in the
longshore current velocity profiles. To investigate this possibility, we selected a
data set where sea waves were incident from the south-east, which occurred on
October 18 (see Table 4.1). Given the one day difference, the bottom profile is
very much similar to October 19.
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Figure 4.11: Conditions on Oct 18. Left panel: Wave (solid) and pressure
forcing (dashed) and corresponding longshore current velocities (right panel)
with the local pressure gradient (solid line) and without (dashed line) using c;
= 0.0035. Measurements denoted by ’x’.

Applying the same procedure in computing the forcing, the computational
results do not show the strong flow in the trough as seen in the measurements
(Figure 4.11); therefore, the difference in wave period, ie. sea or swell, is unlikely
to be the reason for the observed differences.

In all cases, the current velocity further offshore is underestimated by the
model results. This cannot be explained with the present analysis, given the fact
that wave breaking in this area is negligible. Only part of this can be explained
by the wind forcing, given the fact that for the cases under examination the wind
velocity is relatively small.

4.6 Conclusions

Laboratory data obtained for random waves incipient on a barred beach, con-
sisting of current velocity measurements as well as wave transformation and
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set-up data, have been used for verification and validation of a numerical mo-
del for uniform alongshore conditions. Comparison of computational results with
measurements showed good agreement for wave transformation, set-up and longs-
hore current velocity profiles. This demonstrates the ability to model purely wave
driven longshore currents with existing model equations. Lateral mixing was re-
quired to obtain a good match with the data. This showed that the randomness
of the incident wave field by itself could not account for the necessary smoothing
of the longshore current profile in the case of a barred beach. The transition ef-
fect, caused by the surface roller, was important in the correct prediction of the
location of maximum wave forcing. In addition, the delayed release of alongshore
wave momentum caused a significant increase in the longshore current velocity
in the trough. However, in the absence of a mean alongshore pressure gradient,
inclusion of the roller effect does not shift the longshore current velocity maxi-
mum on a barred beach to the deepest part of the trough.

The thus verified numerical longshore current model has been extended with
an additional forcing of the longshore current due to the presence of an alongs-
hore pressure gradient. Next the model was applied to examine the DELILAH
measurement data on longshore current velocity distributions. This showed that
bathymetry induced alongshore pressure gradients were present during the DE-
LILAH experiment. Including these pressure gradients can be important in the
analysis of the measured longshore current velocity profiles, which supports the
earlier theoretical results obtained by Putrevu et al. [1995]. A relatively small
alongshore pressure gradient over the trough, acting in the same direction as the
wave forcing, has a significant effect on the longshore current velocity distribu-
tion. In the cases where this alongshore pressure gradient varies weakly in the
alongshore direction, the current velocity can be obtained from the local force
balance. With increased modulation, the inertia effect gains importance and the
local approach is no longer valid. This was generally the case for waves incident
from the south-east. In the case of opposed forcing, the computed longshore
current velocity profiles match the measured longshore current, with velocity
maxima over the bar and at the foreshore where waves are breaking.

Summarising, the preceding conclusions imply that in absence of an alongs-
hore pressure gradient the maximum longshore current velocity occurs near the
areas of most intense breaking, and that the occurrence of velocity maxima in
the trough, as observed during the Delilah field experiment, can be ascribed to
the presence of an alongshore pressure gradient (excluding wind effects).
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Chapter 5

Longshore current instability

5.1 Introduction

In the previous Chapter we examined the time-mean properties of the longs-
hore current. It is clear from the experiments described in Chapter 3 that the
longshore current has dynamic properties as well. Depending on the cross-shore
distribution of the wave-driven longshore current velocity, low-frequency modu-
lations in the horizontal velocity field may be present. These oscillations result
from the shear instability of the longshore current. Small perturbations in the
velocity field grow at the expense of the potential vorticity associated with the
longshore current. The theoretical background for this was introduced by Bowen
and Holman [1989]. They obtained a linear stability equation for longshore cur-
rents, showing with a simplified test case (horizontal bottom) that the backshear
of the longshore current is very important in the generation of shear instabili-
ties. A strong back shear makes the longshore current unstable to a wide range
of small perturbations. This was confirmed by Dodd and Thornton [1990] and
Putrevu and Svendsen [1992] using more realistic longshore current velocity and
bottom profiles. Later studies (Falqués ct al., 1994) also showed that the distance
of the longshore current velocity maximum to the shoreline, X, is important in
the generation of the longshore instabilities. An increase in X, results in a wider
range of unstable wave numbers.

The generation of shear instabilities is strongly affected by the presence of
dissipative effects. Putrevu and Svendsen [1992] and Dodd et al. [1992] showed
that the number of possible unstable modes and their corresponding growth rate
is reduced if dissipation due to bottom friction is increased. The combined effect
of bottom friction and eddy viscosity on the stability of wave-driven longshore
currents was investigated by Falqués et al. [1994], who show that for eddy
viscosity and bottom friction giving rise to similar damping, eddy viscosity gives
a stronger reduction of the span of unstable wave numbers compared to bottom
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friction.

The linear stability analysis is only valid for shear instabilities of infinitesimal
amplitude, i.e. initial conditions. More detailed analytical and numerical ana-
lyses were made using weakly non-linear (Dodd and Thornton, 1992) and fully
non-linear modelling (Nadaoka and Yagi, 1993, Deigaard et al., 1994, Falqués at
al., 1994, Allen et al., 1995, Ozkan and Kirby, 1995, Ozkan-Haller and Kirby, 1996
and 1997, Slinn et al., 1998) to describe the development of shear instabilities in
wave-driven longshore currents to finite amplitude values.

Still, there has been little data to verify the predictions obtained from these
models. The observational data presented in Chapter 3 provides an opportunity
to verify numerical model results. This will be performed for both initial and
finite amplitude conditions. The assumption is that the longshore current at
the upstream end of the basin is more or less undisturbed by the presence of
the then still small shear instabilities, corresponding to initial conditions. As
the shear instabilities propagate along the beach toward the outflow they reach
finite amplitude values. Both results will be used in a comparison with linear
and fully non-linear model results.

First a short description of the linear stability analysis by Falques and Iranzo
[1994] is given. Next the input used for the model computations is discussed,
some of which is obtained from additional model computations. The model yields
information on the most unstable modes for the given input conditions, which
can be compared with the results obtained from the f, k, spectral analysis (see
Chapter 3). The idea is to examine the effects on the shear instabilities caused
by the longshore current velocity shear, bottom shear stresses and lateral mixing.

Next the fully non-linear modelling of growing shear instabilities is discussed.
The wave transformation is modelled with a 2D-wave roller model to enable a
correct prediction of the wave forcing (see Chapter 4). The numerical modelling
here is different from the previously mentioned studies, which apply either a for-
cing based on the shear component of the radiation stress neglecting the roller
contribution (Nadaoka and Yagi, 1993, Deigaard et al., 1994) or an arbitrarily
shaped forcing of the longshore current (Allen et al.,1995) or a forcing based
on the measured longshore current velocity profile (Ozkan and Kirby, 1996). In
general the latter is already affected by the presence of finite amplitude shear
instabilities and as such cannot be qualified as an initial longshore current velo-
city profile (Bowen and Holman, 1989, see also Chapter 6). The presently used
wave transformation model was shown to give a good match with observed longs-
hore current velocity profiles over barred beaches (see Chapter 4). The velocity
field, resulting from the wave forcing, is modelled with the short-wave averaged
non-linear shallow water equations as presented in Chapter 4.

