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Wie heeft de zee met deuren afgesloten,
toen zij bruisend uit de moederschoot kwam?
toen Ik wolken maakte tot haar kleed
en duisternis tot haar windselen;
toen Ik de door Mij gestelde grens uitbrak,
grendel en deuren aanbracht;
toen Ik sprak: ‘Tot hiertoe en niet verder zult gij komen,
hier zal de trots uwer golven blijven staan!’
(Job 38:8-11)

Abstract

Many of the world’s sandy coasts, such as parts of the Dutch coast, are erosive. Since a large
part of the Netherlands is lying below mean sea level a ‘healthy’ dune and beach system
is of utmost importance for the very existence of the Netherlands. The Dutch government
has therefore decided to dynamically maintain the coastline of 1990 by means of beach and
shoreface nourishments. The latter ones are increasingly being applied, since they are cheaper
and more flexible in execution. The positive contribution of a shoreface nourishment to the
coastline position is based on transport towards the coast of the supplied sand by natural
processes. Observations of a 2000 m long shoreface nourishment executed near Egmond, the
Netherlands, in the Spring of 1999, however, show that shoreface nourishments do not always
simply diffuse. The Egmond nourishment remained in tact for a long time and in fact became
part of the bar system, locally creating an additional third breaker bar. Besides, the rhythmic
bar crest topography that was already present before the execution of the nourishment (i.e.
the autonomous or free-behaviour) was affected by this nourishment. Despite its unexpected
behaviour, the Egmond shoreface nourishment in combination with a beach nourishment is
considered a success, since in the four years after the nourishment no other nourishments had
to be executed.
The hypothesis forming the basis of this thesis is: the response of the rhythmic topography
of the surf zone of Egmond to the shoreface nourishment has been so strong because the length
of the shoreface nourishment was of the same order as the spacing of the rhythmic features
on the outer bar. To validate this hypothesis, the occurrence of rhythmic bed features in the
surf zone must be investigated systematically in order to be able to discern the autonomous
behaviour from the behaviour caused by the nourishment. The major part of this thesis concerns
the investigation of this autonomous behaviour.
The first question that needs to be answered is ‘What is the linear free-behaviour of coastal
systems in absence of shoreface nourishments?’ This step in the research into the occurrence
of rhythmic bed forms in the surf zone is an exploration of the initial growth of bed forms
on otherwise longshore-uniform coasts by means of linear stability analyses (LSA’s). These
LSA’s describe the linear autonomous behaviour in terms of a bed perturbation with a certain
preferred longshore wavelength, cross-shore amplitude function and associated growth and migration rates. Chapter 3 and a part of Chapter 4 deal with this question. The second research
question reads: ‘What is the non-linear free-behaviour of coastal systems in absence of shoreface
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nourishments?’ In this second step, the non-linear autonomous behaviour is investigated by
means of morphodynamic experiments in which the bed forms can freely evolve in time. This
question is addressed in Chapter 4. The third and final question that needs to be answered is
‘What is the non-linear behaviour of coastal systems in the presence of shoreface nourishments?’
In this final step morphodynamic experiments including shoreface nourishments are performed.
Differences in the morphodynamic evolution with and without nourishments are indicative of
the impact of shoreface nourishments on the non-linear evolution of coastal systems. Chapter 5
deals with this question.
Both the LSA’s and the morphodynamic experiments are performed using a numerical
model computing the water motion, sediment transport rates and bed changes. Due to the
use of a numerical model, another method than the usually applied, analytical one has to be
conducted to perform the LSA’s. An advantage of this method is that the linear stability of an
arbitrary coastal profile can easily be assessed. Besides, the physical processes do not necessarily
have to be simplified, contrary to the analytical method.
First of all, LSA’s of planar sloping beaches are performed, despite the fact that the central
part of the Dutch coast is characterized by the presence of two or three breaker bars. Many
studies concerning LSA’s of planar beaches have appeared in the literature, which are used
in this thesis for validation of the presently applied method. Besides, these LSA’s of planar
beaches are performed to gain insight into the dependence of the linear stability characteristics
on process formulations and parameter values. From these LSA’s it is apparent that the shape
and the growth and migration rates of bed perturbations on planar sloping beaches are highly
sensitive to process formulations, especially to the sediment transport formulation, and to
parameter values. This explains the large variation in the linear stability characteristics of
planar beaches obtained in this and previous studies. Nonetheless, under current-dominated
conditions similar results as presented in the literature have been found.
Secondly, LSA’s of double-barred beaches have been performed to describe the linear autonomous behaviour of the central part of the Dutch coast under different hydrodynamic and
morphological conditions. In these LSA’s the Bailard [1981] sediment transport formulation is
applied. The bed forms resulting from these LSA’s can be characterized as rip channel systems
with alternating channels and shoals along the crests of the breaker bars. Whether bed perturbations emerge on top of the outer breaker bar or not, depends on the height of the outer
breaker bar and the wave height. If the conditions are such that no significant bed perturbation
develops on the outer bar, then the preferred longshore length-scale of the rip channel system
is 700 m. If, on the contrary, significant bed perturbations do emerge on the outer bar, then
the preferred length-scale increases to 2200 m. The length scales of these bed forms and their
associated migration rates correspond well with observations of 3D morphological features in
the surf zones of Egmond and Noordwijk.
Thirdly, the non-linear autonomous behaviour of bed forms emerging on the bars of a
double-barred beach is explored with various initial bed perturbations, demonstrating that the
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non-linear evolution can be subdivided in two phases. The first phase is a phase of exponential
growth lasting 50 to 80 hrs. The second phase is a non-linear phase in which the morphodynamic
evolution is highly dynamic. No morphodynamic equilibrium is reached, since the aggregated
amplitude of the bed forms in the area of interest keeps varying in time. Furthermore, it is
apparent that the preferred mode, as found with the LSA, has a significant contribution to the
total bed forms. However, it is certainly not the only important mode, since 4 to 7 modes are
significantly contributing to the bed perturbation. Besides the differences in (the number of)
length scales, large differences in the shapes of the bed perturbations obtained in the linear
and the non-linear regime exist. The bed perturbations in the linear regime are symmetrical
whereas in the non-linear regime they are asymmetrical, ranging from crescentic to undulating
features. Although highly dynamic, the shapes of the bed perturbations found in the non-linear
phase are similar to bed forms observed in nature. Moreover, also the simulated migration rate
of the order of 100 md−1 and the overall wavelength of 1000 m on the inner bar and 2000 m on
the outer bar correspond well with observations.
An important difference with previous studies is the fact that in this study no morphodynamic equilibrium is reached. This is attributed to the sediment transport formulation. Bed
slope related sediment transport in the formulation of Bailard [1981] does not essentially influence the non-linear evolution. Furthermore, the initial bed perturbation is of importance to the
non-linear evolution, mainly on the amplitude of the bed perturbations and in some exceptional
cases also on the length scales of the bed forms, if the hydrodynamic conditions are sufficiently
energetic and/or the outer bar is sufficiently high. If the conditions are, however, such that
no bed forms grow on the outer bar the initial bed perturbation is not of importance to the
non-linear evolution.
Fourthly, the impact of shoreface nourishments on the non-linear morphodynamic evolution
is explored by performing a number of non-linear experiments including shoreface nourishments.
Whether shoreface nourishments have an effect on the morphodynamic evolution depends on the
wave height and the height of the outer bar as well. If the conditions are such that no significant
morphodynamic activity takes place on the outer bar, then a shoreface nourishment executed
at the seaward side of the outer breaker bar hardly has an influence on the morphodynamic
evolution. No significant morphodynamic development is triggered on the outer bar and the
evolution of bed forms on the inner bar is hardly affected, although the amplitudes of the bed
forms on the inner bar slightly decrease.
If the conditions are such that bed forms do grow on the outer bar, then the influence of a
shoreface nourishment on the morphodynamic evolution depends on the length of the nourishment. An 800 m long nourishment initially has a damping influence on the bed perturbations,
but in the course of time the root-mean-square amplitude ARMS of the bed perturbations in
the area of interest obtains a value similar to the one obtained without a nourishment. Both
the shape and the length scales of the bed forms obtained in the experiments including the
nourishment are similar to the ones obtained without the nourishments.

iv

Modelling rhythmic morphology in the surf zone

In the case of a 2000 m long nourishment, however, ARMS significantly increases after an
initial period of decay. In the dynamic phase, the value of ARMS becomes much larger than
without a shoreface nourishment. Besides, the length scales on both the inner and outer bar
become larger when a 2000 m long nourishment is included. The difference in response of the
coastal system to the presence of an 800 m long nourishment and to a 2000 m long nourishment
confirm that the length of the nourishment is of great importance to the reaction of the coastal
system. An additional experiment with a 3000 m long nourishment results in the dynamic
phase in ARMS values smaller than ARMS of the experiment with the 2000 m long nourishment.
Although the results of this additional experiment should be used with care, they suggest that
the fierce and unexpected response of the rhythmic patterns in the surf of Egmond to the
execution of the shoreface nourishment is indeed caused by resonance. Hence, the reaction of
the Egmond coastal system was so fierce since the length of the nourishment corresponded with
the length scale of the bed forms on the outer breaker bar.
The evolution of the coastal system including the 2000 m long nourishment has a number
of characteristics in common with observations. First of all, the onshore movement of that
part of the outer bar covered by the shoreface nourishment, thereby locally creating a third
breaker bar. Secondly, the part of the outer bar moving onshore becomes somewhat higher. And
thirdly, a region of erosion develops between the shoreface nourishment and the outer breaker
bar. These characteristics also result from an experiment in which only the influence of a 2000
m long nourishment on the morphodynamic evolution is accounted for by omitting the initial
bed perturbation at the start of the experiment. This demonstrates that, at least initially, the
morphodynamic evolution due to the nourishment is to a certain extent decoupled from the
the morphodynamic evolution induced by the initial bed perturbation.