Parts of this chapter have been published in Reniers et al. [1997] and Reniers
and Battjes [1997].
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5.2 Linear stability analysis

5.2.1 Model description

In the following a comparison is made between the observational data and results
obtained from a numerical model. The linear stability model used here was for-
mulated by Falques and Iranzo [1994). It is based on the analyis of the temporal
growth of the shear instabilities. The present set of experiments is a clear case of
spatial growth, starting near the inflow and growing along the beach. It would
therefore be appropriate to formulate the model in terms of spatially growing mo-
des (as opposed to temporally growing modes which is easier to solve). However,
we are primarily interested in the frequency-wavenumber signature of the shear
instabilities, which can be obtained for the spatial problem from a solution of
the temporal problem using Gaster’s relations. In Appendix A we demonstrate
that the approximation given by Gaster [1962] is applicable here and that the
expected errors in the dispersion relation and growth rate are of O(5) %. This is
considered acceptable, given the other uncertainties in the input conditions for
the stability analysis. A detailed analysis of the consequences of using temporal
vs. spatial stability analysis for the present set of experiments was performed by
Dodd and Falqués [1996).

A short description of the model by Falques and Iranzo [1994] is given below.
Assuming alongshore uniformity, they consider a basic undisturbed state which
is a steady solution of equations 4.13- 4.15 given by u = 0,v = V(z),{ = 7(x)
where V(z) is the mean longshore current and 7(z) the wave set up/down. Then
small perturbations of the form:

=D/ (2), 0/ (2), () (5.1)

are introduced in eqgs. 4.13- 4.15 which upon linearisation results in the following
eigenvalue problem (dropping ’):
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The eigenvalue, ¢ = w/k = (w, + iw;)/k, is the phase speed, which may be
complex. The period and the wavelength are given by T' = 27 /w, and A = 27 /k.
In these linearized equations any perturbation in the radiation stresses, Sj; ,
has been neglected. Given the strong mean current velocity of O(.5) m/s, with
respect to the incident wave orbital velocity amplitude, O(.2) m/s, during the
experiments (see Chapter 2), the strong current approach has been used in the
bottom friction formulation:

1, = Cqo|V| (5.5)

where Cy(z) represents the friction coefficient. The system 5.2-5.3-5.4 has been
solved numerically by using spectral expansions. The details of the numerical
procedure can be seen in Falqués and Iranzo [1994].

Given any set of profiles of undisturbed longshore current velocity, bottom
friction coefficient, viscosity and bathymetry, Equations 5.2-5.3-5.4 can be sol-
ved for any wavenumber, &, so that the k,w, and the k,w; curves, that is, the
dispersion and the instability curves can be computed. The basic flow is unst-
able if there is some wavenumber with positive growth rate, w; > 0, and stable
otherwise. The fastest growing mode, denoted by FGM, corresponds to the wa-
venumber k at which the maximum of w; occurs.

The model requires the following input: bottom profile and mean water level,
mean longshore current profile, coefficient for bottom friction and eddy viscosity
due to wave breaking. The mean longshore current is obtained from the measu-
rements where a spline is used to obtain the interpolated values required for the
model input. For the friction coefficient, we use the classical expression for a

logarithmic velocity prbﬁle:
-2
1
Cy= [—ln (33h(z))] (5.6)
ekN

where:

e = basis of natural logarithm

k = von Karman constant (x 2 0.4)

h(z) = mean waterdepth (including set-up/set-down)
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kn = bottom roughness according to Nikuradse

The eddy viscosity is estimated by eq. 4.22 using the roller dissipation, D,, as
input. The latter is computed with a one dimensional wave-propagation model
as described in Chapter 4. The measured wave height distribution and set-up
are used to calibrate the wave model with respect to the breaker parameters, v
and § (see Chapter 4). The results for ¢; and v, thus obtained are used as input
for the linear stability analysis. Note that the assumptions made for the friction
coefficient and eddy viscosity may not be completely accurate. It is therefore
expected that small discrepancies between measurements and predictions may
occur.

Three different cases are considered in the comparison. The base case is
defined by test SA243, with an incident wave height, H;, of 8 cm and a wave
period, T, of 1 s. This is followed by a test with an increased incident wave
height (test SA337, H; = 10 cm) and a test where random waves were used (Test
S0014, H,p»s = 7 cm) instead of regular waves. The total gives a good indication

of all the test results obtained during the laboratory experiments (see Chapter
2, Table 2.1).

5.2.2 Results

In this Chapter the results obtained with the numerical linear stability model
are compared with the measurements. The computed instability curve for the
base case is shown in the left panel of Figure 5.1. Three conditions are examined
for test SA243: without damping effects, bottom friction only and eddy viscosity
plus bottom friction respectively. Intercomparison of the instability curves, see
left panel of Figure 5.1, shows a significant reduction in the growth rate as the
damping is increased. Accordingly the range of unstable wave numbers becomes
more narrow. For full damping, i.e. including bottom friction and eddy viscosity,
the FGM occurs at &, = 0.85 (rad/m) with a corresponding growth rate of 0.0065
(rad/s).

The results for the two additional tests show the influence of the changes
in velocity shear. For the random wave case, the more gradual wave breaking
results in a weaker velocity back shear and corresponding smaller growth rates
(compare Figures 2.9 and 2.3) in Chapter 3). The wave number instability range
has decreased in width with respect to test SA243. The wave number correspon-
ding to the FGM has moved further toward the lower wave numbers, k, = 0.5
(rad/m), a decrease of 40% compared with test SA243. Increasing the wave
height, test SA337, results in an increased longshore current velocity and cor-
responding larger back shear (compare Figures 2.5 and 2.3 in Chapter 3). This
leads to a stronger growth rate and a wider range of unstable wave numbers. The
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Figure 5.1: Left panel: Instability curves for test SA243. Without damping
(dashed line), with bottom friction (dash-dotted) and eddy viscosity plus bottom
friction (solid line). Right panel: Instability curves for tests SA243 (solid), SA337
(dashed) and SO014 (dash-dotted) with bottom friction and eddy viscosity.

position of the FGM is now located at k, = 1.1 (rad/m), which is an increase of
approximately 30% with respect to test SA243.

The measured position of the FGM for test SA243, located at k, = 0.91
(rad/m) (see Chapter 3 Table 3.2), corresponds well with the predited value of
ky = 0.85 (rad/m). For test SA337 the position of the FGM in the measurements
is less pronounced than for the base case. The energy density displays a smooth
and broad distribution with a peak around k, = 0.75 (rad/m) with a correspon-
ding frequency of 0.035 Hz (see Figure 3.8 Chapter 3). This is significantly lower
than the predicted value k, = 1.1 (rad/m). In the case of random waves the
measured FGM is located at k, = 0.70 (rad/m) with a corresponding frequency
of 0.028 Hz, which is higher than the predicted value of k, = 0.5 (rad/m).

Figure 5.2 shows the comparison of the computed and measured dispersion
relations for the shear instabilities for the three different tests. The computed
dispersion relations are shown for the computed wave number instability ranges
only. The correspondence is reasonable for the upstream part for tests SA243
and SA337. In the case of random waves, the measurements show spurious
energy density, which obscures the shear instability signature in the wave number
frequency plot (see upper right panel of Figure 5.2). This is most likely associated
with the inflow conditions, the pumped discharge being constant whereas the
forcing of the longshore current varies in time and space due to the randomness
of the waves. This results in a mismatch with the flow conditions within the
basin causing inflow disturbances. At the downstream end the computed wave
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Figure 5.2: Left panels: Comparison of measured and computed (denoted by
"+’ signs) dispersion curves at the upstream (left) and downstream end (right)
for tests SA243 (upper panels), SA337 (middle panels) and SO014 (lower panels).
Zero mode edge wave dispersion curve depicted as a reference (dashed).
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Figure 5.3: Alongshore increase of shear instability variance of alongshore velo-
city in frequency band from 0 to 0.1 Hz (circles) for Test SA243. Computational
results (solid line) obtained from linear stability analysis with full damping. Si-
milar results for tests SA337 (right) and SO014 (lower panel)

number range is in very good agreement with the range of wave numbers which
contain significant energy for all tests. The shear instability signature for the
random wave case (see lower right panel of Figure 5.2), has appeared clearly now,
showing wave numbers which are somewhat higher than the prediction.

The overall correspondence is very good even though the observed shear in-
stabilities downstream have a finite amplitude, for which a nonlinear analysis is
more appropriate. The good correspondence of measured finite instabilities and
predictions based on linear stability analysis was previously obtained by Dodd
et al. [1992] for the SUPERDUCK data.

To compare the computed growth with the measured growth, it is assumed
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that, given the almost linear dispersion relation, all instabilities propagate with
the same speed (see Appendix A). Given the distance between the various me-
asuring points, the time which the instabilities take to propagate from one point
to another can be calculated. A first estimate of the predicted growth is then
obtained by:

aly) = aveap(20,"—2) (5.7)

where a represents the variance present between 0 Hz and 0.1 Hz associated with
the shear instabilities, w; the growth rate, y the distance with respect to the inflow
opening and ¢ represents the propagation speced of the shear instabilities; the
subscript 0 indicates the initial values at y = yo = 3.75m. The propagation speed
is estimated at 0.35 (m/s), 0.45 (m/s) and 0.30 (m/s) for tests SA243, SA337
and SO014 respectively (see Table 3.2 in Chapter 3). In most of the experiments
the energy density present in the frequency range mentioned is associated with
shear instabilities only and a straightforward integration can be applied to obtain
the alongshore growth. This is not the case for random waves, where the energy
density in the low-frequency range is associated with low frequency gravity waves
as well. Assuming homogeneous conditions for these low frequency waves an
estimate of the growth rate is obtained by subtracting the energy present at the
first measuring point from the integrated energy density at all other measuring
points.

In Figure 5.3 the observed spatial growth is compared with the predicted
growth for the FGM (see Figure 5.1) taking into account bottom friction and
eddy viscosity; the growth rate is significantly underpredicted for test SA243.
For test SA337 the computational results show an overprediction of the growth
rate, though the mismatch is smaller. These results are remarkable given the fact
that in both cases the range of unstable wave numbers is predicted so well. In the
random wave case there is an initial exponential growth, which is matched closely
by the predictions, up to the middle of the basin after which the observed growth
rate levels off, indicating an equilibrium. The results indicate that the present
modelling of the dissipative effects due to bottom friction and eddy viscosity is
not adequate for an accurate prediction of the growth rate.

5.3 Non-linear modelling
In the following the results obtained from a non-linear model to compute the

mean flow characteristics as well as the generation and growth of shear instabi-
lities are compared with the measurements. This approach corresponds closely
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with the experimental set-up, modelling the spatial development of the flow dy-
namics as opposed to the temporal modelling used in the linear stability analysis.

outflow

5838883338588

incident waves

inflow

20 15 10 5 0

Figure 5.4: Model definition and bathymetry

The wave transformation equations have been described in Chapter 4 (see
egs. 4.1 to 4.7). Given the monochromatice wave conditions for most of the
experiments the following wave dissipation formulation has been used in the
wave modelling (Roelvink, 1993):

D, = 2af,(1 - e GI))E, (5.8)

where o, n and v are the breaker parameters and f, the peak frequency and H
the wave height. For high values of n the dissipation formulation corresponds to
monochoromatic wave breaking whereas for lower n-values random wave dissipa-
tion is approximated (Roelvink, 1993). Again the wave energy dissipation serves
as input in the balance for the roller energy (eq. 4.8).
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The model domain is shown in Figure 5.4. The cross-shore grid spacing varies
from 0.5 m offshore to .15 m in the surfzone. In the alongshore direction the grid
spacing is equidistant with a mesh size of .35 m. The simulated time was 45
minutes of which the final 30 minutes were used for the analysis. Time steps
varied from 0.3 to 0.9 seconds. The bathymetry is also shown in Figure 5.4,
where the bar crest and trough can be recognised by the sequence of dark and
light shades. At the downstream end the bottom profile curves around to obtain
a smooth transition toward deeper water, which is slightly different from the
physical model where a steeper slope at the downstream end was used. The
oblique side boundaries of the numerical model correspond with the wave guides
in the physical model. The up-wave boundary corresponds to z= 20 in Figure 5.4.
The incident wave energy, E,, is introduced at the up-wave boundary. Inside
the computational domain the propagation is governed by the precalculated wave
incidence angle, 6, and group velocity, ¢y, based on a bottom refraction model.
Current refraction is not taken into account.

The velocity field, driven by the wave forcing, is modelled with a modified
version of the non-linear shallow water equations as described in Chapter 4. The
cross-shore momentum balance is now given by:

Ou du du oC Pu 0Pu

a2 a = = _FI — Y5 Gy a 5 ] iz .

at +u8w +U(')y o T <6I2 + 0y? k (59)
and the alongshore momentum equation is given by:
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where in the computation of the lateral mixing the cross-shore gradient of the
eddy viscosity is no longer taken into account. This difference in modelling
the lateral mixing proved to be essential in the modelling of the wave-driven
longshore current for the random wave case. In that case the computed longshore
current velocity profile could no longer be made to match the measured cross-
shore distribution up to a sufficient degree. Given the fact that the evolution of
the shear instabilities strongly depends on the longshore current velocity profile,
a comparison with measurements is no longer useful and for this reason the
random wave case, SO014, is not taken into account in the following.

The bottom shear stress is computed using the parametrisation of Soulsby
et al. [1993] of the friction model of Bijker [1967]. The bottom roughness is
used as a fit-parameter to obtain a good correspondence between measured and
computed longshore current velocities and resulting generation and growth of
shear instabilities in the velocity field. The measured alongshore flow velocities
are prescribed at the inflow opening obtained from the measurements (see Fi-
gure 5.4), whereas at the outflow opening a constant zero water level has been
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used. This is different from the actual experimental set-up where a constant pum-
ped discharge was used. A no-flux boundary condition is used elsewhere. The
coupled differential equations for the wave energy, roller energy and cross-shore
and alongshore momentum are solved numerically (Petit, 1997).
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Figure 5.5: Upper left panel: Comparison of computed wave transformation
with measurements, test SA243. Computational results obtained for a = 1,
v = .55 and n = 10. Upper right panel: Comparison of computed wave set-up
for § = .1 and measurements, test SA243. Similar for test SA337 (lower panels).

The breaker coefficients associated with the wave model are calibrated using
the measured cross-shore distribution of the wave height and set-up analogous to
the 1D-case described in Chapter 4. The results (see Figure 5.5) show that the
computed wave height for test SA243 corresponds well with the measurements.
There is no alongshore variation in the computed wave height distribution. This
is in contrast to the measurements where small differences in wave height are
bound to occur due to (partial) reflections, wave current interaction, small diffe-
rences in bathymetry, etc.
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The computed set-up, obtained for S = 0.1, is shown in the right panel of
Figure 5.5. The agreement between computations and measurements is good,
though the measured maximum set-up is underestimated by O(10%). The final
wet point shows some small wiggles associated with numerical accuracy. These
are not believed to have an effect on the flow characteristics within the compu-
tational domain. Keeping the wave breaking parameters at its present values,
the results for test SA337 are shown in the lower panels of Figure 5.5. The
overall correspondence with the measurements is good, with in this case a slight
overestimation of the maximum set-up values near the water line.
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Figure 5.6: Mean longshore current velocity profiles obtained for a bottom
roughness of ky = 0.005 m (upper left), ky = 0.004 m {upper right), ky = 0.003
m (lower left) and ky = 0.002 m (lower right) at various transects.

To calibrate the flow model the Nikuradse roughness length, ky, is varied,
with the objective to obtain a good match with the measured cross-shore dis-
tribution of the longshore current. A number of roughness values have been
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Figure 5.7: Comparison of mean longshore current profiles. Computations at
8.75 m (solid), 15.05 (dashed), 21.35 m (dash-dotted) and 26.95 m (dotted line)
obtained with ky = 0.0035 m for tests SA243 (left panel) and SA337 (right
panel). Bottom profile shown as reference (lower dashed line)

applied, ranging from 0.002 m to 0.005 m for which the mean longshore current
velocity distribution is compared to the measurements (see Figure 5.6). Overall
the comparison shows good quantitative agreement. The velocity maximum is
located near the bar crest and significant flow velocities are present in the trough.
For decreasing bed roughness the maximum longshore current velocity increases,
though only with small increments up to 15% for the range of roughness used.