Samenvatting

Veel kusten op de wereld zijn onderhevig aan erosie. Zo ook de Nederlandse kust. Aangezien
een belangrijk deel van Nederland onder de zeespiegel ligt is een ‘gezond’ kustsysteem van
het grootste belang voor het bestaan in en van Nederland. Daarom ook heeft de Nederlandse
regering besloten om de kustlijn van 1990 (dynamisch) te handhaven. Belangrijke middelen
daartoe zijn strand- en vooroeversuppleties. De laatsten worden meer en meer gebruikt, omdat
ze flexibeler in uitvoering en goedkoper zijn. De veronderstelde positieve bijdrage van een vooroeversuppletie aan de kustligging is onder meer gebaseerd op het transporteren van het zand van
de suppletie in kustwaartse richting door natuurlijke processen. Recente waarnemingen laten
echter zien dat vooroeversuppleties niet altijd alleen dit diffusieve gedrag vertonen. Een vooroeversuppletie uitgevoerd voor de kust van Egmond bleef lange tijd in tact en werd onderdeel
van het bankensysteem. Daarnaast veranderden de in de brandingszone aanwezige ritmische
bodempatronen. Of deze verandering veroorzaakt werd door de aanwezigheid van de vooroeversuppletie, en dan met name door de lengte van de suppletie van 2000 m die overeenkomt
met de overheersende lengte van de bodemvormen op de buitenste bank, is de finale vraag die
in dit proefschrift onderzocht wordt.
Daarmee luidt de hypothese die ten grondslag ligt aan dit onderzoek: ‘de hevige reactie van
de morfologie van de brandingszone nabij Egmond op de aanwezigheid van een vooroeversuppletie heeft als oorzaak het feit dat de lengte van de suppletie overeenkwam met de preferente
lengteschaal van bodemvormen op de buitenste brekerbank’. Alvorens deze hypothese getoetst
kan worden, moet het optreden van ritmische bodemvormen in de brandingszone systematisch
onderzocht worden zodat zodoende de invloed van de vooroeversuppletie op de bodemritmiek
onderscheiden kan worden van de ritmiek die van nature al aanwezig is in het kustsysteem.
Deze natuurlijke ritmiek wordt ook aangeduid als het autonome gedrag van de kust en het
systematische onderzoek ernaar beslaat het grootste gedeelte van dit proefschrift. Een belangrijk uitgangspunt van dit onderzoek is dat het onderliggende kustprofiel niet verandert op de
tijdschaal waarop de ritmische bodempatronen ontwikkelen.
De eerste stap in het onderzoek naar het optreden van ritmische bodempatronen in de
brandingszone is het bestuderen van de initiële groei van bodempatronen met behulp van lineaire stabiliteitsanalyses (LSA’s). De resultaten van deze LSA’s beschrijven het lineaire autonome
gedrag. De tweede stap is het onderzoeken van het niet-lineaire autonome gedrag van een kustsysteem door het uitvoeren van morfodynamische experimenten, waarin de bodemvormen kunv
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nen groeien. Tenslotte zijn experimenten uitgevoerd waarin op een bepaald moment in de nietlineaire ontwikkeling een vooroeversuppletie in het kustsysteem wordt aangebracht, zodat zodoende de invloed van vooroeversuppleties op het niet-lineaire autonome gedrag geı̈dentificeerd
kan worden. Deze als vraag geformuleerde drie stappen zijn de onderzoeksvragen die ten grondslag liggen aan dit proefschrift.
Zowel de LSA’s als de morfodynamische experimenten worden uitgevoerd met behulp
van een numeriek model dat de waterbeweging, sedimenttransporten en bodemveranderingen
uitrekent. Het gebruik van een numeriek model om stabiliteitsanalyses uit te voeren wijkt af
van de gebruikelijke, analytische manier waarop deze worden uitgevoerd en vraagt dan ook om
een andere methode waarmee de oplossing van het stabiliteitsprobleem kan worden gevonden.
Een groot voordeel van deze methode is dat deze op een willekeurig kustprofiel toegepast kan
worden. Daarnaast is het met deze methode, in tegenstelling tot de gebruikelijke methode, niet
noodzakelijk de fysische processen in sterke mate te vereenvoudigen.
Ondanks het feit dat het Nederlandse kustprofiel veelal meerdere brekerbanken bevat worden eerst LSA’s van lineair hellende kusten uitgevoerd. Dit is gedaan ter validatie van de
gebruikte methode omdat in de literatuur al veel analytisch opgeloste LSA’s van lineair hellende kusten zijn verschenen. Tevens worden de LSA’s van deze kusten gebruikt om inzicht
te verkrijgen in de gevoeligheden van de lineaire stabiliteitskarakteristieken voor procesformuleringen en parameterinstellingen. Het blijkt dat de resulterende ritmische bodemvormen en
bijbehorende groei- en migratiesnelheden zeer gevoelig zijn voor modelformuleringen, en met
name voor de sedimenttransport formulering. Vandaar ook dat de variatie in de resultaten, niet
alleen binnen deze studie, maar ook in vergelijking met andere studies, groot is. Desalniettemin
worden onder bepaalde condities resultaten gevonden die vergelijkbaar zijn met resultaten uit
vorige studies.
Vervolgens zijn LSA’s van kustsystemen met twee brekerbanken, zoals ze voor de Nederlandse kust voorkomen, uitgevoerd. Deze LSA’s, met toepassing van de Bailard [1981] sedimenttransport formulering, beschrijven het lineaire autonome gedrag van (delen van) het Nederlandse kustsysteem. De gevonden ritmische bodemvormen komen overeen met muigatsystemen. Het wel of niet ontstaan van ritmische bodemvormen op de buitenste bank hangt af
van de golfhoogte en de hoogte van de buitenste bank. Als de condities zodanig zijn dat er
nauwelijks bodemvormen op de buitenste bank ontwikkelen (lage golven en een lage buitenste
bank) dan is de preferente lengteschaal van de muigaten zo’n 700 m. Ontstaan er echter wel
significante bodempatronen op de buitenste bank dan neemt de preferente lengteschaal van
de bodemvormen in het gehele kustsysteem toe naar 2200 m. Deze berekende lengteschalen
komen zeer goed overeen met observaties van ritmische bodemvormen in de brandingszones
van Egmond en Noordwijk.
Onderzoek naar het niet-lineaire autonome gedrag van bodemvormen op de toppen van
de banken van een kustsysteem als dat van Egmond laat zien dat de ontwikkeling van de
bodemvormen in twee fases kan worden verdeeld. De eerste fase is een fase waarin de groei ex-
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ponentieel is. Deze fase duurt zo’n 50 tot 80 uur. De tweede fase is een niet-lineaire fase waarin
het gedrag hoog dynamisch is en blijft. Er wordt geen morfodynamisch evenwicht gevonden. Het
blijkt tevens dat de preferente golflengte van de bodemverstoring zoals ze gevonden zijn met de
LSA’s in zowel de lineaire als in de niet-lineaire fase een belangrijke bijdrage levert aan de totale
bodemvorm. Maar het is niet de enige component die van belang is. In tegendeel, in de nietlineaire fase zijn er 4 tot 7 componenten die een belangrijke bijdrage aan de totale bodemvorm
leveren. Naast de verschillen in de preferente golflengte(n), bestaan er nog grotere verschillen
tussen de ruimtelijke structuur van de bodemvormen in het lineaire en het niet-lineaire regime.
In het niet-lineaire regime zijn de bodemvormen niet symmetrisch, in tegenstelling tot het lineaire regime. De bodemvormen die gevonden zijn in het niet-lineaire regime vertonen, ondanks
het feit dat ze zeer variabel zijn, veel gelijkenissen met bodemvormen die waargenomen worden,
zowel wat betreft de vorm (‘crescentic’ en ‘undulating’) alsook de lengteschaal (O(1000) m op
de binnenste bank en O(2000) m op de buitenste bank) en de migratie snelheid (100 md−1 ).
Een belangrijk verschil met voorgaande studies is het feit dat in de huidige studie geen
morfodynamisch evenwicht wordt bereikt. De formulering van het sedimenttransport is als
belangrijkste oorzaak hiervoor gevonden. De invloed van bodemhellingstermen in de sedimenttransport formulering van Bailard [1981] blijkt voor het morfologische gedrag niet van essentieel
belang te zijn. Daarnaast is gebleken dat de initiële bodemverstoring van belang is voor de morfologische ontwikkeling in het geval er ook bodemvormen op de buitenste bank ontwikkelen.
Dat belang uit zich met name in de amplitude van de bodemverstoringen, en in een uitzonderlijk geval ook in de lengteschaal. Zijn de condities dusdanig dat er alleen bodemvormen op de
binnenste bank ontwikkelen dan lijkt de initiële bodemverstoring niet van belang te zijn voor
de morfologische ontwikkeling.
Als de condities zodanig zijn dat er geen bodemvormen ontwikkelen op de buitenste bank,
dan heeft de aanwezigheid van een vooroeversuppletie aan de zeewaartse zijde van de buitenste
bank nauwelijks invloed op de morfologische ontwikkeling: op de buitenste bank worden er geen
significante morfologische veranderingen in gang gezet en op de binnenste bank veranderen de
meest dominante modes niet. Wel is het zo dat de amplitudes van de bodemvormen op de
binnenste bank in enige mate afnemen als gevolg van de aanwezigheid van de vooroeversuppletie.
In het geval dat de condities zodanig zijn dat er wel bodemvormen ontwikkelen op de
buitenste bank, dan is de ontwikkeling van de kust afhankelijk van de lengte van de vooroeversuppletie. Een suppletie met een lengte van 800 m heeft initieel een dempende invloed op de
gehele bodemverstoring, maar na verloop van tijd is de mate van bodemverstoring nagenoeg
gelijk aan die van de situatie zonder suppletie. Ook de vorm van de bodemverstoringen lijkt
sterk op de bodemvormen verkregen zonder suppletie, nl. crescentische bodemvormen.
Een suppletie met een lengte van 2000 m daarentegen heeft onder deze condities wel een
grote invloed op de kustontwikkeling. De amplitudes van de verstoringen van het kustsysteem
worden, na een korte periode van demping, aanzienlijk groter dan de verstoringen in het kustsysteem zonder suppletie. Ook de lengteschalen van de bodemvormen worden significant groter,
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zowel op de binnenste als op de buitenste brekerbank. Deze resultaten bevestigen dat de lengte
van een vooroeversuppletie van belang is voor de ontwikkeling van de ritmische patronen in de
brandingszone. Een aanvullend experiment met een 3000 m lange vooroeversuppletie resulteert
in een minder hevige reactie van het kustsysteem dan de reactie op de 2000 m lange suppletie.
Deze resultaten, die door de grote lengte van deze 3000 m lange suppletie ten opzichte van de
lengte van het modelgebied met enige voorzichtigheid moeten worden gebruikt, suggereren dat
de hevige reactie van brandingszone nabij Egmond een resonantie verschijnsel is. De gestelde
hypothese lijkt dus waar te zijn, nl. de reactie van het kustsysteem bij Egmond op de uitgevoerde vooroeversuppletie was zo hevig omdat de lengte van de suppletie overeen kwam met de
lengteschaal van de ritmische bodemvormen op de buitenste brekerbank.
De ontwikkeling van het kustsysteem waarin de 2000 m lange vooroeversuppletie is aangebracht vertoont veel overeenkomsten met de ontwikkeling van de Egmond vooroeversuppletie
die in 1999 is uitgevoerd. Zowel de waarnemingen als de berekeningen laten zien dat de suppletie
erodeert, dat de buitenste bank ter hoogte van de suppletie naar de kust wordt verplaatst, dat
de buitenste bank daar enigszins hoger wordt en dat er een gat ontstaat tussen de suppletie
en de buitenste brekerbank. Deze karakteristieken zijn ook waargenomen in een experiment
waarin alleen de invloed van de suppletie op de morfologische ontwikkeling is meegenomen
door de initiële bodemverstoringen niet aan te brengen. Dit toont aan dat de morfologische
ontwikkeling als gevolg van de suppletie tot op zekere hoogte losgekoppeld kan worden van de
ontwikkeling als gevolg van de initiële bodemverstoring.
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Chapter 1
Introduction

1.1 Coastal erosion
About 70 % of the sandy coasts in the world are erosive, see e.g. Bird [1984], Bird [1985] and
Kamphuis [2000]. Many of these coasts are subject to structural erosion due to gradients in the
longshore sediment transport rate, see Figure 1.1. And although storm-related erosion of the
coast is in fact a redistribution of sediment in cross-shore direction, very strong offshore-directed
currents occurring during severe storms are able to transport sand so far offshore that it ends
up beyond the depth of closure associated with less severe conditions, i.e. the depth beyond
which hardly any morphological activity takes place on the considered time scale. Although
this sand is still in the cross-section, it is not available anymore for rebuilding the beach on the
short term.
Incident waves
Breaker line

S1

S2
Original beach position

Present beach position

Figure 1.1: Schematic top view of structural erosion of a beach due to a gradient in the longshore
sediment transport fluxes (S2 > S1 ), in this case caused by different angles of wave incidence.

On a larger time scale the effects of eustatic sea level rise are noticeable. A sea level rise, and
especially an accelerated sea level rise, enhances the rate of erosion of the already eroding coasts
and might even endanger coasts that are not eroding at present. There is no consensus about
the present rate of sea level rise, let alone the rate of sea level rise in the future, but a present
rate of 1 mm/yr and a future rate of 6 mm/yr are values corresponding to the most likely
1
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scenario (IPCC [1990]), although large regional variations occur. To sketch the consequence of
sea level rise, the rule of thumb of Bruun [1962] states that the rate of coastline retreat is 50 to
100 times the rate of sea level rise. With the estimated present rate of sea level rise of 1 mm/yr
the rate of coastline retreat would amount to 0.05 m/yr to 0.1 m/yr. Based on observations
along the Dutch and Australian coast it is shown that the net onshore sediment transport from
the middle shoreface to the upper shoreface due to wave asymmetry and transport in the wave
boundary layer is sufficient to compensate for such a retreat (Stive [2004]). However, with a sea
level rise that is six times as much the coastline retreat would be 0.3 m/yr to 0.6 m/yr and it is
questionable whether sufficient volumes of sand can be transported from the middle shoreface
to the coast for compensation.
Coastal stretches located near tidal basins, such as the northern part of the central Dutch
coast, are even more endangered by relative sea level rise. Flood dominated tidal basins tend
to follow sea level rise in order to reach a morphodynamic equilibrium. These tidal basins are
therefore demanding sand in periods of sea level rise (Louters & Gerritsen [1994] and Van Goor
et al. [2003]). The importance of this sink is sketched by Stive & Wang [2003] showing that
coastline retreat due to a sand-demanding tidal basin exceeds the Bruun effect already for tidal
basins with an area larger than O(10 km2 ).
At the same time that coastal zones are endangered by structural erosion, they are becoming
more and more important to mankind. About half of the world’s population is living near the
coast and this figure is increasing (Kamphuis [2000]).
The Dutch coast is no exception: it is erosive at many places (Van Vessem & Stolk [1990]
and Van Rijn [1997]), whereas it is intensively being used as well. Moreover, about 25 % of the
Netherlands, the part in which the majority of the population is living and in which most of the
economic activity takes place, is lying below mean sea level and without the dunes and dikes 66
% of the country would be regularly flooded. The very existence of that part of the Netherlands
directly depends on the coastal defence system of the central part of the Dutch coast, mainly
consisting of natural dunes. This thesis therefore focuses on this part of the Dutch coast.
Adequate coastal protection measures are needed in order to maintain the coastline position
thereby protecting these vulnerable and valuable areas. Soft-engineering measures like beach
and shoreface nourishments are increasingly applied, because they are relatively cheap and
flexible. Figure 1.2 sketches the typical position and shape of a beach and shoreface nourishment.
Hamm et al. [2002] give an extensive overview of the European experience with nourishments. In
the Netherlands, the application of nourishments has become the ‘standard’ coastal protection
measure, as decided by the Dutch government in 1990 (Anonymous [1990]). As far as coastal
protection is concerned the expected effect of nourishments is twofold. First of all, nourishments
are intended to increase the safety of the coast by maintaining the coastline position. Secondly,
nourishments are expected to improve coastal protection against storm surges by maintaining a
certain volume of sand per unit length of coastline. Besides these protective aims, nourishments
are also applied to widen the beach for recreational purposes.

1.2. Beach and shoreface nourishments
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Beach nourishment
MSL
Shoreface nourishment

Figure 1.2: Characteristic position of a beach and shoreface nourishment in a coastal profile

1.2 Beach and shoreface nourishments
Since a decade there has been a shift in the Netherlands from beach towards shoreface nourishments. The latter type is approximately 50 % cheaper, because its execution needs much less
handling of the borrow material; no pumping from the dredger to the coast and no bulldozing
on the beach is necessary. The execution of a shoreface nourishment does also not intervene with
other functions on the beach, like recreation and nature, and is therefore much more flexible.
The application of shoreface rather than beach nourishments might seem counter-intuitive,
since the sand is not directly supplied where it has a direct effect, viz. on the dry beach and
against the dunes. Instead, the sand is dumped somewhere in the surf zone, a few hundreds of
meters offshore. The middle panel of Figure 1.3 demonstrates this, showing an approximately
2000 m long shoreface nourishment at the seaward side of the outer breaker bar about 500 m
offshore. The working of a shoreface nourishment is based on two concepts, viz. the feeder berm
and the breaker berm function.
The feeder berm function of a shoreface nourishment is related to the idea that sand of
the nourishment diffuses in both cross-shore and longshore direction. In cross-shore direction,
sediment transport processes like wave-asymmetry are expected to transport the sand towards
the coast. In longshore direction, tidal and wave-driven longshore currents are supposed to
spread the sand longshore. In this sense the sand of the nourishment is meant to feed the
coastal system.
A shoreface nourishment can also function as a breaker berm. Waves break further offshore
and/or more intense at the location of the shoreface nourishment creating a zone with relatively
small wave action between the nourishment and the shore. In that shadow zone, the longshore
sediment transport capacity is smaller compared to the adjacent areas. These gradients in the
longshore sediment transport rates cause accretion in the shadow zone and thus an increase in
the volume of sand in that coastal stretch.
Spanhoff et al. [2003] give an overview of the performance of the 15 shoreface nourishments
that have been executed in the Netherlands between 1993 and 2003. In general, the nourishments
performed well with respect to maintaining the coastline, which is one of the design objectives.