A closer examination reveals some qualitative differences between the various
computational results. Using a bed roughness of ky = 0.005 m (see upper left
panel of Figure 5.6), results in an alongshore decrease of the longshore current
velocity in the region of high backshear (near X = 5 m), indicating a mismatch
between the inflow velocity (i.e. comparable to a too large pumped discharge in
the experimental model) and the wave-driven longshore current. Decreasing the
roughness down to a ky value of of 0.003 m minimises this mismatch. A further
reduction of ky to a value of 0.002 m results in an alongshore increase in the
longshore current velocity (see lower right panel Figure 5.6), where the discharge
at the inflow is now too small compared to the waved-driven longshore current
discharge.

It is noted that the computational longshore current velocity profile near
the inflow has an optimal match with the measurements for higher roughness
(compare the back shear obtained for a ky value of 0.005 m and 0.003 m). Still,
the alongshore behaviour of the mean longshore current is much better for the
lower roughness, corresponding to a balance between the forcing, friction and
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inflow conditions analogous to the measurements. This implies however that the
backshear is overestimated compared to the measurements. This is expected to
result in a higher growth rate than predicted by linear stability analysis.

The best match is obtained for a ky value of 0.0035 m. The comparison
between computed and measured mean longshore current for this value of ky
is shown in the left panel of Figure 5.7. The overall correspondence is good,
showing strong velocities near the bar crest. Looking in detail shows that the
back shear is overestimated with O(10%) compared to the measurements. A
second peak at the water line is present in the computations in a region where
there are no measurements (because of depth limitations). A visual check using
dye confirmed the existence of a second peak during the experiment, though no
quantitative information on the velocities was obtained.

The measured alongshore changes in the mean longshore current velocity are
small. This is also true for most of the computed velocity profiles. Only the velo-
city profile nearest to the outflow opening has become slightly smoother. Similar
results are obtained for test SA337. Again a good match with the measurements
is obtained, with strong velocities near the bar crest. The back shear is also
slightly overpredicted.

Next we examine whether the computed flow for test SA243 exhibits similar
behaviour regarding the generation and growth of shear instabilities as observed
in the measurements. To visualise the generation of the shear instabilities the

potential vorticity, given by:
il du

Q=29 9 11
- (511

is shown in the upper panel of Figure 5.8. This shows some small adjustments
occurring near the inflow, where the flow velocities prescribed at the boundary
adjust to the wave-driven longshore current. Up to the middle of the basin
(y = 15 m) the flow is approximately alongshore uniform, after which the first
indication of a slow oscillation becomes apparent. This disturbance increases in
amplitude as the flow reaches the downstream end of the basin until the deeper
part at the outflow has been reached. The estimated wave length is O(7) m.
For test SA337, the resulting changes in the relative potential vorticity are much
smaller. This is interesting, given the fact that the predicted growth rates are
significantly higher than for test SA243. However, it is in line with the measured
alongshore growth which is smaller than measured during test SA243.

Using the same spectral analysis technique as described in Chapter 3, the
frequency- alongshore wave number signature of the computed shear instabilities
can be determined. This analysis is performed on the alongshore velocities at
the downstream end of the basin at an offshore distance z = 4.25 m, analogous
to the measurements. The comparison for test SA243 is shown in the left panels
of Figure 5.9. The measurements show a relatively broad, approximately linear,
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Figure 5.8: Upper panel: Snapshot of alongshore development of computed
potential vorticity for test SA243. Similar for test SA337 (lower panel). Potential
vorticity © expressed in (ms)™}

distribution of the energy density with an estimated propagation speed, ¢, in the
order of 35 cm/s. The peak of the spectrum is located at k, = .91 rad/m with a
frequency of .0407 Hz. In contrast, the computations display a narrow distribu-
tion. Still, the spectral peak is loacted at k, = .98 rad/m, with a corresponding
wave length of 6.4 m, and a frequency of 0.0366 Hz which compares fairly well
with the observed spectral peak from the measurements. Similar narrow distri-
butions of the computed spectral density were present for all friction factors and
time steps used.

The comparison for test SA337 is shown in the right panels of Figure 5.9.
In this case both measurements and computations show a broader distribution
of the energy density, though the computed range is still smaller than obtained
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Figure 5.9: Measured (upper panels) and computed (lower panels) dispersion
curves based on linear stability analysis (indicated by '+’) and non-linear model-
ling for tests SA243 (left) and SA337 (right). Zero-mode edge wave dispersion
lines indicated by dashed lines.

from the measurements. The peak in the computed energy density distribution
is also more pronounced than in the measurements. It is located at alongshore
wavenumber k, = 0.64 rad/m with a frequency of 0.028 Hz, which is more in
line with the measurements, k, = 0.75 rad/m with a frequency of 0.035 Hz ,
than the results obtained from the linear stability analysis, k, = 1.1 rad/m with
a frequency of 0.065 Hz. Both dispersion curves, i.e. obtained from the linear
stability analysis and non-linear modelling, follow the measurements closely.

To compare the alongshore development of the shear instabilities, the con-
tribution to the variance in the low-frequency range between 0.0 and 0.1 Hz,
denoted by a, is plotted as function of the alongshore position of the current
velocity meters both for computations and measurements. A clear exponen-
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Figure 5.10: Alongshore development of integrated spectral density based on
the alongshore shear instability velocities for test SA243 (left) and test SA337
(right). Computed results, obtained with ky = 0.0035 m, indicated by crosses
vs. measurements indicated by circles.

tial growth along the beach can be observed for test SA243 (see left pancl of
Figure 5.10). The computed growth rate and the total variance reached at the
downstream end obtained for the alongshore velocities are in fair agreement with
the measurements. There is no clear indication that an equilibrium is reached at
the downstream end of the basin, though both measurements and computations
suggest a levelling off at the downstream end of the basin. This will be examined
further in Chapter 6 using an extended numerical domain.

The results obtained for test SA337 are similar to the base case (see right pa-
nel of Figure 5.10). Again a fair agreement between the computed and measured
alongshore development of the shear instability energy is obtained. Differences
between computed and measured integrated spectral density occur at the down-
stream end, most likely associated with the differences in the computational and
experimental bottom profile.

5.4 Discussion

The computed alongshore growth rate of the shear instabilities obtained from
non-linear numerical modelling showed good agreement with the measurements.
This is in contrast to the results obtained with the linear stability analysis, where
significant differences were obtained. At this point it is not clear why this is the
case.
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y | .50 |1.17 | 1.30 | 1.50 | 1.57 | 2.03
ul.as |11 (.11 |17 |14 | .15
y 1263(33 |343(3.63]3.70|4.17
U'|.25 |33 .35 |.55 | .53 | .58

Table 5.1: Relative intensity of instabilities with respect to the incident waves,
expressed in root mean square velocity ratio U' = Upps 1o/ Upms ni, as a function
of normalised alongshore distance, y' = y/L,, where L, represents the instability
peak-wave length of 7.5 m; the pass frequency was set at 0.5 Hz and Upp; pi 1S
0O(.25) m/s.