4
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However, the following two examples show that our knowledge of the behaviour of shoreface
nourishments is still limited, so that the accuracy of predictions of the morphological impact
of shoreface nourishments is uncertain.
The first example is the shoreface nourishment executed along the coast of Terschelling, the
Netherlands, in the framework of the EU-sponsored project NOURTEC, see Mulder et al. [1994]
and Spanhoff et al. [1997]. In that experiment much more sand was trapped in the shadow zone
of the shoreface nourishment than was expected, see Hoekstra et al. [1996] and Spanhoff et al.
[1997]. The consequences of that are twofold. Firstly, the same volume of sand accumulated in
the shadow zone and originating from the upstream coastal stretch is again eroded from the
downstream stretch. Although the zone shoreward of the nourishment contains more sand, the
zone downstream of it suffers more erosion than expected. Secondly, since more sand is accreted
than was expected, the nourishment could have been smaller and therefore cheaper.
The second example is a recent observation of the combined shoreface and beach nourishment executed in the Spring of 1999 near the town of Egmond, the Netherlands, see the center
panel of Figure 1.3. This example shows that the shoreface nourishment did not only diffuse in
longshore and cross-shore direction. In addition, the shoreface nourishment largely retained its
shape for two years and became part of the breaker bar system.

Figure 1.3: Three surveys of the surf zone near Egmond: June 1999 (left panel), September 1999
(center panel) and June 2001 (right panel). The beach is on the right. The colorbar indicates the depth
in m relative to MSL. By courtesy of National Institute for Coastal and Marine Management (RIKZ).

Furthermore, surveys of the nourishment and the adjacent coast show that just before and
just after the execution of the nourishment the bar topography displays a similar rhythmic
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pattern, compare the left and middle panels of Figure 1.3. Therefore, the rhythmic morphology
observed in September 1999 is not triggered by the shoreface nourishment. The generation of
these rhythmic bed forms on top of an underlying profile is designated as free (morphological)
behaviour of a coastal system. In this sense the rhythmic pattern is seen as a perturbation of a
more or less longshore-uniform coast. The free-behaviour can be characterized by a longshore
wavelength and a cross-shore structure of the bed forms and the rates with which the bed forms
grow and migrate in time.
The right panel of Figure 1.3 shows that nearly two years after the execution of the nourishment the rhythmic topography has changed: both the wavelength and the orientation of the
bar features have changed. This change in behaviour is likely to be triggered by the execution
of the nourishment. It has to be emphasized that the morphological reaction is triggered by the
nourishment rather than forced. One speaks of forced behaviour if the length scale of the rhythmic pattern is imposed by the external forcing, i.e. the rhythmic bathymetry is the footprint
of the periodicity in the forcing, which is not the case here, see also Section 1.3.2.
Note furthermore that the rhythmic features on the outer bar in June and September 1999
have about the same spacing as the length of the shoreface nourishment. Assuming that the
topography observed in June 2001 is triggered by the shoreface nourishment, the following hypothesis is formulated:
The response of the rhythmic topography of the surf zone of Egmond to the shoreface nourishment has been so strong because the length of the shoreface nourishment was of the same
order as the spacing of the rhythmic features on the outer bar.
Or in other words, is the strong reaction of the coastal system due to ‘resonance’, since the disturbance (i.e. the shoreface nourishment) has the same (wave)length as the rhythmic features
on top of the outer breaker? The observation that shoreface nourishments can trigger threedimensional morphological behaviour is also seen in the case of the NOURTEC nourishment at
the coast of Terschelling (Grunnet & Ruessink [2005]).
Not only a correct prediction of the impact of a shoreface nourishment is difficult to give, also
reproducing observed morphological changes related to the execution of a shoreface nourishment
with a process-based model still seems to be a bridge too far. Although Grunnet et al. [2004]
have been able to model the morphological development of the shoreface nourishment and the
adjacent coast reasonably well on large temporal and spatial scales, the small-scale (O(100 m))
bar behaviour could not be reproduced.
Since, under certain circumstances (Wright & Short [1984]), the dry beach morphology is
linked to the morphology of the breaker bars, it is important to know what the wavelength of
the rhythmic features in the surf zone are and will be after the implementation of a shoreface
nourishment. This rhythmicity is not only found in the width of the beach, which is important
for functions like recreation and protection, but also in hydrodynamic phenomena like rip
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currents which are dangerous for swimmers.
From these examples, it is clear that the behaviour of a shoreface nourishment and its
impact on the coastal system is not well understood. Especially the effect of the length of a
shoreface nourishment on the rhythmic morphology of coastal systems is unknown. Moreover, in
order to be able to identify the effects of shoreface nourishments on rhythmic surf zone features,
the characteristics of these features without the presence of a nourishment has to be known in
the first place, which is not yet the case. Although there are many observations of rhythmic
bed features (Section 1.3), rhythmic bed forms on double-barred beaches like the Dutch coast
have not been modelled before.

1.3 Rhythmic morphology in the surf zone
1.3.1 Observations of rhythmic morphology in the surf zone
Rhythmic topography in the surf zone is not only related to the presence of a shoreface nourishment, as the left panel of Figure 1.3 already showed. On the contrary, the majority of the
observations of rhythmic features in the nearshore zone concerns situations in which the rhythmic features can not be assigned to human interventions.
The most apparent periodic features are coastline undulations, ranging from beach cusps
of O(10 m) to coastline sand waves of O(1000 m), see e.g. Dolan & Ferm [1968], Komar [1976],
Verhagen [1989], Guillen et al. [1999], Stive et al. [2002], Falqués & Calvete [2003] and Falqués &
Calvete [2005]. Besides the visible rhythmicity in the coastline, also the sub-tidal beach is prone
to rhythmicity. These rhythmic bed features consist of rip channels, crescentic and undulating
bars and have a longshore spacing between a few tens of meters and a few thousands of meters.
They have been the subject of many studies (among many others, Sonu [1973], Holman &
Bowen [1982], Wright & Short [1984], Konicki & Holman [2000], Lippmann & Holman [1990],
Ruessink et al. [2000], Van Enckevort & Ruessink [2003] and Van Enckevort et al. [2004]).
1.3.2 Explanations of rhythmic morphology in the surf zone
Two theoretical explanations for the generation of rhythmic bed patterns in the surf zone have
been given in the literature. The first theory considers rhythmic topography to be caused by
direct hydrodynamic forcing without any feedback between the water motion and the morphology. The observed bed forms are the imprint of hydrodynamic processes and models that
incorporate direct hydrodynamic forcing are therefore also referred to as template models. In
the literature, various combinations of processes yield these templates. Bowen & Inman [1971]
and Holman & Bowen [1982] have shown that a combination of two or more standing edge
waves or a combination of a standing edge wave and an incident wave yields rhythmic residual velocity patterns, provided these waves have the same frequency, resulting in a rhythmic
topography. The reason why on a long longshore-uniform coastal stretch not bounded by e.g.
headlands the waves would have the same frequency is unclear. However, recent studies concerning interaction between edge waves and an already perturbed topography (Chen & Guza
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[1998, 1999]) have shown that in theory these phase couplings can occur. Whether this results
in a rhythmic topography is not addressed. Besides, the residual velocities related to edge waves
are, except near the coastline, much smaller than the residual velocities of short waves. Many
researchers, therefore, do not consider direct hydrodynamic forcing by edge waves as the mechanism responsible for the formation of rhythmic patterns (Bowen [1997], Holman [2000] and
Van Enckevort et al. [2004]).
The second explanation for surf zone rhythmicity is self-organization in the coupled hydroand morphodynamic system, as introduced by Sonu [1968]. In these types of models, there
is a positive feedback between the wave-driven current and the bathymetry. The literature
concerning studies on self-organization are discussed in the relevant chapters of this thesis.
Reniers et al. [2004] have presented a model incorporating both mechanisms, although
sediment is not transported in the wave boundary layer, unlike Holman & Bowen [1982]. They
have shown that a hydrodynamic forcing by wave groups made up of directionally spread
incident short waves yields a longshore periodic topography. The spacing of these rhythmic
features corresponded with the length scales of slowly varying, persisting circulation patterns
(MacMahan et al. [2004]) and not with the length scales of the residual flow patterns caused
by edge wave/incident wave interactions that were also present in the model. The rip channel
spacing in this model depends on the directional spreading of the short waves. In this sense
this model considers the rhythmic topography to be caused by direct hydrodynamic forcing,
although the template is a stochastic process and therefore the morphology is not an exact
copy of the forcing. Since feedback between the bed and the hydrodynamics can occur as well,
self-organization is not excluded. Without directional spreading the forcing is uniform and also
in that case a rhythmic topography emerges. This is the result of positive feedback between
an initially longshore uniform topography, ‘perturbed’ by very small numerical rounding-off
errors. The spacings obtained with this forcing are generally smaller than the ones obtained
with directional spreading.
Observations that are in favour of self-organization as the explanation of rhythmic morphology are rhythmic features like mega ripples whose length scales do not correspond with the
length scales in the hydrodynamic forcing. This thesis therefore considers surf zone rhythmicity
as the result of self-organization. In order to keep the hydrodynamics as simple as possible, the
effects of wave groups or edge waves are not incorporated in this study.

1.4 Methodology
1.4.1 Research questions
The present thesis aims to validate the hypothesis stated in Section 1.2 by modelling rhythmic
morphological features in the surf zone with and without shoreface nourishments and understanding their underlying physics. In order to be able to validate that hypothesis the following
research questions (RQ’s) need to be answered:

8
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•

RQ 1: What is the linear free-behaviour of coastal systems in absence of shoreface nourishments?
RQ 2: What is the non-linear free-behaviour of coastal systems in absence of shoreface
nourishments?
RQ 3: What is the non-linear behaviour of coastal systems in the presence of shoreface
nourishments?

•
•

Ad. RQ 1
The initial phase of self-organization, also referred to as linear free-behaviour, is commonly, and
also in this thesis, studied by means of linear stability analyses (LSA’s). LSA’s describe the
initial growth of a bed perturbation from an otherwise longshore-uniform coast. Typical results
of a LSA of surf zone morphology are a bed perturbation with a certain preferred longshore
spacing and cross-shore structure and the rates with which this bed perturbation initially grows
and migrates. RQ 1 will be answered in Chapter 3 and partly in Chapter 4.
Ad. RQ 2
As soon as the amplitudes of the bed perturbations become too large, non-linear effects become
important and the underlying assumptions of LSA’s are no longer valid. The morphological behaviour in this morphodynamic stage of the coastal system, in which the temporal amplitude
behaviour is studied, is referred to as the non-linear free-behaviour. In order to study this nonlinear behaviour of coastal systems, morphodynamic computations are performed in which the
bed perturbations can grow in time, extending the LSA’s into the non-linear regime. Typical
results of morphodynamic experiments are temporal developments of the amplitude of multiple
harmonic components, obtained with a Fourier decomposition, with different longshore wavelengths, the sum of which is the total bed perturbation. RQ 2 will be answered in Chapter 4.
Ad. RQ 3
Once the non-linear behaviour without the presence of a shoreface nourishment is known, the
impact of a shoreface nourishment on the characteristics of this non-linear behaviour can be
assessed by performing non-linear experiments in which a shoreface nourishment is included.
By comparing the wavelengths of the dominant modes and the shapes of the bed forms obtained with experiments with and without a shoreface nourishment, the effects of the shoreface
nourishment on the non-linear behaviour can be assessed. RQ 3 will be answered in Chapter 5.
1.4.2 Contents of this thesis
A numerical model is used for both the linear (LSA’s) and the non-linear experiments. Different
versions of this numerical model have been used throughout this thesis. Chapter 2 discusses
these model versions. Also the method with which the LSA’s are performed while using a
numerical model and the way the morphodynamic experiments are performed are discussed in
that chapter.
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Many studies concerning LSA’s of planar sloping beaches, i.e. beaches without shore-parallel
breaker bars, have appeared in the literature. As a validation of the method with which the
LSA’s are performed and to gain insight into the sensitivity of the linear free-behaviour of planar
beaches to process formulations and parameter values, the linear stability of planar beaches is
considered first in Chapter 3, despite the fact that the closed Dutch coast is a double-barred
system.
LSA’s of double-barred beaches have not been performed before. Chapter 4 discusses the
results of LSA’s of double-barred beaches that are representative of the Dutch coast describing
the linear free-behaviour of the Dutch coastal system. In the discussion of that chapter, LSA’s
of single-barred beaches are treated as well. Furthermore, a number of non-linear morphodynamic experiments are presented. These non-linear experiments have been started with initial
bed perturbations resulting from the LSA’s. These initial bed perturbations are referred to as
idealized initial bed perturbations. With these experiments the transition from the linear to
the non-linear regime is explored and the effects of the initial condition are assessed.
In Chapter 5 non-linear morphodynamic computations of double-barred beaches are performed in which the initial bed perturbation is a random phase perturbation. The duration of
these experiments was chosen such that from a morphological point of view the coastal system
is well into the non-linear regime, describing the non-linear behaviour of double-barred coastal
systems. Next, the impact of shoreface nourishments on this non-linear free-behaviour is investigated and identified by performing experiments in which a schematic shoreface nourishment
is included in the bathymetry at a certain moment in the dynamic phase. The focus is on the
effects of length of the shoreface nourishment on the non-linear behaviour of the double-barred
coastal system. Finally, the conclusions and recommendations of this thesis are presented in
Chapter 6.
A visual outline of the structure of the thesis is given in Figure 1.4. It also summarizes
the types of models used (idealized or fully non-linear), the nature of the analysis (linear or
non-linear) and the type of the initial bed perturbation (idealized or random).
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Ch.1 Introduction

Ch.2 Numerical model and method of analysis

Ch.3 Linear behaviour of planar coasts
• Idealized initial bed perturbation
• Linear analysis
• Idealized and fully non-linear model

Ch.4 Linear and non-linear evolution of doublebarred coasts
• Idealized initial bed perturbation
• Linear and non-linear analysis
• Fully non-linear model

Ch.5 Impact of shoreface nourishments on the
evolution of double-barred coasts
• Random phase initial bed perturbation
• Non-linear analysis
• Fully non-linear model
• With and without shoreface nourishments

Ch.6 Conclusions and recommendations

Figure 1.4: Visual outline of this thesis

Chapter 2
Numerical model and method of analysis

2.1 Introduction
As has been pointed out in Chapter 1, different versions of a numerical model are used to
perform linear stability analyses and morphodynamic experiments. For the LSA’s of planar
beaches (Chapter 3) a fully non-linear, process-based model and an idealized version of it are
used in order to assess the importance of process formulations and parameter values to the
linear stability characteristics of planar beaches. The fully non-linear model is coupled to two
different sediment transport formulations, viz. the one of Engelund & Hansen [1967] and the
one of Bailard [1981]. In case of the linear and non-linear analyses of double-barred beaches
(Chapters 4 and 5), only the fully non-linear model coupled to the Bailard [1981] formulations
for sediment transport is applied. All models used in this thesis are discussed in the present
chapter.
An important prerequisite to perform a LSA is to have an initial system that is morphodynamically in equilibrium with its forcing, which is not a trivial aspect when using a numerical
model. Section 2.3 therefore discusses how the morphodynamic equilibrium is treated in the
present thesis. The method with which a LSA is performed while utilizing a numerical model is
discussed in Section 2.4, since it deviates from the way LSA’s are usually performed. Section 2.5,
finally, discusses how the non-linear morphodynamic experiments are performed.

2.2 Numerical model
2.2.1 Geometry
Throughout this thesis, both planar and barred beaches are considered. To define the coordinate
system and a number of variables used in this thesis, the planar beach is taken as an example, see
Figure 2.1. The geometrical parameters defining double-barred beaches are given in Chapter 4.
The specific parameter settings for the planar and double-barred reference experiments are
given in Tables 3.1 and 4.2, respectively.
The equilibrium planar beach is uniform in the longshore direction with a cross-shore slope
βs . The cross-shore (long-shore) coordinate is denoted by x (y) and z denotes the vertical one.
11
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The equilibrium or reference bed level is denoted by h0 . In case of planar beaches x = 0 is
defined at the location where the still water level intersects with the equilibrium bed profile. A
perturbation of the bed with respect to the reference bathymetry is denoted by h′ and a shoal
(channel) corresponds with h′ > 0 (h′ < 0), see Figure 2.1(b).
The water motion is forced by obliquely incident waves that start to break at or around
x = xb . At the breaker line the (significant) wave height H (Hs ) is denoted by Hb and the wave
angle θ by θb . The exact definition of the position of the breaker line depends on the applied
wave model and is treated when the wave models are introduced. Breaking of waves on an
unperturbed bathymetry results in a mean wave set-up η0 and a mean longshore current vc , see
Figures 2.1 and 2.3. If a bed perturbation h′ is present in the surf zone, a perturbation in the
free surface elevation η ′ exists as well. The unperturbed water depth D0 = η0 − h0 is a function
of the cross-shore coordinate x only, whereas the total water depth is given by D = D0 + η ′ − h′ .

z

η′

η0

y
h

0

h′

(b) Definition sketch of the perturbed
state (longitudinal section)

(a) Definition sketch of the equilibrium state

Figure 2.1: Definition of the coordinate system and a number of variables used in this thesis. For a
discussion of the symbols, see the text.

2.2.2 Fully non-linear model
Water motion
The water motion is described by the depth- and wave-averaged shallow water equations
(Phillips [1977] and Horikawa [1999]), consisting of the mass conservation equation
∂η ∂uc D ∂vc D
+
+
=0
∂t
∂x
∂y

(2.1)

and the momentum equations
∂uc
∂uc
∂η
τx
Fx
∂
∂uc
+ uc
+ vc
+g
+
−
−
∂t
∂x
∂y
∂x ρw D ρw D ∂x



∂uc
ν
∂x



∂
−
∂y



∂uc
ν
=0
∂y

(2.2)
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∂vc
∂vc
∂vc
∂η
τy
Fy
∂
+ uc
+ vc
+g
+
−
−
∂t
∂x
∂y
∂y ρw D ρw D ∂x





∂vc
∂
∂vc
ν
−
ν
=0
∂x
∂y
∂y

(2.3)

in which t is time, η = η0 + η ′ the free surface elevation, x (y) the cross-shore (longshore)
coordinate, uc (vc ) the cross-shore (longshore) current velocity, D the total water depth, g the
acceleration of gravity, τx and τy the bed shear stresses, Fx and Fy the wave forces per surface
area, ρw the water density and ν the turbulent eddy viscosity, which is assumed to be uniform
with a default value of 1 m2 s−1 . These equations are solved numerically using the Delft3D
modelling system, see Roelvink & van Banning [1994].
The bed shear stresses are computed with the formulations proposed by Fredsøe [1984],
incorporating the effects of waves and currents on both the direction and the magnitude of the
bed shear stress. In the numerical model, the parameterization of Soulsby et al. [1993] of these
formulations is used.
The applied flow boundary conditions are a zero water level at the seaward side of the model
and zero cross-shore velocities at the beach. Furthermore, at the lateral boundaries longshore
current velocities, associated with the basic state, are prescribed.
Wave forcing
Propagation, refraction and breaking of (obliquely) incident, irregular short waves are computed
with the second generation wave model HISWA (Holthuijsen et al. [1989]) which is based on
an evolution equation of the wave action density spectrum:
∂Ncg,x ∂Ncg,y ∂Ncg,θ
+
+
= −Dw
∂x
∂y
∂θ

(2.4)

in which the wave action N is defined as the variance density E [m2 Hz−1 ] divided by the radial
wave frequency φ. Furthermore, cg,x , cg,y [ms−1 ] and cg,θ [rads−1 ] are the propagation speeds of
wave action in the x, y and angular space, and θ is the angle of wave incidence. Dw [m2 s1 ] is
the wave action dissipation, computed with the breaker model of Battjes & Janssen [1978] and
calibrated by Battjes & Stive [1985]. This energy dissipation is distributed over the direction
bins, proportional to the existing directional energy distribution (Eldeberky & Battjes [1995]).
In HISWA, a maximum wave height is computed, either with the breaker height coefficient
γ (depth-induced breaking) or with a parameter controlling steepness-induced breaking. This
maximum wave height is used to compute the fraction of breaking waves. Note that the breaker
height coefficient γ, a parameter that has to be defined in HISWA, is not equal to Hb /hb . The
dissipation is used to compute the wave forces F~ per surface area with the formulation proposed
by Dingemans et al. [1987]
F~ = ρw gDw φ~k
(2.5)
in which φ is the peak frequency of the waves and ~k the wave number vector. A consequence
of this formulation of the wave stresses is that no water level set-down is computed in the
shoaling zone, see Figure 2.3(b). When using HISWA, the breaker line is defined as the location
of maximum wave energy dissipation.
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Sediment transport
The sediment transport vector ~q is computed using either the Bailard [1981] or the Engelund
& Hansen [1967] formulation. Both formulations are discussed below.
Sediment transport: Bailard [1981]
The Bailard [1981] formulation, which is appropriate in case of wave-dominated conditions,
reads:
~q = ~qb + ~qs
fcw ǫb
=
g(s − 1) tan φi

tan β~s
k~uk ~u −
k~uk3
tan φi
2

!

fcw ǫs
+
g(s − 1)ws

!
ǫs tan β~s
5
k~uk ~u −
k~uk (2.6)
ws
3

in which fcw is a friction factor taking into account the friction due to waves and currents, ~u
the total velocity vector, ǫb (ǫs ) the efficiency factor for bed (suspended) load, s the relative
density ρs /ρw with ρs the density of the sediment, φi the angle of repose, ws the sediment fall
velocity and β~s the bed slope vector.
Defining ~u = ~uc + ~u0 sin(φt) with ~uc = (uc , vc ) and ~u0 the amplitude of the wave orbital
velocity, the sediment transport vector ~q becomes a time-dependent sediment transport vector ~q(t). The wave-averaged formulations for bed load transport < ~qb > and suspended load
transport < ~qs > read:
< q~b > =

< q~s >=

1
1
fcw ǫb
[(u2c + vc2 + u20 + v02 )~uc + (ucu0 + vc v0 )~u0
g(s − 1) tan φi
2
2
tan β~s
−
< (u2 + v 2 )3/2 >]
tan φi

fcw ǫs
ǫs tan β~s
[< (u2 + v 2 )3/2~u > −
< (u2 + v 2 )5/2 >]
g(s − 1)ws
ws

(2.7)

(2.8)

The time averaging over the wave period, denoted by < · >, is done numerically. More details
are given in Van der Molen [2002]. Especially the first two terms between the square brackets
at the right-hand-side of Eq. 2.7 demonstrate that the sediment is partly advected by the mean
current ~uc and partly by the wave orbital motion ~u0 . Hence, the sediment transport can not
only be decomposed in x- and y-direction but also in the direction of the mean current and the
wave orbital motion. The factors in front of ~uc and ~u0 determine the amount of sediment being
transported and are therefore considered as sediment stirring functions.
Sediment transport: Engelund & Hansen [1967]
When studying current-dominated conditions the sediment transport can be described using
the Engelund & Hansen [1967] formulation for the total load. In this formulation, the sediment
transport reads:
~q = a~u5
(2.9)
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with
a= √

0.05
gC 3 (s − 1)2 D50

(2.10)

Here, C is the Chézy coefficient and D50 the median grain size. Averaging Eq. 2.9 over a wave
cycle results in the following expression, in which the sediment transport is divided in a part in
the direction of the mean current and a part in the direction of the wave orbital velocity near
the bed:
< ~q >= αc (x, y)~uc + αw (x, y)~u0
(2.11)
in which the sediment stirring functions αc and αw are defined as
αc =

a 4
[8u + 3u40 + 8vc4 + 32uc u0vc v0 + 24vc2 v02 + 3v04 + 8u2c (3u20 + 2vc2 + v02 )
8 c
+u20 (8vc2 + 6v02 )]

(2.12)

a 3
[4uc u0 + 4u2cvc v0 + uc u0 (3u20 + 4vc2 + 4u3c + 3v02 )
2
+vc v0 (3u20 + 4vc2 + 4u3c + 3v02 )],

(2.13)

and
αw =

respectively.
Bed changes
The sediment mass conservation equation reads
(1 − p)

∂h
~ < ~q >
= −∇
∂t

(2.14)

in which p is porosity. Eq. 2.14 states that the bed changes are due to divergences and convergences of the wave-averaged sediment fluxes.
Bed slope related sediment transport
Bed slope related sediment transport is only accounted for in Chapter 5 and in a few experiments of Chapter 3. In Chapter 3, the bed slope effects are accounted for in case of both the
Engelund & Hansen [1967] and the Bailard [1981] formulations. The two terms of the Bailard
[1981] formulation associated with bed slope related sediment transport have been omitted in
order to be able to have the same formulation of bed slope effects for both sediment transport
formulations. Alternatively, bed slope effects are computed numerically as a correction of the
bed perturbation. Appendix B.1 discusses how bed slope effects have been accounted for in the
limited number of linear experiments concerning planar beaches. These experiments are briefly
discussed in the remainder of Appendix B.
The non-linear experiments of Chapter 4 are performed without bed slope effects. However,
preliminary experiments showed that perturbations with small wavelengths (≤ 30 m) in the
longshore direction finally dominate the bathymetry. These bed forms are considered to be
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unrealistic, because the grid cell size is 10 m. The gradients of these bed forms in cross-shore
direction are negligible compared to those in the longshore direction. To prevent these physically
unrealistic oscillations, a diffusive term proportional to hyy has been added to the right-handside of Eq. 2.14, such that the linear growth rates of the bed forms with wavelengths of interest
(between 300 and 3000 m) change less than 1 %, whereas smaller wavelengths are sufficiently
damped to not dominate the bed evolution. Note that these effects are only meant to dampen
unrealistic oscillations in longshore direction and should not be interpreted as contributions of
bed slope effects to the sediment transport rates. Details of the inclusion of this diffusive term
are given in Appendix C.
In Chapter 5 the complete Bailard [1981] sediment transport formulation has been used, i.e.
the two terms associated to the bed slope related sediment transport. Hence, bed slope effects
are computed as a correction of the sediment transport rates rather than a correction of the
bed perturbation.
2.2.3 Idealized model
In order to assess the importance of different parameterizations and formulations for the linear
stability of planar beaches, the governing equations of the above described fully non-linear
model are simplified using a number of assumptions. Using the shallow water approximation,
√
the magnitude of the wave orbital velocity u0 in the surf zone is given by 0.5γb gD with the
wave breaker parameter γb defined as Hb /Db . With γb = 0.8 and choosing a breaker wave
height Hb , the depth Db at which waves break and the position of the breaker line are defined.
Now assuming (i) a small angle of wave incidence and (ii) a magnitude of the mean velocity ~uc
much smaller than the magnitude of the wave orbital velocity u0 , the bed shear stress terms
can be expressed as (Dodd [1994])
4
τx = ρw cd uo uc
(2.15)
π
and
2
(2.16)
τy = ρw cd uo vc
π
in which cd is the drag coefficient. Note that Eq. 2.16 is similar to the one derived by LonguetHiggins [1970].
In this idealized model, the formulations of Longuet-Higgins [1970] for the wave forcing
and mixing are used instead of applying a second generation wave model and a constant eddy
√
viscosity. In Longuet-Higgins [1970], the turbulent eddy viscosity ν(x) is defined as Nt x gD,
with Nt an empirical coefficient. Unlike Longuet-Higgins’ formulations, ν(x) is exponentially
decaying outside the surf zone, following Ribas et al. [2003].
Longuet-Higgins [1970] uses the wave radiation stresses to compute the wave forcing terms:
Fx = −