As mentioned previously, the theoretical background for the presence of shear
instabilities in the wave-driven longshore current was given by Bowen and Hol-
man [1989]. Based on their analysis, they stated that the presence of shear
instabilities is- expected to have a significant influence on the resulting mean
longshore current velocity profiles. The idea is that the presence of shear insta-
bilities leads to a cross-shore transfer of momentum, resulting in a smoothing of
the velocity profile. This effect is not apparent in the computed and measured
longshore current velocity profiles, though the shear instabilities have reached
finite amplitude values. The fact that the expected smoothing of the velocity
profiles is not present could be due to the limited length of the basin, i.e. the
shear instabilities have not reached sufficient values at the downstrcam end (i.e.
too small to have a noticeable effect on the lateral mixing). However, the ob-
servations show shear instability velocities which are of the same order as the
incident waves (see Table 5.1). This paradox of cross-shore momentum transfer
and the absence of the associated changes in the mean longshore current velocity
profile as the shear instabilitics reach finite amplitude values will be examined
in the following Chapter. '

5.5 Conclusions

A comparison between measurements and computational results obtained from
linear and non-linear modelling has been performed. In general the correspon-
dence between computations and measurements is good. This is especially so for
the frequency-alongshore wave number signatures of the shear instabilities, im-
plicating a good match of the computed and measured phase speeds. Significant
differences occur in the prediction of the alongshore growth of the shear instabi-
lities. The linear stability model results show a mismatch between the predicted
and measured growth rates for tests SA243 and SA337 respectively which is not
present in the non-linear model results where the total energy reached at the
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downstream end is in fair agreement with the measurements.




Chapter 6

Effects of instabilities on the
longshore current

6.1 Introduction

In the preceding Chapter we have seen no clear evidence of interaction between
the finite amplitude shear instabilities and the wave-driven longshore current.
Still, the presence of shear instabilities is expected to result in cross-shore mo-
mentum transfer thereby influencing the underlying longshore current. This was
put forward by Bowen and Holman based on their linear stability analysis. This
potential for momentum transfer, often referred to as mixing, has been assessed
by a number of other authors (Dodd and Thornton, 1990, Putrevu and Svendsen,
1992, Church et al., 1992), suggesting that the shear instabilities could result in a
different longshore current velocity profile from the initial profile. More detailed
numerical analyses were made using weakly non-linear (Dodd and Thornton,
1992) and fully non-linear models (Nadaoka and Yagi, 1995, Deigaard et al.,
1994, Allen et al., 1995, Ozkan and Kirby, 1995, Ozkan-Haller and Kirby, 1996
and 1997, Slinn et al., 1998) to describe the development of shear instabilities in
wave-driven longshore currents. These studies confirmed the expected momen-
tum transfer, resulting in a smoothing of the initial longshore current velocity
profile.

The aim of the present Chapter is to make a quantitative analysis of the effect
of shear instabilities on the cross-shore distribution of the longshore current. To
that end the phase coupling between the measured u and v velocity components is
examined in detail using cross-shore spectral analysis to compute the frequency
distribution of the momentum flux induced by shear instabilities. The total
transfer is then obtained by integration over the frequency domain. The results
are compared to the other terms in the longshore momentum equation used to
compute the longshore current velocity.

103




104 CHAPTER 6. EFFECTS OF INSTABILITIES ...

Next the calibrated numerical model representing the laboratory basin as
described in the previous Chapter, is extended with respect to the original basin
length to examine the further development of the shear instabilities and longshore
current profile as they reach equilibrium conditions.

Parts of this chapter have been published in Reniers and Battjes [1997)].

6.2 Spatial structure

y=27.25m

Xx=3.0m

S ((m/s)*/Hz)

Figure 6.1: Left panel: Energy density of u (dashed line) and v (solid line).
Left panel: x = 4.5 m and y = 27.25 m. Right panel: r = 3.0 m and y = 27.25
m.

During test SA243, see Chapter 2, the cross-shore position of the two alongshore
arrays was varied to examine the alongshore development of the shear instability
cross-shore structure. Spectral analyses based on the maximum entropy method
showed that for all cross-shore positions the energy density in the low-frequency
band, f < 0.1 Hz, corresponded to shear instabilities only. Therefore some of the
cross-shore structure already becomes evident from the spectral densities shown
in Figure 6.1. At 27.25 m downstream from the inflow opening the measured
energy density of u and v is shown in Figure 6.1 at the cross-shore positions
X =4.5m and X = 3.0 m respectively. Offshore of the bar crest (left panel of
Figure 6.1) the alongshore velocity, v, clearly dominates the cross-shore compo-
nent, u. In the trough (right panel Figure 6.1) however they are of equal, though
smaller magnitude.

More detailed information can be obtained by plotting the variance for each
frequency band as a function of the cross-shore distance. From the spectral ana-
lysis it follows that the spectral peak is located at approximately 0.04 Hz (see
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Figure 6.2: Left panels: Contours of variance of v (upper) and u (lower) deve-
loping along the beach in the band f = 0.0407 Hz +/-0.00205 Hz. Right panels:
Cross-sections of this variance at y = 11.25 m (dashed), y = 24.75 m (solid)

and y = 31.25 m (dotted) respectively. Measurements indicated by the markers.
Test SA243.

Figure 6.1). The spatial structure for the corresponding frequency band (0.0407
Hz +/-0.00205 Hz) is visualised by the variance contours, shown in Figure 6.2,
for the v (upper left panel) and u (lower left panel) components respectively. Gi-
ven the fact that the shear instability intensity increases downstream, the spatial
structure also evolves in the downstream direction. Upstream the variance is con-
centrated around the maximum back shear. Further downstream the v-variance
in the trough picks up, seemingly developing separately from what is happen-
ing at the maximum back shear. This could indicate the existance of a second
mode (Putrevu and Svendsen, 1992). Applying a f-k,-analysis on the longshore
current velocities in the trough showed that this is not the case. Looking at the
countour lines of equal variance in the vicinity of the maximum back shear the
v-component apparently reaches an equilibrium at the downstream end, whereas
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the u-component still increases in intensity.

The cross-sections, see right panels of Figure 6.2, show that at the position
of the maximum longshore current shear, X = 4.25 m, the variance of v is
approximately five times that of u. In the trough (X = 3.0 m) the variance of u
and v are of equal order, though both are small compared to the variance of v at
the offshore position. At the shoreline the image reverses again, with the variance
of v reaching approximately half of its maximum value. In both the cross-shore
and alongshore direction there are strong gradients associated with the shear
instability velocities. In fact, the cross-shore resolution may be inadequate to
fully reflect the spatial structure, for instance between 3.75 m and 4.5 m. This
is were wave breaking is most intense and therefore the local velocities could not
be measured.

Figure 6.3: Left panels: Contours of variance of v developing along the beach
in the bands f = 0.028 Hz +/-0.00205 Hz (upper) and f = 0.048 Hz +/-0.00205
Hz (lower panel). Right panels: Corresponding cross-sections of this variance at
y = 11.25 m (dashed), y = 24.75 m (solid) and y = 31.25 m (dotted) respectively.
Test SA243.
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For lower frequencies, as shown in the upper panel of Figure 6.3 for a fre-
quency bin of 0.028 Hz +/-0.00205 Hz, the variance of v is still increasing at
the downstream end. Whether or not equilibrium conditions are obtained is a
function of growthrate and the number of cycles before the downstream end is
reached. Given the shorter spatial scales for the higher frequencies, these will
reach equilibrium sooner than the low-frequency oscillations. This can be seen
for a higher frequency bin of 0.048 Hz +/-0.00205 Hz, where equilibrium for the
variance of v has indeed been reached (see lower panels of Figure 6.3). Hence
the total shear instability equilibrium conditions were not obtained during the
present set of measurements.

6.3 Cross-shore momentum flux

Ot

—0.0005'

35 55 25 3 35 45 5 55

4 4
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Figure 6.4: Left panel: Frequency distribution of shear insfability momentim
flux, R/, at 27.25 m from the inflow opening expressed in %; /Hz. Right panel:
Frequency integrated momentum flux at same position.