∂Sxx ∂Syx
−
∂x
∂y

(2.17)

Fy = −

∂Sxy ∂Syy
−
∂x
∂y

(2.18)
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In deriving the radiation stress terms, Longuet-Higgins assumed the water depth to be much
smaller than the wavelength of the short waves and assumed a small angle of wave incidence.
Using linear wave theory and applying these assumptions, the wave radiation stresses inside
the surf zone can be written as:
3
(2.19)
Sxx = E
2
r
D
sin(θb )
(2.20)
Sxy = Syx = E
Db
1
Syy = E
(2.21)
2
in which the wave energy E is defined as ρw gH 2/8 and H inside the surf zone as γb D. Furthermore, Db is the depth at which the waves break and θb is the angle of wave incidence at the
breaker line. Outside the surf zone, the wave height and the radiation stresses are uniform and
therefore do not drive a current.
When applying the idealized hydrodynamic model the Engelund & Hansen [1967] transport
formulation is chosen in order to be able to compare with results obtained in the literature,
e.g. Falqués et al. [1996] and Ribas et al. [2003]. Using assumption (ii), neglecting the sediment
transport in the direction of the wave orbital motion and averaging in longshore direction, the
Engelund & Hansen [1967] sediment transport formulation of Eq. 2.9 reduces to
< ~q >=

3a
(gγbH)2~uc ≡ α(x)~uc
128

(2.22)

Details of the derivation of Eq. 2.22 are given in Appendix A.
2.2.4 Execution of the numerical model
Figure 2.2 depicts the order in which the various modules of the numerical model are executed.
First the wave stresses, which are the only forcing terms, are computed using either the formulations of Longuet-Higgins [1970] or HISWA. The flow model is executed until a stationary
solution is obtained. Whether a stationary solution is obtained is decided on by considering
the time series of the water level and the current velocities at several longshore and cross-shore
positions in the model domain. If the water levels and current velocities do not change in time
anymore a stationary solution is reached. The wave and flow modules are executed a number
of times in order to account for wave-water level interactions. In case of the idealized model,
three iterations are necessary to obtain a situation in which wave-water level interactions do
not change anymore. In case of the fully non-linear model two iterations are sufficient. The stationary, wave-driven flow field and the wave orbital velocities are used to compute the sediment
transport rates. Convergences and divergences of the sediment transport rates yield the bed
changes.
If a linear stability analysis is performed, these bottom changes are used to evaluate the
linear stability characteristics and create a better estimate of the eigenfunction (i.e. the bed
perturbation), see Section 2.4 and Figure 2.4. If the numerical model is applied to study the
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Wave module

r
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n times
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uc , h
Feedback in case
of morphodynamic
experiments
Sediment transport module
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q

Bed change module
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Figure 2.2: Execution order of the process modules of the numerical model.

morphodynamic evolution of the coastal system, the newly computed topography is directly
fed into the model, which is then run again, etc. see Figure 2.2.

2.3 Morphodynamic equilibrium
When choosing a longshore-uniform bottom profile, Eqs. 2.1–2.4 allow for a solution that is
longshore-uniform and time-independent. This holds for both the idealized and the fully nonlinear model. From the mass conservation equation it follows that the depth- and wave-averaged
cross-shore velocities are zero. Hence, Eqs. 2.2 and 2.3 reduce to
g
and

∂η
Fx
−
=0
∂x ρw D

Fy
∂
τy
−
−
ρw D ρw D ∂x



∂vc
ν
=0
∂x

(2.23)

(2.24)

In cross-shore direction the wave forcing is balanced by the pressure term, resulting in a
longshore-uniform wave set-up. In longshore direction, the bed shear stress, wave forcing and
mixing term balance each other, driving an longshore-uniform current, see Figure 2.3.
The longshore current velocity profiles associated with the longshore-uniform planar sloping
bottom according to Longuet-Higgins [1970] and those computed with the idealized and the fully
non-linear model are displayed in Figure 2.3(a). First of all, it shows that in the idealized model,
although the forcing outside the surf zone is zero, a smooth longshore current velocity profile
vc across the breaker line is obtained due to mixing. Furthermore, it shows that, although the
theoretical profile and the profile resulting from the idealized model are quite similar, differences
remain. The main differences are due to the formulation of the viscosity profile (Section 2.2.3)
and the fact that in the idealized model a wave set-up is present only within the breaker zone,
whereas Longuet-Higgins redefined the bed slope due to wave set-up even outside the breaker
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zone. Differences in the longshore current velocity profile of the idealized and the fully nonlinear model are mainly due to the use of a different wave model and the use of a different bed
shear stress formulation.
Longuet−Higgins [1970]
Idealized model
Fully non−linear model
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(a) Longshore current velocity profiles on a planar
beach associated with the reference settings
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(b) Basic state of a double-barred beach (experiment L1, see Section 4.3.1)

Figure 2.3: Basic state of a planar and a double-barred beach

Also in the case of a double-barred beach a longshore-uniform longshore current velocity
profile and a mean wave set-up describe the stationary situation, see Figure 2.3(b). Note that
the depth at x = 0 is not zero, but set to a rather large value of 1 m. This is done in order
to prevent the growth of large amplitude bed perturbations near the coastline, which would
dominate the morphology and hence the linear stability characteristics of the system as a whole,
whereas the focus is on bed forms growing on top of the breaker bars. The fact that the depth
at x = 0 is zero in case of planar sloping beaches is motivated by the results of previous studies
on planar beaches, showing that bed features emerge close to the shoreline. Therefore the water
motion near the coastline must be correctly calculated, which will not be the case if the water
depth at the shoreward model boundary is too large.
In case of the linear sediment transport relation as in the idealized model (Eq. 2.22), the
sediment transport in cross-shore direction associated with the longshore-uniform beach is zero,
since the cross-shore velocities are zero. The longshore sediment transport is longshore-uniform,
like the longshore current. This means that the divergences and convergences of the sediment
transport are zero, i.e. no bed changes occur. Therefore, any longshore-uniform bathymetry is
an equilibrium bathymetry.
In the fully non-linear model, it is assumed that the longshore-uniform part of the sediment
transport in the direction of the wave orbital motion (Eq. 2.11) is compensated by offshore
sediment transport processes like undertow, and hence that the unperturbed coastal system
is in equilibrium. This is obtained by subtracting the longshore-uniform part of the sediment
transport rates, associated with the longshore-uniform bathymetry, from the actually computed
rates.
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2.4 Linear Stability Analysis
The standard way to study the linear stability of a system in morphodynamic equilibrium is
by adding small perturbations periodic in space to the equilibrium solution. By linearizing the
governing equations with respect to these small perturbations, an eigenvalue problem results.
Solving this eigenvalue problem yields the eigenfunctions defining the spatial structure of the
perturbed quantities with corresponding growth and migration rates. The growth rates indicate
whether these perturbations exponentially grow or decay in time. The migration rates indicate
the direction in which and the celerity with which the perturbations migrate.
In this study, however, the formal linearization of the governing equations can not be
performed since a numerical model is used to compute the perturbed velocity field and free
surface elevation for a given bed perturbation. The implication of this is that another method
for solving the stability problem has to be used. This method was first introduced in the field
of coastal morphology by Deigaard et al. [1999].
The method used is known as the Power Method and is sketched in Figure 2.4. It starts with
an initial estimate of the spatial structure of the bed perturbation, with a certain longshore wave
number and cross-shore amplitude distribution. This bed perturbation can grow and migrate
in time, and can be written as
h′ = β(x) exp[i(ky − ωt)] + c.c.

(2.25)

in which i is the imaginary unit, k = 2π/λ the longshore wave number of the bed perturbation,
β(x) = βr (x) + iβi (x) the complex cross-shore amplitude function and ω = ωr + iωi the complex
eigenvalue with ωr being the migration rate and ωi the growth rate. Indices r and i designate the
real and imaginary part, respectively. Note that at this moment only an estimate of the spatial
structure is made; the eigenfunction (i.e. the spatial structure) and the complex eigenvalue ω
being the solution of the stability problem are yet to be determined.
Using this initial guess for the bed perturbation, the wave forces are computed. With
these forces, the perturbed current velocities and water levels are computed (see Figure 2.2).
The resulting stationary flow field is used to compute the sediment transport rates and the
corresponding bed changes. The divergence of the sediment flux associated with the wavelength
λ under consideration are retrieved by means of a Fourier decomposition and can be written as
−∇ < ~q >= Λ(x) exp[iky] + c.c.

(2.26)

in which Λ(x) is the complex cross-shore amplitude function resulting from the numerical
model and associated with the wavelength under consideration. Equating Eq. 2.26 and the
time derivative of Eq. 2.25, evaluated at t = 0 (considering initial bed changes) finally yields
the Rayleigh quotient R (Griffel [1985])
R∞
Λ(x)β ∗ (x)dx
0
R
= −iω
(2.27)
R= ∞
β(x)β ∗ (x)dx
0
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Equilibrium:
z(x), η(x), vc(x), uc = 0

Bed perturbation:
h’(x,y) = β(x)exp[iky] + c.c.

Numerical Model (Fig. 2.2)

New estimate of bed perturbation:
β(x) = Λ(x)

Bed change: ∆h’

FFT & Rayleigh quotient:
Λ(x), ω

Convergence test:
No

|∆ω|/|ω| < 0.5% ?
Yes
Solution:
Λ(x), ω

Figure 2.4: Flow diagram of the Power Method

with ∗ indicating the complex conjugate. The function Λ is used as a new guess for the bed
perturbation, and the procedure sketched above is repeated until R and Λ(x) do not change from
one iteration to the next. When this procedure has converged, Λ(x) exp[iky] is the eigenfunction
defining the spatial structure of the bed perturbation, and R contains the information about
the eigenvalue with ωi = Re(R) and ωr = −Im(R). Both ωi and ωr have the dimension d−1 .
The reciprocal of the growth rate can be interpreted as the e-folding time, i.e. the time needed
to obtain an amplitude that is a factor e times larger than the initial one. The migration rate
scaled with the wave number yields the migration celerity in md−1 . Details of the derivation of
the Rayleigh quotient are given in Appendix D.1 and a validation of the Rayleigh quotient and
the Power Method is given in Appendix D.2.
In this procedure only one wavelength is considered and yields the solution with the largest
growth rate associated with this wavelength, irrespective of the sign of growth rate. By repeating
this procedure for a range of wavelengths, one is able to find the wavelength with the largest
growth rate. If this maximum growth rate is positive, the mode associated with it is designated
as the fastest growing mode (FGM). The wavelength of the FGM is denoted as λp and the
corresponding growth and migration rate as ωi,p and ωr,p , respectively.
The fully non-linear equations are used to calculate the perturbed radiation stresses and water motion. Hence, in principle, non-linear interactions are taken into account as well. However,
by choosing the amplitude of the bed perturbation sufficiently small, the non-linear contribu-
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tions are negligible. This can easily be verified by looking at the ratios of the amplitudes of
the velocity components resulting from non-linear interactions (i.e. components with longshore
wavelengths not equal to the wavelength under consideration) and the amplitude of the velocity
components associated with wavelength under study. This ratio should be small. If a maximum
amplitude of 0.01 m is used, the ratio is of the order 1e−3 indicating that non-linear components
are indeed negligible.
Due to the use of a numerical model and the Rayleigh quotient, the range of wavelengths
that can be considered is limited. The lower limit is 300 m, since the above described iteration
process does not converge for wavelengths smaller than approximately 300 m and therefore no
results are obtained. The reason of this is yet still unknown. The upper limit is determined by
the length of the model domain. Although the model domain is at least 6000 m, the maximum
wavelength that can be assessed is approximately 3000 m, since the area of interest has to
be well away from the disturbances induced by the lateral model boundaries. The set-up of
a numerical model is always a compromise between computational time on one hand and the
length of the area of interest on the other hand. This range of wavelengths is sufficient to
capture rhythmic features occurring in the surf zone of the Dutch coast, see Chapter 1.

2.5 Morphodynamic modelling
The non-linear behaviour of double-barred beaches, with and without nourishments is explored
by means of morphodynamic experiments in which the bed perturbations are allowed to grow in
time. A bed perturbation in the non-linear experiments is defined as the difference between the
actual bed level and the reference bathymetry. In the model set-up of the non-linear analysis the
model domain has been extended from 6 km to 12 km, because the bed perturbations become
large and consequently the disturbances from the model boundary will be larger and more
extended, since the boundary conditions do not exactly match the hydrodynamic conditions in
the interior.
In general, the morphodynamic experiments are performed by perturbing the reference
bathymetry with an initial bed perturbation. This initial perturbation has been constructed
such that its maximum amplitude is everywhere equal to or smaller than 0.01 m. With this
bathymetry the numerical model is run to obtain a stationary, wave-driven flow field. This flow
field yields the sediment transport rates and the bed changes. The new bathymetry is computed
using a morphological time step chosen such that the bed changes are at most ∆hmax m per
time step. Using this new bathymetry the numerical model is run again, etc. see also Figure 2.2,
until the morphodynamic state of the coastal system is well into the non-linear regime.

Chapter 3
Linear behaviour of planar coasts1

3.1 Introduction
In this chapter, the three model versions discussed in the previous chapter, viz. the idealized
model, the fully non-linear model coupled to the sediment transport formulations of Engelund &
Hansen [1967] and the fully non-linear model coupled to the sediment transport formulations of
Bailard [1981] are used to perform LSA’s of planar coasts. The results of these LSA’s describe
the linear free-behaviour of planar beaches. The focus in this chapter is on sensitivities of
the linear stability characteristics to parameter values and process formulations. In the linear
regime, bed slope effects are very small and Ribas et al. [2003] have already shown that the
linear stability characteristics of planar beaches are robust to changes in the magnitude of the
bed slope effects. Therefore, bed slope related transport has been omitted in the Bailard [1981]
formulations.
After a literature review on LSA’s of planar sloping beaches, the experiments that have been
performed in this chapter are defined in Section 3.3. The results of these LSA’s are presented
in Sections 3.4, 3.5 and 3.6, and are discussed in Section 3.7.

3.2 Literature review on LSA’s of planar coasts
A number of studies concerning linear stability analyses of planar beaches have already appeared
in the literature. The first study exploring surf zone morphology with a stability model is
described in Hino [1974]. Under the forcing of obliquely incident, breaking waves, down-current
oriented bars are found as fastest growing modes with a longshore spacing of about four times
the surf zone width xb . A bar is defined as down-current oriented if the longshore position of the
seaward tip of the bar is situated down-current (with respect to the mean longshore current)
of the shoreward tip. Figure 3.8 gives an example of a down-current oriented bar. Christensen
et al. [1994] extended Hino’s study by enhancing the formulation of the physical processes like
wave forcing and sediment transport. Applying a sediment transport relation accounting for
1. The contents of this chapter is largely based on Klein & Schuttelaars [2005b].
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bed load transport Christensen et al. [1994] found up-current oriented bars with a spacing of
about six times the surf zone width.
The influence of the angle of wave incidence, the parameterization of sediment stirring and
the exponent of the current velocity in the formulation of the sediment transport are structurally
explored in Falqués et al. [2000] and Ribas et al. [2003]. Falqués et al. [2000] focused on normal
incident waves. For a sediment stirring function increasing quadratically with the distance
from the shoreline and remaining constant on the seaward side of the breaker line, hence the
sediment stirring function is proportional to the wave height squared, crescentic patterns with
alternating channels and shoals around the breaker line are found. The spacing of the fastest
growing mode is about three to five times the surf zone width. Ribas et al. [2003] investigated,
among others things, the influence of the angle of wave incidence and found down-current
migrating, crescentic bar features in case of a sediment transport relation that depends linearly
on the local velocity and for wave angles larger than 5◦ . For smaller angles the direction of
migration altered, although the bed perturbation did not significantly change its shape.
In these studies the bed changed both due to interactions between the bed perturbations
and the incident waves (the so-called bed-surf effects) and the interactions between the bed
perturbations and the flow field (the so-called bed-flow effects). Falqués et al. [1996] focused on
bed-flow interaction. They prescribed a longshore-uniform longshore current profile and studied
the effects of bed-flow interaction on the linear stability characteristics of planar beaches. For
parameter values representative of natural beaches, down-current bars with a spacing of one to
four times the surf zone width were found.
In the linear stability analyses mentioned above, many simplifications had to be made
in order to be able to linearize explicitly the hydro- and morphodynamic equations. These
simplifications concern a saturated surf zone assumption, regular waves, linear bed shear stress
and a simple transport formula. These simplifications are based on the assumption of wavedominated conditions, viz. a wave orbital velocity that is much larger than the mean current
velocity.
In this chapter, the importance of a number of these simplifications and the sensitivities
of the model results to different values of the drag coefficient, the bed slope and the angle of
wave incidence are assessed. To that end, the stability properties of the surf zone morphology
are studied using the models discussed in the previous chapter. The idealized model is used not
only for a comparison with the fully non-linear model, but also to explore the linear stability
characteristics of planar beaches under either current-dominated or wave-dominated conditions,
which are the regimes covered by Falqués et al. [1996] and Ribas et al. [2003], respectively. The
next section discusses which experiments are exactly performed.

3.3. Definition of the experiments
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3.3 Definition of the experiments
This section describes the linear experiments that have been performed with the three model
versions. The results of the linear stability analyses performed with the idealized model are
presented in Section 3.4 and the results obtained with the fully non-linear model are presented
in Sections 3.5 and 3.6.
First of all, a reference experiment with parameters representative of natural beaches (Table 3.1) is defined and discussed (Section 3.4.1). The default significant wave height is about the
yearly-averaged significant wave height observed along the Dutch coast (see Van Rijn [1997]).
The default angle of wave incidence is based on the work of Falqués et al. [1996] and Ribas et
al. [2003]. All other parameters have physically feasible values. Only the parameters deviating
from these reference settings are included in the captions of the figures.
The sensitivities of the linear stability characteristics to variations in the drag coefficient, the
bed slope and the angle of wave incidence are explored in Section 3.4.2. Section 3.4.3 discusses
the effects of irregular waves and wave refraction with respect to the perturbed bathymetry by
coupling the idealized model to the HISWA wave model.
Next, the sensitivity of the results to bed-flow and bed-surf interactions is investigated in
Section 3.4.4 by adjusting process formulations. First of all, the effects of bed-surf and bedflow interactions is investigated, while using the idealized sediment transport formulation of
Eq. 2.22. Perturbations in the radiation stresses result from bed and water level perturbations.
By omitting these perturbations from the wave forcing terms, a longshore-uniform longshore
current is obtained that only interacts with the bed via bed-flow interaction, similar to Falqués
et al. [1996]. From a hydrodynamic point of view, this condition is current-dominated.
Then the wave-dominated formulations (i.e. including the bed and water level perturbations in the wave forcing) are applied in combination with a wave-dominated sediment stirring
function αcwd (x), obtained from αc (x, y) in Eq. 2.11 after averaging in the longshore direction.
Thence, αcwd (x) is associated with the morphodynamic equilibrium state. Note that the sediment that is available due to this wave-dominated sediment stirring function is transported in
the current direction only.
In the next series of experiments, the wave-dominated conditions are changed into currentdominated conditions by varying the hydrodynamic conditions from wave-dominated to currentdominated by gradually excluding the bed and water level perturbations in the wave forcing
terms and by changing the sediment stirring function from the wave-dominated stirring function αcwd to the current-dominated stirring function αccd . This αccd function is obtained from
Eq. 2.11 by neglecting the wave orbital velocity and averaging in longshore direction. In the
final experiment, the sediment stirring function αcwd (x) is used in combination with radiation
stresses calculated using HISWA instead of those derived by Longuet-Higgins [1970].
It is important to note that there are two essential differences between the latter experiment, applying HISWA and αccd (x), and the experiments of Section 3.5, which are performed
with the fully non-linear model coupled to the Engelund & Hansen [1967] sediment transport
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formulation. The first difference is that in Section 3.5 the sediment stirring function is a function of both the longshore and the cross-shore coordinate instead of being longshore-uniform.
Secondly, in the fully non-linear model sediment is transported in the direction of both the wave
orbital and current velocity, while in the model presented in Section 3.4.4 the transport in the
direction of the wave orbital velocity is neglected. Another difference is the (non-)linearity of
the bed shear stress. However, it has been shown in Klein & Schuttelaars [2004] that whether
the bed shear stress is linear or not does not essentially influence the results of the LSA.
In Section 3.5, a reference experiment, using the parameters given in Table 3.1, is performed
with the fully non-linear model coupled to the Engelund & Hansen [1967] sediment transport
formulation. The sensitivities of that model to variations in parameter values are investigated.
The importance of different contributions to the sediment transport within the Engelund &
Hansen [1967] formulations are investigated as well. In Section 3.6, finally, the same experiments
as presented in Section 3.5 are performed with the fully non-linear model coupled to the Bailard
[1981] sediment transport formula. Unless stated otherwise, the results concern the fastest
growing modes (FGM’s), i.e. the eigenfunctions with the largest growth rate. In general, the
spacing of the FGM’s has been determined with an accuracy of 100 m. When necessary, the
increment has been reduced to 10 m.
To be able to easily characterize the hydrodynamic conditions observed in the experiments,
a parameter γcw is introduced:
vc,m − u0,b
(3.1)
γcw =
vc,m + u0,b
where vc,m is the maximum velocity of the mean longshore current and u0,b is the wave orbital
velocity at the breaker line, computed with the linear wave theory. If γcw ≃ 1, vc,m ≫ u0,b and
the hydrodynamic conditions can be characterized as current-dominated. If, on the other hand,
γcw ≃ −1, vc,m ≪ u0,b and hence the hydrodynamic conditions are wave-dominated. These
values of γcw are, however, extreme values. In practice, γcw varies roughly between -0.8 and
-0.3. Hence, the conditions are considered current-dominated if γcw is of the order of -0.8 and
conditions are considered wave-dominated if γcw is of the order of -0.3.

3.4 Results of the idealized model
3.4.1 Reference experiment
Figure 3.1 shows the spatial structure of the bed perturbation of the FGM obtained with the
idealized model, using the default parameter settings (see Table 3.1). In this and all other
experiments, the direction of the unperturbed longshore current (indicated in Figure 3.1 by
v(x)) is such that the coast is on the left when looking in the direction of the mean current.
The magnitude of the longshore current is 0.25 ms−1 and the amplitude of the wave orbital
velocity at the breaker line is 1.24 ms−1 . Hence, γcw = −0.67, indicating that the hydrodynamics
in this experiment are wave-dominated.
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Table 3.1: Default parameter values used in the numerical experiments

Idealized model

Fully non-linear model

General

Parameter
Wave height
Wave period
Breaker depth
Breaker parameter
Turbulence coefficient
Length model domain
Significant wave height
Peak wave period
Breaker height coefficient
Eddy viscosity
Length model domain
Wave angle at breaking
Bed slope
Drag coefficient
Gravitational acceleration
Water density
Sediment density
Median grain size
Porosity
Bed slope parameter
Width model domain
Cross-shore grid size
Longshore grid size

Hb
T
Db
γb
Nt
Ly
Hs
Tp
γ
ν
Ly
θb
βs
cd
g
ρw
ρs
D50
p
γs
Lx
dx
dy

Value
0.78
6
0.97
0.8
0.01
12000
1.1
6
0.8
1
6000
5
0.01
0.0035
9.81
1030
2650
250
0.4
0
1200
10
10