The momentum flux induced by the shear instabilities at the cross-shore measu-
rement locations, denoted by the subscript i, in a single transect may be obtained
from:

R(z;) = pd(x;) < u(z;, t)v(z;,t) > (6.1)

with u and v being the cross-shore and alongshore velocities associated with the
shear instabilities, <> denotes time averaging, d the local water depth and p the
water density. The resulting flux depends on the spatial structure, mentioned in
the previous paragraph, and the phase coupling between the velocity components.
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First we have a closer look at the frequency distribution of the momentum flux
associated with the shear instabilities using cross-spectral analysis. To that end
the velocity time series are written in Fourier series:

u(zi, t) = Y Apelrt + x (6.2)

v(z;,t) = ZBneif"t + * (6.3)

The momentum flux as function of frequency can then be obtained from the
co-spectral values:

R(zi, fa) = d(2:)(AaB;, + A%B,)Sf (6.4)

The results for the frequency dependent momentum flux at 27.25 m from
the inflow opening is shown in the left panel of Figure 6.4. The intermediate
values have been obtained from linear interpolation in frequency and space. The
flux is spatially concentrated at both sides of the bar crest (z ~ 3.75 m), with
maximum contributions around the peak shear instability frequency. At the
shoreward side of the bar crest (z < 3.75 m) the momentum flux seems to be
bimodal in frequency space. The frequency where the maximum flux is located
decreases with increasing z-values, i.e. going further offshore, indicating that the
higher frequencies, having smaller spatial scales, contribute less. Integrating the
momentum flux over frequency gives the total contribution to the cross-shore
momentum flux shown in the right panel of Figure 6.4.

6.4 Importance in longshore current modelling

For alongshore uniform steady state conditions the wave averaged longshore mo-
mentum equation is given by:

dz = Ty,b (65)

with the following contributions to the term on the left-hand side due to waves:

d =
a;p/duvdz (6.6)

turbulence:

d — d dV
il Ttdy — p— i
da:p/du vdz Pz (du, dz) (67)
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and shear instabilities:

d
d—xp/dmdz (6.8)

which are balanced by the alongshore directed wave-averaged bottom shear stress
given by the term on the right hand side. In the following the shear instability
contribution is compared to the other components in the longshore momentum
equation.
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Figure 6.5: Alongshore development of integrated momentum transfer induced
by shear instabilities (left panel) and corresponding forcing (right panel). Dis-
tance to the inflow opening given by y. Measurements (markers) connected by a
spline. Estimated lateral mixing (left panel) and wave forcmg (right panel) given
as a reference (dashed line).

The total momentum flux due to the shear instabilities is shown in the left
panel of Figure 6.5. It shows the measured flux, indicated by the markers,
through which a spline has been fitted, in comparison to the horizontal mixing
induced by wave breaking turbulence which is estimated from the measurements
in the following way:

R (2) = d(a)u(z) oy (6.9)

using the measured longshore current velocity, V and the measured wave height,
H, as input. The turbulent eddy viscosity, v, is obtained from eq. 4.22 where
in this case the estimated wave dissipation is obtained from the measured wave
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transformation. A significant contribution of the shear instabilities to the mo-
mentum flux is present at 27.25 m from the inflow opening (see left panel
Figure 6.5), though almost everywhere smaller than the estimated horizontal
mixing due to turbulence. The cross-shore profile of the momentum flux indu-
ced by the shear instabilities is not unlike results obtained from linear stability
results (Church et al., 1992), though in this case the contribution in the trough
seems to be considerably less.

Given the fact that the shear instability intensity increases in the downstream
direction, the corresponding flux also evolves in this direction, which is apparent
from the sequence of cross-sections shown in Figure 6.5. At the upstream end of
the basin little evidence of additional mixing is available. It takes until EMF07,
located 19.75 m from the inflow opening, for the cross-shore momentum flux by
shear instabilities to become evident. After that a strong build-up is apparent,
though never reaching values as indicated by the wave-breaking induced hori-
zontal mixing. Note that the contribution in the trough stays small all along the
beach.

Next we have a look at the cross-shore gradient of the mixing, based on the
measured cross-shore momentum transfer, which contributes to the longshore
momentum equation in forcing the longshore current velocity profile:

P R

== (6.10)

The alongshore directed wave forcing, estimated from the measurements, is used
as a reference:
_ dEysin(0)cos(8)

F,
dz

(6.11)

where E,, represents the wave energy (obtained from the measured wave trans-
formation) and 6 the angle of incidence (using Snell’s law). The results at 27.25
m from the inflow opening, see right panel of Figure 6.5, indicate a significant
contribution to the longshore momentum balance at this location. Based on this,
it is expected that the maximum current velocity will decrease, given the oppo-
site signs of the contribution by the shear instabilities and wave forcing at the
bar crest. Furthermore, the shear instability contribution at the seaward side of
the bar indicates a broadening of the longshore current velocity.

The alongshore development of the shear instability contribution to the longs-
hore momentum (see also right panel of Figure 6.5) is in line with the results
previously shown for the momentum flux. In all cases the contribution is conside-
rably smaller than the alongshore directed wave forcing. It is worth to note that
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the development of the shear instability contribution to the longshore momentum
balance stays small in the trough.

Remembering the alongshore development of the longshore current velocity
(sec e.g. left panel of Figure 5.7) we have seen no clear evidence of the effects of
the shear instability induced cross-shore mixing on the alongshore development
of the mean longshore current velocity profile, neither in the measurements nor
in the computations. At this point the experimental results give no further
information. However, in the previous Chapter the measurements have been used
to calibrate and verify a numerical model to compute the alongshore development
of the shear instabilities. It is possible to extend the numerical model domain
to examine any changes in the mean longshore current which may have occured
beyond the outflow opening of the laboratory model.

6.5 Equilibrium conditions

In the following the calibrated numerical model is applied in a domain extended
to approximately four times its original length to examine the alongshore deve-
lopment of the modelled shear instabilities and corresponding mean longshore
current toward equilibrium conditions.

Prior to that we have a closer look at the modelled cross-shore momentum
transfer in comparison to the measurements. A sequence of 50 snapshots of the
computed velocity field with a time interval of 18 s has been used to compute the
cross-shore momentum transfer associated with the shear instabilities analogous
to eq. 6.1. A synoptic view of the cross-shore mixing is shown in upper panel
of Figure 6.6. Similar to the measurements there are some small adjustments
near the inflow opening. After that the contribution to the cross-shore momen-
tun transfer is negligible up to approximately 20 m downstream of the infow
opening. At that point there is significant increase of the momentum transfer
visible. Closer to the outflow, after approximately 30 m, a shoreward shift of the
maximum transfer can be observed. The computed cross-shore distribution of
the momentum transfer at various cross-sections is shown in the lower panels of
Figure 6.6 where the measured results have been shown again for easy reference.

There is good qualitative agreement between the measured and computed
results. Both show a slow alongshore development for the first 20 m of the
basin. After that a strong increase of the cross-shore mixing can be observed
reaching similar quantitative levels further downstream. Differences do occur,
the computed momentum transfer being shifted approximately 0.5 m closer to
the shore compared to the measurements, which is in correspondence with the
earlier observed difference in the computed and measured position of the maxi-
mum backshear (see Figure 5.7). Still in the region of interest, i.e. up to the
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Figure 6.6: Upper panel: Synoptic view of computed shear instability cross-
shore momentum transfer expressed in (m3/s?) for kx = 0.0035 m. Lower panels:
Comparison of measured (left) and computed (right) momentum transfer at va-
rious cross-sections. Measurements (markers) connected by a spline. Estimated
lateral mixing (left panel, dashed line) added as a reference.

fourth transect located at 27.25 m from the inflow, the results are in reasonable
correspondence. Based on these and previously obtained results (see Chapter 5)
we conclude that the numerical model is an accurate representation of the phy-
sical model and expect the results obtained from the extended numerical model
to be representative for the flow conditions which would have occurred had the
physical model been longer.

The alongshore development of the integrated spectral density of » and v for
the extended basin is shown in Figure 6.7. This shows that an equilibrium for the
alongshore shear instability velocity is indeed reached at approximately 27 me-
tres from the inflow opening. This is not the case for the cross-shore component,
which reaches an equilibrium at approximately 35 m. The expected asymptotic
behaviour near the equilibrium is not present for the alongshore velocity compo-
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Figure 6.7: Alongshore development of integrated spectral density based on the
alongshore (left panel) and cross-shore (right panel) shear instability velocities for
the extended basin. Computed results, obtained with ky = 0.0035 m, indicated
by circles vs. measurements indicated by crosses.

nent, showing a sudden levelling off at 27 m.

A synoptic view of the computed vorticity in the upstream part of the exten-
ded basin after approximately 40 minutes is shown in Figure 6.8. No significant
changes occurred further downstream.

The overall view shows an oscillation increasing in intensity up to approxi-
mately y = 35 m which is comparable to the length of the basin during the la-
boratory experiments, after which the oscillations are stable resulting in a more
or less constant meandering of the longshore current.

The alongshore development of the computed mean longshore current for the
present case, shown in the lower panel of Figure 6.8, shows a rapid adjustment of
the mean velocity profile between the transccts located at 26.95 m and 35 m from
the inflow opening. After 35 metres only minor changes occur and equilibrium
is established, analogous to the observed behaviour for the cross-shore velocity
component of the shear instabilities. Given the limited length of the basin during
the laboratory experiment, this could not be observed at the time. It is therefore
expected that if the basin had been longer, the anticipated smoothing of the
longshore current velocity profile would have occurred.

6.6 Conclusions

A detailed analysis of the cross-shore momentum flux due to the presence of finite
amplitude shear instabilities in a wave-driven longshore current was made based
on the measurements obtained during a laboratory experiment. It showed an
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Figure 6.8: Snapshot of potential vorticity contours between y = 0 m and y
= 40 m (upper panel) and between y = 40 m and y = 80 m (middle panel)
for the extended basin. Lower panel: Mean longshore current velocity profiles
obtained for ky = 0.0035 m at transects located at 15.05 m (solid), 27.25 m
(dashed), 35.00 m (dash-dotted) and 51.80 m (dotted) from the inflow. Bottom
profile (lower dashed line, not to scale) and measurements (markers) shown as a
reference.
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alongshore increasing cross-shore flux, at the downstream end of the basin beco-
ming of comparable order as the mixing associated with breaking wave induced
turbulence . However, no significant downstream changes in the mean longshore
current velocity profile were detected. This can be explained by the fact that the
shear instabilities take only effect near the downstream end, showing a strong
increase over a short distance making inertia effects important, whereas the wave
forcing is present all along the beach.

Computations with the extended numerical basin indicate that equilibrium
for the shear instabilities was not yet reached during the experiment. The cross-
shore component of the shear instability velocity reaches an equilibrium at ap-
proximately 35 m from the inflow opening (whereas the available length of the
basin including outflow effects was 32 m), as does the mean longshore current
profile. The latter exhibits the anticipated smoothing of the velocity profile.
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Chapter 7

Discussion

7.1 Introduction

In the following a number of aspects are discussed related to the results presented
in the previous Chapters. Starting with the measurements. Questions to be
considered are: Why did the longshore current on a plane beach not show any
indication of the presence of shear instabilities? In the case of a barred beach,
shear instabilities did occur, but their behaviour was very coherent, i.e. not
breaking up into separate eddies shedding offshore. Why is that? What is the
effect of the recirculation on the alongshore development of the mean longshore
current profile? What is the importance of shear instabilities in longshore current
modelling and how can it be incorporated into the 1D-longshore current models?
A number of these questions will be discussed, based on the results presented in
the previous sections, and incorporated in the concluding remarks at the end of
this Chapter.

7.2 Planar beach conditions

Application of the described spectral analysis procedure to the velocities obtai-
ned in the case of a non-barred beach (low water level) gave no indications of
instabilities. This does not necessarily imply that shear instabilities do not occur
in the case of every non-barred beach. The observed longshore current profile
on a non-barred beach was very narrow and had a strong back shear, with the
maximum velocity occurring at a water depth too small for the EMF to be de-
ployed. The importance of the distance of the maximum of the longshore current
velocity to the water line, X}, was mentioned in Chapter 1. A non-dimensional
parameter controlling the stability of a longshore current is (Falqués et al., 1994):
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X (7.)

in which f, is the maximum backshear of the longshore current. This shows that
an increase of X, results in a decrease of the stability parameter. The maximum
eddy viscosity, ¥ mes and back shear, f;, can be expected to be of the same order
in case of barred and nonbarred beaches. However, X, is typically smaller in case
of a nonbarred beach rendering the longshore current more stable. An additional
stability analysis of test SC219, using the measured longshore current velocity
profile and non-barred bottom profile as input, showed that the longshore current
is indeed expected to be stable. So it could be that the range of wave heights
was not adequate to generate an unstable longshore current in the case of a
non-barred beach.

7.3 Vortex shedding

Neither in the measurements (verified from the disperion of dye) nor in the nonli-
near model computations the observed shear instabilities break up into separate
eddies. This is in contrast with most of the results obtained from extensive nume-
rical modelling by Allen et al., [1996], Ozkan and Kirby, [1995], Ozkan-Haller and
Kirby, [1996] and [1997], Slinn et al., [1998], where strong non-linearities were
observed in the shear instabilities leading to vortices shooting offshore thereby
transporting mass and momentum out of the surf zone. The shear instability
evolution is strongly dependent on the damping present in the system, either
due to bottom friction or eddy viscosity; the behaviour of the shear instabilities
becoming less energetic for increased damping.

In the field or laboratory, the balance between friction and forcing is not
arbitrary. In fact, the mean flow characteristics without the presence of shear
instabilities require a specific bed roughness. The same bed roughness operates
on the shear instabilities. This is unlike the computations performed by Allen
et al, 1996, who adjusted the wave forcing to keep the mean longshore current
profile constant for all friction factors used, whereas in reality the increased wave
forcing will lead to a change in the longshore current velocity profile.

The balance between wave forcing and bottom friction is less evident during
field conditions. This is due to the fact that the observed longshore current ve-
locity profile may already be affected by the presence of shear instabilities. It is
therefore not possible to balance the forcing and friction prior to the computati-
ons of the shear instabilities.

In the laboratory experiment, there is a clear case of spatial growth. Shear
instabilities are infinitesimally small near the inflow opening and can therefore
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Figure 7.1: Contours of negative (dashed) and positive (solid) potential vorti-
city in the extended basin for ky = 0.0035 m (upper) and ky = 0.0005 m (lower
panel)

not affect the longshore current velocity profile. Adjustments of the flow due to
a mismatch between the redistribution of the pumped discharge and the wave-
driven longshore current occurred over a short length scale, typically in the order
of a 10 meters, which was assessed by measuring the longshore current velocity
profiles during the minimisation of the recirculation in the basin. This means
that the longshore current velocity profile approximately 10 m from the inflow
opening, for a minimal recirculation, is governed by wave forcing, lateral mixing
associated with wave breaking induced turbulence and bottom friction.

That renders the possibility to establish the balance between bottom friction,
wave breaking induced lateral mixing and wave forcing, by calibrating the flow
model with the measured longshore current velocity profiles 10 m downstream
from the inflow openening. Given the limited length of the laboratory basin, the
observed changes in the mean longshore current velocity profile were negligible,
and therefore any of the measured longshore current profiles could be used. In
that case the computed instabilities proved to be robust in shape, not breaking
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up into separate eddies. This was the case for all bottom roughnesses used, which
ranged from 0.002 m < ky < 0.005 m.

As a matter of interest we have computed the velocity field for reduced bottom
roughness, ky = 0.0005 m, to examine the behaviour of the numerical model. A
synoptic view of the potential vorticity approximately halfway down the extended
basin is shown in Figure 7.1. It is expected, based on earlier computations of
Allen et al., [1996], that the behaviour of the shear instabilities will be more
energetic. This is confirmed by the comparison with the results obtained earlier,
see upper panel of Figure 7.1. Also the change in wave length, which is now
in the order of 10 m instead of the earlier observed 6 m is in correspondence
with their results for lower damping conditions. The separation or shedding of
vortices from the surfzone was still not observed for the bottom roughness used.
It is believed that this behaviour will occur as a result of a further reduction of
ky in the computations. This is not pursued any further here.