Unit
m
s
m

m
m
s
m2 s−1
m
◦

ms−2
kgm−3
kgm−3
µm

m
m
m

The wavelength of the FGM is 800 m. The eigenfunction, describing the spatial structure
of the bed perturbation, is a crescentic pattern with alternating shoals (solid contours) and
channels (dashed contours) around the breaker line, indicated by the straight dash-dotted line.
The bed perturbation at the seaward side of the breaker line, called the outer bar or shoal, is
perpendicular to the shoreline, whereas the inner bar is up-current oriented. A bar is up-current
oriented if the longshore position of the seaward ‘tip’ of that bar is situated up-current (with
respect to the mean longshore current) of the shoreward tip.
The perturbed flow pattern, depicted in Figure 3.1 as well, is a circulation pattern that
is slightly shifted in longshore direction with respect to the bed perturbation, i.e. the location
of maximum cross-shore velocity is situated somewhat down-current of the location with a
maximum amplitude of the bed perturbation. Nevertheless, in the surf zone mainly an onshore
current is present on top of a shoal and an offshore current exists over a channel, and vice versa
outside the surf zone.
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Figure 3.1: Bed and flow perturbations of the FGM (λp = 800 m) of the reference experiment
performed with the idealized model. Here, v(x) denotes the direction of the unperturbed longshore
current. The straight vertical dash-dotted line indicates the breaker line. Shoals are drawn with solid
contours, channels with dashed contours.
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Figure 3.2: Growth and migration rates of the reference experiment performed with the idealized
model as a function of the longshore wavelength
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Figure 3.2(a) depicts the growth rate of the bed perturbations for different longshore wavelengths. It clearly shows that a maximum growth rate occurs for λ = λp = 800 m. This maximum is positive, meaning that the bed perturbation associated with it grows exponentially
in time. The coastal system is unstable, hence it does not return to its equilibrium state. The
migration rate is presented in Figure 3.2(b). The FGM has a celerity c (= ωr /k) of 10 md−1 .
For all wavelengths, the bed perturbations migrate down-current. The migration rate decreases
rapidly with increasing wavelength but for large wavelengths the migration rate hardly depends
on the wavelength, although a small increase of the migration rate can be observed for λ = 1500
m. The dependence of the migration rate on the wavelength is in correspondence with intuition,
viz. the larger the wavelength of the bed perturbation the more sand has to be transported in
order to cause a migration of the bed form.
3.4.2 Sensitivity to the drag coefficient, bed slope and angle of wave incidence
The dependence of the linear stability characteristics on the drag coefficient, the bed slope and
the angle of wave incidence has been investigated. The FGM’s have been determined for five
different bed slopes (0.0075, 0.009, 0.010, 0.011 and 0.0125), three drag coefficients (0.0025,
0.0035 and 0.0045) and two angles of wave incidence (5◦ and 10◦ ). Note that when varying
βs the position of the breaker line is changed, since both the wave height and the breaker
parameter are kept fixed.
The results, as far as the wavelength λp , the growth rate ωi,p and the migration rate ωr,p of
the FGM’s are concerned, are plotted in Figure 3.3. No results are presented for the combination
of βs = 0.0125, cd = 0.0025 and θb = 10◦ because no FGM is found for wavelengths up to 3000
m, the maximum wavelength that can be assessed with this model.
The influence of friction, the angle of wave incidence and the bed slope on the preferred
spacing λp is shown in Figure 3.3(a). For every FGM, the parameter γcw is plotted as well. The
smaller the drag coefficient and the larger the angle of wave incidence, the less wave-dominated
the hydrodynamic conditions are and the larger the preferred spacing λp . This dependence is
independent of the bed slope. The influence of the bed slope on λp , on the contrary, is not
straightforward. A minimum in the wavelength exists for a slope of approximately 1 % for
θb = 10◦ . This minimum is less pronounced if the water motion becomes more wave-dominated
and eventually disappears for small angle and large friction, although a local minimum in the
preferred spacing is still present at βs = 0.01.
In Figure 3.3(b) the dependence of the growth rate of the FGM’s on the drag coefficient,
the bed slope and the angle of wave incidence is presented. It clearly shows that increasing the
angle of wave incidence results in smaller growth rates. The dependence of the growth rate on
the drag coefficient is more complex. For θb = 5◦ no clear trend independent of the bed slope
and the angle of wave incidence is found, whereas for θb = 10◦ the growth rate seems to increase
with increasing cd . Interestingly enough, a maximum growth rate is found for a bed slope of
1 %, independent of the angle of wave incidence and the drag coefficient.
From Figure 3.3(c) it is clear that the sensitivities of the migration rates to the bed slope
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Figure 3.3: Sensitivity of the wavelength, and the growth and migration rates of the FGM’s to the
drag coefficient cd , the bed slope βs and the angle of wave incidence θb . The numbers in Figure 3.3(a)
represent γcw . Other parameters have default values (Table 3.1). Results are obtained with the idealized
model. For the legend, see Figure 3.3(a).

depend on the angle of wave incidence as well. For a large angle, a maximum in the migration
rate is again found for a bed slope of 1 %. For a small angle of wave incidence, the migration
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rate increases with increasing bed slope. For both wave angles, however, no clear trend between
the migration rate and the drag coefficient is visible.
In Figure 3.4 the spatial structure of the bed and flow perturbations of a number of the
FGM’s displayed in Figure 3.3 are shown. The spatial structures do not qualitatively differ from
the spatial structure of the reference experiment (see Figure 3.4(a), which has been repeated
from Figure 3.1 for convenience), viz. an undulating pattern of alternating shoals and troughs
around the breaker line. The flow patterns are circulation currents with onshore flow over shoals
and offshore flow over channels in the surf zone. Outside the surf zone this picture is reversed.
On a more detailed level, there are differences in the orientation and the cross-shore extent
of the patterns. Figure 3.4(b) illustrates the effect of enlarging the angle of wave incidence from
5◦ to 10◦ . A larger wave angle changes the orientation of the outer bar from shore-perpendicular
to a slightly up-current oriented bar. The pattern as a whole is less extended in the cross-shore
direction. On milder (steeper) slopes, compare Figures 3.4(c) and 3.4(d), the bed perturbations
are more (less) elongated in the cross-shore direction and the inner bar is more (less) up-current
oriented. Decreasing (increasing) the drag coefficient, compare Figures 3.4(e) and 3.4(f), results
in less (more) oblique up-current oriented inner bars.
Also the flow patterns exhibit differences on a small scale. In particular, the phase shift
between the bed perturbation and the flow pattern is noticeable, especially when comparing
Figure 3.4(a) with Figure 3.4(b). This phase shift, likely caused by inertia of the longshore
current, is responsible for the relatively large difference in growth rate between the reference
case and the variant with θb = 10◦ , as will be pointed out in the discussion.
From Figure 3.4 it is clear that the surf zone width is smaller than the minimum wavelength
of 300 m that can be assessed with this model set-up. Falqués et al. [1996] and Ribas et al.
[2003], however, found preferred spacings that are of the order of the surf zone width. In order to
be able to cover the range of wavelengths that are of the same order as or smaller than the surf
zone width, additional experiments have been performed, in which the surf zone width is 300
m or larger. This has been achieved by choosing a small bed slope. Several combinations of bed
slopes and drag coefficients have been assessed. The spatial structure of the bed perturbations
resulting from these experiments have the same characteristics as the ones discussed above, viz.
crescentic features with an up-current oriented inner bar. The preferred spacing remains much
larger than the surf zone width and no maximum with a wavelength of the order of the surf
zone width is found.
3.4.3 Effects of refraction and irregular waves
The effects of refraction with respect to the perturbed bathymetry and irregular waves are
assessed by coupling the idealized model to HISWA instead of using Longuet-Higgins [1970].
In the HISWA model, a breaker height coefficient of 0.8 has been applied, which is a good
compromise to match both the location and the magnitude of maximum longshore current
velocity with those following from the idealized model forced with the Longuet-Higgins [1970]
formulations. Due to irregularity of the waves, a significant wave height Hs has to be defined.
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Figure 3.4: Sensitivity of the bed and flow perturbations to the drag coefficient cd , the bed slope
βs and the angle of wave incidence θb . Other parameters have default values (Table 3.1). Shoals are
drawn with solid contours, channels with dashed contours. Results are obtained with the idealized
model.
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A significant wave height of 1.1 m in deep water has been used which corresponds, according
to the Rayleigh distribution, to a wave height of 0.78 m in the idealized model. The bed slope
βs is set to 0.0075, while the other parameters have their default values (see Table 3.1).
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Figure 3.5: Bed and flow perturbations obtained with the idealized model coupled to HISWA. βs =
0.0075, other parameters have default values. Shoals are drawn with solid contours, channels with
dashed contours. The applied sediment stirring function is α(x). γcw = −0.82.

Using HISWA, a preferred spacing of 700 m is found. This is much smaller than the wavelength of 1060 m obtained in the experiments with the wave forcing according to the formulation
of Longuet-Higgins, see Figure 3.3(a). The spatial structure of the bed perturbation (Figure 3.5)
is quite similar to the ones obtained with the idealized model and the Longuet-Higgins [1970]
forcing. The growth and migration rates, however, are smaller than the ones found with the
complete idealized model. Varying the breaker height coefficient shows that a larger γ yields a
larger maximum longshore current velocity and a narrower surf zone, resulting in a smaller preferred spacing. The opposite is true for a smaller γ. This dependence of the preferred spacing on
the longshore current velocity corresponds with the fact that γcw = −0.82. The hydrodynamics
are wave-dominated and therefore the effects of the waves are more important for the linear
stability characteristics than the longshore current.
3.4.4 Sensitivity to the Sediment Stirring Function
By omitting the bed and water level perturbations from the radiation stresses, a model very
similar to the one of Falqués et al. [1996] is obtained, in which bed-surf interactions are omitted.
Note that the unperturbed radiation stresses still result in a longshore current. With this model
the current-dominated regime has been explored. The sediment stirring α(x) that has been
used, is the same one as used in the idealized model and is proportional to the wave height
squared (see Eq. 2.22). Due to the saturated surf zone assumption, wave heights are linearly
decreasing through the surf zone and constant beyond, resulting in a discontinuous α(x), see
the solid line in Figure 3.7(a). With the current-dominated hydrodynamics and a sediment
stirring function proportional to the wave height squared, growing bed features are found with
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from the one found in the reference experiment: the orientation of the inner bar changes from
up-current in the reference experiment to down-current in the current-dominated situation.
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Figure 3.6: Bed and flow perturbations with a wavelength of 400 m are shown for a current-dominated
situation (γcw = 1) and a wave-dominated experiment (γcw = −0.67). Shoals are drawn with solid
contours, channels with dashed contours. The applied sediment stirring function is α(x).

Next, the current-dominated and wave-dominated regimes are explored not only by adjusting the hydrodynamic formulations as described above but also by adjusting the sediment
stirring functions. Using Eq. 2.11, neglecting the transport in the direction of the wave orbital
velocity and only retaining the sediment stirring associated with the morphodynamic equilibrium, a wave-dominated sediment stirring function αcwd is obtained. This stirring function,
scaled with its maximum value, is depicted in Figure 3.7(a) with a dashed line and is defined
in Eq. 2.12.
The current-dominated stirring function αccd , depicted in Figure 3.7(a) by the dash-dotted
line after scaling with its maximum value, is obtained from Eq. 2.12 by assuming ~u0 ≪ ~uc and
by averaging in longshore direction (associated with the unperturbed bathymetry). Therefore,
the longshore-uniform, current-dominated sediment stirring αccd proportional to vc4 .
In Figure 3.7(b) the growth rates are plotted as a function of the longshore wavelength,
with ‘×’ denoting results obtained using αcwd (x) and considering wave-dominated hydrodynamics, and ‘△’ denoting the results obtained using αccd (x) and considering current-dominated
hydrodynamics. For αcwd (x), Figure 3.7(b) shows that the growth rate increases with increasing
wavelength, but never reaches a maximum value. In fact, the growth rates of all wavelengths
considered (up to 2900 m) are negative. Using αcwd , Figure 3.7(d) shows that bed perturbation
has changed into a down-current oriented bar instead of an undulating pattern of alternating
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Figure 3.7: Sensitivity of the growth rates and the bed and flow perturbations to the sediment stirring
function. Results are obtained with the idealized model, using different stirring functions. βs = 0.0075,
other parameters have default values. Shoals are drawn with solid contours, channels with dashed
contours.

shoals and troughs along the breaker line. The perturbed flow structure is a circulation pattern
with mainly onshore flow over the shoals and offshore flow above the troughs.
The results obtained with αccd (x) are similar to the results obtained with current-dominated
hydrodynamics and a sediment stirring function proportional to the wave height squared: the
growth rate increases with decreasing wavelength and no FGM is found for wavelengths larger
than 300 m (Figure 3.7(b)). Also the spatial structure (see Figure 3.7(c)) is virtually the same,
viz. an undulating crescentic pattern with down-current oriented inner bars.
An additional experiment has been performed in which the idealized model, using αcwd ,
is coupled to HISWA. The effects of a more sophisticated wave forcing and αcwd on the bed
perturbation are similar to the results of the idealized model without HISWA (see Figure 3.7(b)).
The bar is still down-current oriented with mainly onshore flow over the shoals, whereas the
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growth rates are negative and increase with increasing wavelength.

3.5 Results of the fully non-linear model coupled to Engelund and
Hansen [1967]
3.5.1 Reference experiment
Applying the fully non-linear model coupled to the transport formula of Engelund & Hansen
[1967] and using the default parameter settings (see Table 3.1), the growth and migration rates
as a function of the longshore wavelength are shown in Figures 3.8(a) and 3.8(b), respectively.
The growth rate increases from negative values for small wavelengths to positive values for large
wavelengths. However, no FGM is found in the range of wavelengths considered. Figure 3.8(a)
suggests that in the limit λ → ∞ the growth rate goes to a limit value ωi∞ which is finite and
positive. The migration rate is decreasing with increasing wavelength and is positive, meaning
down-flow migrating bed features.
The resulting bed perturbations can be characterized as very oblique down-current oriented
bars. Figures 3.8(c) and 3.8(d) demonstrate that the obliqueness of the bars increases with
increasing wavelength. These figures furthermore demonstrate that with increasing wavelength
the current velocity perturbations become shore-parallel, whereas for small wavelengths a clear
circulation pattern with onshore flow over the shoals and offshore flow above the troughs can
be observed (cf. Figure 3.1 obtained with the idealized model).
3.5.2 Sensitivity to the drag coefficient and bed slope
In this section the dependence of the linear stability characteristics on the drag coefficient and
the bed slope is investigated. The results are presented in Figure 3.9. Within the range of
parameters considered, no FGM is found. The growth rate decreases with increasing cd for all
wavelengths considered (see Figure 3.9(a)). As observed in the previous section, the growth
rates have a maximum value for a bed slope of 1 % (see Figure 3.9(c)). For steep slopes, only
decaying bed perturbations are found. Figures 3.9(b) and 3.9(d) show that the migration rate
decreases with increasing drag coefficient and with decreasing bed slope.
The observations concerning the bed perturbations made in the reference experiment apply
to these experiments as well. The orientation is very oblique down-current and becomes more
and more oblique with increasing wavelength and thus with increasing growth rate.
Additional experiments have been performed in which bed slope related transport is included by means of the bed slope parameter γs . The influence of γs is as expected, the larger
γs the smaller the growth rate. The influence of γs on the migration rate is limited, certainly
for larger wavelengths. These experiments are discussed in more detail in Appendix B.2.
3.5.3 Sensitivity to the angle of wave incidence
The sensitivity of the growth and migration rate to the angle of wave incidence has been
investigated by considering three angles of wave incidence, viz. θb = 5, 10 and 17◦ . The results
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Figure 3.8: Growth and migration rates of the reference experiment performed with the fully nonlinear model coupled to the Engelund and Hansen [1967] sediment transport formulation as a function
of the longshore wavelength. Two characteristic bed and flow perturbations are shown in 3.8(c) and
3.8(d). Shoals are drawn with solid contours, channels with dashed contours. The breaker line, defined
as the location of maximum wave energy dissipation, is indicated by the straight dash-dotted line.
γcw = −0.47.

are presented in Figure 3.10. It is evident that the growth rate increases with increasing wave
angle. Again, no FGM has been found. The results suggest that given a certain wavelength, a
critical angle of wave incidence exists below which no growing features are found. The migration
rate increases with increasing wave angle as well, and decreases with increasing wavelength.
For large wavelengths, the migration rate hardly depends on the longshore wavelength, which
is in accordance with the results obtained in the previous section. The bed perturbations (not
displayed) have the same characteristics as described in Section 3.5.2, viz. very oblique downcurrent bars, whose obliqueness increases with increasing growth rate.
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Figure 3.9: Sensitivity of the growth and migration rates to the drag coefficient, the bed slope and
the longshore wavelength. Other parameters have default values. Results are obtained with the fully
non-linear model coupled to the Engelund and Hansen [1967] sediment transport formula.