The mean longshore current velocity profiles at various transects for both
cases are shown in Figure 7.2. For the reduced bottom roughness there is an
increased circulation in the basin, resulting in higher flow velocities outside the
surfzone, due to the mismatch between the pumped discharge at the inflow and
the mean flow in the interior. A comparison between the longshore current
profiles computed at y = 15.25 m and y = 27.25 m for both roughness values
shows that in the case of a lower roughness the changes in the velocity profile
are significantly larger, with a decrease in the maximum flow velocity and a
broadening of the longshore flow. For the higher roughness the observed changes
are small. In both cases additional mixing occurs further downstream. For the
lower roughness case this results in a even smoother longshore current profile
with changes in the flow velocity occurring predomintly at the backshear. For
the higher roughness we can now observe a decrease in the maximum flow velocity
accompanied by only small changes in the back shear.

7.4 Shear instabilities and longshore current mo-
delling

The potential for cross-shore mixing of momentum induced by the shear instabi-
lities has been demonstrated in the previous section: in that particular case the
longshore current maximum is reduced in amplitude and the longshore current
profile becomes smoother. The changes in the longshore current are significant
and therefore important to any related quantities such as the sediment transport.

However, to obtain the correct longshore current velocity profile an extensive
computation is required using a non-linear numerical model. More general, the
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Figure 7.2: Alongshore development of computed mean longshore current ve-
locity profiles in the extended basin for ky = 0.0035 m (left) and ky = 0.0005
m (right panel). Measurements indicated by the markers given as a reference.

changes in the longshore current profile are a function of the cross-shore structure
of the shear instabilities and the corresponding phase coupling between the u and
v components. It is therefore also possible to compute the structure and phase
coupling of the shear instability components with a linear stability model to
examine the effect on the longshore current velocity profile, a method introduced
by Church et al. [1992]. Such a computation is less extensive and given the good
correspondence between linear predictions and measurements it is expected that
the cross-shore momentum transfer thus obtained will be representative of the
finite amplitude conditions. One of the remaining problems is the amplitude of
the individual components, which cannot be obtained form the linear stability
analysis ( i.e. only the initial growth rate is known). Church et al. [1992] used
the measured shear instability intensity to calibrate the shear instability velocity
components and thereby the associated mixing. Their cross-shore structure was
also based on the measured longshore current profile.

Here we adopt their suggestion to apply an iterative procedure to obtain the
required magnitude of the shear instability cross-shore momentum transfer wit-
hout prior knowledge of the measurements. The procedure is demonstrated with
a simplified testcase. Starting with the wave-averaged alongshore momentum
balance for an alongshore uniform coast, the longshore current profile is com-
puted with a linear bottom friction formulation and the appropriate boundary
conditions corresponding to test SA243. This profile together with the total wa-
ter depth and friction is used as input for a linear stability model using damping
due to bottom friction only. In the case the longshore current is unstable an
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Figure 7.3: Upper left panel: Forcing of shear instabilities estimated from
linear stability analysis (solid line) and wave forcing (dashed line). Upper right
panel Corresponding longshore current profile with (dashed) and without (solid)
shear instability momentum transfer. Lower panels: Similar results obtained for
the case without damping. Measurements indicated by the markers given as a
reference.

instability curve is obtained.

Next the cross-shore momentum transfer based on the uv-covariance of the
FGM corresponding to this instability curve is computed. Multiplying the cross-
shore momentum transfer by a small factor the initial mixing is obtained and
added to the alongshore momentum balance. The newly obtained longshore
current is again used as input for the linear stability analysis. If the maximum
growth rate is reduced, the initial mixing is increased. Otherwise the newly
obtained mixing, based on the adjusted longshore current profile, is added to the
initial mixing. This procedure is followed until the resulting longshore current
velocity profile is stable or a minimum positive growth rate is obtained.

It is clear that the resulting profile is a function of the initial maximum
growth rate and thereby the damping used in the linear stability analysis. Using
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this approach a correct prediction of the initial growth rate is important. This is
shown in Figure 7.3, where two cases are considered: either using a friction factor
in the linear stability analyis to obtain a growth rate similar to the measurements
obtained for test SA243 or performing a stability analysis without taking into
account any frictional effects. The results for the first case are shown in the upper
panels of Figure 7.3, with a forcing which is in good qualitative and quantitative
agreement with both measurements and non-linear computational results (see
Figure 6.6 Chapter 6). The resulting velocity profile shows a similar behaviour
as the earlier observed longshore current profile under equilibrium conditions
((see Figure 6.8 Chapter 6). Small differences do occur given the differences
in modelling of lateral mixing and bottom friction. Neglecting damping effects
in the linear stability analysis results in significantly higher growthrates (see
also Chapter 5) and therefore an increased contribution of the shear instability
momentum transfer (see lower left panel of Figure 7.3) leading to a smoother
longshore current velocity profile (see lower right panel of Figure 7.3) more in
line with the non-linear modelling with a low friction factor (see right panel of
Figure 7.1).

Based on this it seems that the procedure is viable. Its validity should be es-
tablished using a more extensive set of conditions under which shear instabilities
occur given the fact that the approach is based on linear modelling whereas the
shear instabilites can be highly non-linear in behaviour.
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Appendix A

In the following we demonstrate that for the tests under consideration, the tem-
poral stability analysis can be used to obtain a reliable prediction of the disper-
sion relation and corresponding growth rates. For a complete analysis we refer to
Dodd and Falqués [1996]. The maximum errors made in the predictions which
arise in using temporal instead of spatial stability analysis are assessed using
the relations as defined by Gaster [1962]. Provided that the wave number, k, is
an analytic function of the frequency, w, (given by the dispersion relation) both
assumed to be complex, the following relations hold (keeping w, constant):

W (T) = w,(S) (7.2)

K (T) = by (8) + O (T)k(S)) (73)
Ow, . w(T) .

(D) =~ + O Dk(S)) (7.4

where T and S stand for temporal, respectively spatial growth only, and the sub-
scripts r and ¢ denote the real and the imaginary parts of the wave number, k, and
frequency, w. Provided the growth rates are small onc can neglect the higher or-
der term, O(w;(T)k:(S)), and simple relations remain to relate the temporal and
spatial analyses. Next we asess the relative importance of this term for the pre-
sent set of experiments. For that matter the equations are non-dimensionalised
using the observed time and spatial scales for test SA243, T, = O(25) s and
L, = O(7.5) m respectively:
’ WTP

L
=t (7.6)

The spatial growth rate, —£;(S), can be obtained from the measurements:

a(y) = agezp(—2ki(S)y) (1.7)
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where a represents the variance present between 0 Hz and 0.1 Hz and y the
distance with respect to the inflow opening; the subscript 0 denotes the initial
value at y = yo = 3.75m. The estimated spatial growth rate is then of O(0.1)
rad/m. A conservative assumption is that the temporal growth rate, w;, is of
O(k;). This gives a non-dimensional error of where eqs. 7.5 and 7.6 have been
used:

O(WIK.(S)) = 0.05 (7.8)

whereas the leading term in eq. 7.2, k.(S) (see also Figure 3.6), is of O(1). This
means that the expected error in the predicted dispersion relation is O(5%).
Using similar arguments for eq. 7.4 results in an error of O(5%) in the predicted
growth rate. Given the other uncertainties in the bottom friction and eddy visco-
sity, the approximation suggested by Gaster is considered a valid one. Therefore
temporal stability analysis will be used to predict the range of unstable wave
numbers:

K (T) = k+(S) (7.9)

The corresponding growth rate will be compared to the measurements using the

group velocity:

B Ow,
Ok,

In the case the instabilities are non-dispersive the phase velocity can be used
instead of the group velocity.

wi(T) = (T)k:(S) (7.10)
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