3.5.4 Importance of the various sediment transport contributions
In Section 3.4.4 it is demonstrated that the linear stability characteristics obtained with the
idealized model are sensitive to the sediment stirring function. In that section, the sediment
transport formulation of the idealized model only consisted of sediment transport by the mean
current. In order to investigate the importance of the sediment transport in the wave and
current direction when considering the results of the fully non-linear model, an experiment
has been performed in which the contribution of the sediment transport in the direction of
the waves has been omitted. Hence the only essential difference with the experiment described
in Section 3.4.4 is the dependence of the wave stirring function on both the cross-shore and
longshore coordinate. In Section 3.4.4 the wave stirring function is averaged over the longshore
coordinate.
Figure 3.11 depicts the results obtained with the Engelund & Hansen [1967] transport
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Figure 3.10: Sensitivity of the growth and migration rates to the longshore wavelength and the angle
of wave incidence θb . βs = 0.0075, other parameters have default values. Results are obtained with the
fully non-linear model coupled to the Engelund and Hansen [1967] sediment transport formula.

formulation excluding the contribution in the direction of the wave orbital motion. Decaying,
up-current oriented bed forms are found and although the growth rate increases with increasing
wavelength, it never becomes positive but approaches zero. Furthermore, the migration rate
increases with increasing wavelength and is positive.
It is evident that the contribution of the sediment transport in the direction of the waves
is crucial for having linearly growing bed forms, for the orientation of the bars and for the
dependence of the migration rate on the wavelength.

3.6 Results of the fully non-linear model coupled to Bailard [1981]
3.6.1 Reference experiment
With the application of the Bailard [1981] sediment transport formulations without bed slope
effects in combination with the fully non-linear model, the results of the LSA change dramatically compared to the results obtained with the Engelund & Hansen [1967] formulations. The
results of an experiment with reference settings (see Table 3.1) are plotted in Figure 3.12.
Both the growth and the migration rate decrease with increasing wavelength, being positive for
small wavelengths and negative for large wavelengths. No FGM has been found in the range of
wavelengths under consideration.
Figure 3.12(c) presents a characteristic bed perturbation, showing that up-current oriented
bed features are found. Note that the bed and flow perturbations are very similar to the ones
found in Section 3.5.4.
3.6.2 Sensitivity to the drag coefficient and bed slope
The sensitivity of the linear stability characteristics to the drag coefficient and the bed slope
has been explored. The results, presented in Figure 3.13, display much variation. Nonetheless,
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a number of general conclusions can be drawn.
Firstly, according to Figures 3.13(a) and 3.13(c) the growth rate decreases with increasing
wavelength for all parameter combinations and hence no FGM is found. For wavelengths smaller
than 1000 m rather similar results as the ones obtained with the idealized model are found, viz.
a maximum growth rate for a bed slope of 1 % (see Figure 3.13(c)). Secondly, the migration rate
decreases with increasing friction for wavelengths smaller than 1500 m. For wavelengths larger
than 1500 m, the direction of migration has altered. Thirdly, for wavelengths larger than 1000
m the migration rates decrease with increasing bed slope and are mainly negative, meaning
up-current migration bed features.
Additional experiments have been performed in which bed slope related sediment transport
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Figure 3.12: Results of the reference experiment performed with the fully non-linear model coupled
to the Bailard [1981] sediment transport formulations. Shoals are drawn with solid contours, channels
with dashed contours. γcw = −0.47.

is included. According to expectation, smaller wavelengths are more affected by bed slope effects
than larger wavelengths, since the reduction of the growth rate of smaller modes is larger than
the reduction for larger modes. Nonetheless, no FGM for wavelengths larger than 300 m is
obtained using realistic values of γs . More details are given in Appendix B.3.
Despite the large variation of the growth and migration rates, the bed and flow perturbations
(not displayed) are robust under changes of the bed slope and the drag coefficient and are
similar to the one shown in Figure 3.12(c), viz. up-current bars with mainly onshore flow over
the shoals. Also when bed slope effects are included in the sediment transport formulation, the
bed and flow perturbations do not essentially change.
3.6.3 Sensitivity to the angle of wave incidence
The sensitivity of the linear stability characteristics to the angle of wave incidence is displayed
in Figure 3.14. For wave angles smaller than approximately 7◦ the growth rate is a decreasing
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Figure 3.13: Sensitivity of the growth and migration rates to the drag coefficient, the bed slope and
the longshore wavelength. Other parameters have default values. Results are obtained with the fully
non-linear model coupled to the Bailard [1981] sediment transport formulations.

function of the wavelength, whereas the growth rates are positive for all considered wavelengths.
In that case, the bed perturbation is an up-current bar, see Figure 3.14(c).
For larger angles, on the contrary, the growth rate is an increasing function of the wavelength, whereas only for the larger wavelengths small but positive growth rates are found. For
larger wave angles, the bed perturbation is a very oblique down-current bar, see Figure 3.14(d).
These latter results are very similar to the results obtained with the fully non-linear model
coupled to the Engelund & Hansen [1967] sediment transport formulations.
From Figure 3.14(a) it is evident that θb = 6.6◦ is a critical angle. The bed perturbations
associated with λ ≤ 900 m are up-current oriented bars with the growth rate a decreasing
function of the wavelength. For λ ≥ 1000, down-current bars are found. Hence two different
modes with distinctive growth rates are found. In the range 900 ≤ λ ≤ 1000 m the numerical
method to find the FGM converges very slowly or not at all. This is to be expected since in this
range of wavelengths two distinct eigenfunctions exist with similar growth rates. The method
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employed to find the FGM assumes that the growth rates of the various eigenfunctions are
well-separated which is obviously not the case anymore. Thence, the solutions in the range
900 ≤ λ ≤ 1000 m cannot be calculated.
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Figure 3.14: Sensitivity of the growth and migration rate to the angle of wave incidence θb .
βs = 0.0075, other parameters have default values. Results are obtained with the fully non-linear
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up-current bars, solid lines correspond with down-current bars. Down-c (up-c) indicates that the
corresponding bed perturbation is down-current (up-current) oriented. Shoals are drawn with solid
contours, channels with dashed contours.

Irrespective of the angle of wave incidence, the migration rate is a decreasing function of the
longshore wavelength. The down-current oriented modes, however, have larger migration rates
than the up-current modes. Nonetheless, the migration rates are generally positive, meaning
down-flow migrating bed perturbations, and increase with increasing angle of wave incidence.
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3.6.4 Importance of the various sediment transport contributions
To assess the importance of the sediment transport in the direction of the mean current, an
experiment has been performed in which the contribution of the sediment transport in direction
of the wave orbital motion has been omitted. Together with the reference experiment, the
results are presented in Figure 3.15. It clearly shows that omitting the sediment transport in
the direction of the waves yields decaying, up-current oriented bed forms (see Figure 3.15(c)).
A more detailed analysis shows that when sediment is only transported as bed load (i.e.
neglecting suspended load) or only as suspended load (by neglecting bed load) this results in
growth rates smaller than those found using the complete Bailard [1981] formulations. The
qualitative picture does not change, viz. positive growth rates which decrease with increasing
wavelength. In case of bed load transport only, transport in the direction of the waves (current)
results in growing (decaying) bed forms.

3.7 Discussion
3.7.1 Idealized model
The physical mechanism that leads to growth or decay of bottom perturbations in the surf zone
has been introduced in Falqués et al. [1996] and is used in a number of studies, among others,
Falqués et al. [2000], Caballeria et al. [2002] and Ribas et al. [2003]. To analyze the growth or
decay of a bed perturbation the so-called bottom evolution equation (BEE) is derived by using
the mass conservation equation Eq. 2.1, the sediment transport formula Eq. 2.9 and the sediment mass conservation equation Eq. 2.14 (see Falqués et al. [1996] for details). Perturbations
in the free surface are assumed to be negligible compared to perturbations in the bed level.
Furthermore, in the derivation of the BEE it is assumed that the sediment stirring function
α is a function of the cross-shore coordinate only, neglecting the longshore periodic perturbations of the sediment stirring. Since this requirement is only met in case of the idealized model
(see Section 2.2.3), the BEE is only derived for the sediment transport proportional to ~uc (see
Eq. 2.22) and reads (neglecting bed slope effects)


α
∂
∂h′ αV0 ∂h′
ln
u′c
(3.2)
+
= −α
∂t
D0 ∂y
∂x
D0
Here D0 is the equilibrium water depth, V0 the equilibrium longshore current velocity and α
is the sediment stirring function (see Eq. 2.22), proportional to H 2 . The second term on the
left-hand-side only results in migration, whereas the term on the right-hand-side can result
in growth of bed forms. The function α/D0 is called the potential stirring function, following
Falqués et al. [2000].
It is obvious that a bed perturbation grows when a shoal (h′ > 0) accretes (∂h′ /∂t > 0)
and when a channel (h′ < 0) erodes (∂h′ /∂t < 0). In the experiments with the idealized
model, α inside the surf zone is proportional to (γb2 D0 )2 resulting in ∂ ln(α/D0)/∂x > 0, i.e.
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Figure 3.15: Sensitivity of the growth and migration rates, and the bed and flow perturbations to
different sediment transport modes of the Bailard [1981] sediment transport formulations. Shoals are
drawn with solid contours, channels with dashed contours. βs = 0.0075, other parameters have default
values. Results are obtained with the fully non-linear model.

the potential stirring inside the surf zone is increasing in offshore direction. Since α is constant
outside the surf zone, ∂ ln(α/D0 )/∂x < 0, or in words, the potential stirring outside the surf
zone is decreasing in offshore direction. Hence, for bed perturbations to grow, the cross-shore
velocity above a shoal in the surf zone must be negative (i.e. onshore directed) and positive
(offshore directed) over a channel. Outside the surf zone, an unstable system requires offshore
flow over a shoal and onshore flow over a trough. Looking at the bed and flow perturbations
obtained with the idealized model and their corresponding growth rates, it is clear that the
model results satisfy these requirements. Note that these arguments are only valid in case of a
wave-dominated conditions.
Using Eq. 3.2, the occurrence of a FGM (see e.g. Figure 3.2(a)) in the results of the idealized
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model can be understood. For very large wavelengths in the longshore direction, Eq. 2.1 reduces
in leading order to (D0 u′c )x = 0 (cf. Section 2.3). Using the fact that the cross-shore velocity
must disappear for large x, it follows that u′c → 0 as λ → ∞. On the other hand, for very
small wavelengths, viscous effects are dominant in the momentum equations. In leading order
in k (k is the wave number 2π/λ) Eq. 2.2 reduces to νk 2 u′c = 0, showing that for large k the
cross-shore velocity becomes zero. Hence for both large- and small-scale bed perturbations the
perturbed velocities become zero, which implies, using Eq. 3.2, that the growth rates go to zero
as well. Therefore, if a non-zero growth rate is found, either a minimum or a maximum growth
rate must exist.
The occurrence of a maximum growth rate as a function of bed slope βs (see Figure 3.3(b))
can be understood by considering planar sloping beaches with large and small bed slopes. Note
that in the experiments with varying bed slope the wave height, and hence the breaker depth,
are not changed. This means that the position of the breaker line varies with varying βs . Scale
the water depth with Db , the cross-shore coordinate with Db /β and use that, according to
Longuet-Higgins [1970], the velocity scales with βs (where the maximum of the unperturbed
longshore current velocity has been used as a typical velocity). From this scaling it can be
assessed that ∂h′ /∂t is of the order of βs2 , implying that for βs → 0 the growth rate goes to
zero. Hence without a bed slope, the continuity mechanism on which Eq. 3.2 is based results
in decaying perturbations. When βs is very large, it can be shown that in leading order the
perturbations in the free surface elevation and the bed perturbation balance. This results in a
cross-shore velocity that is proportional to ∂h′ /∂x and scales with 1/βs2 . Since the right-handside of Eq. 3.2 is of order βs2 , ∂h′ /∂t ∼ ∂h′ /∂x in leading order in βs . This results in migrating
bed perturbations with zero growth rate. Hence the growth rate goes to zero for both steep
and gently sloping beaches. A maximum or minimum growth rate must exist since a non-zero
growth rate is found in the numerical experiments. It has to be remarked that this analysis
applies to limiting values of βs . The results have shown that the dependence on βs is complex
and depends on the angle of wave incidence as well.
The occurrence of a crescentic bed perturbation with channels and shoals opposite to each
other along the breaker line (see Figure 3.1) can be understood by looking into the sign of
∂ ln(α/D0 )/∂x. For growing bed perturbations with a shoal in the surf zone, there is always
onshore flow (u′c < 0). The function ∂ ln(α/D0)/∂x changes sign across the breaker line due
to the discontinuity in the sediment stirring function. Since u′c is still mainly onshore directed
on the seaward side of the breaker line, the bed perturbation must have a negative sign on
the seaward side of the breaker line. The same reasoning applies to cross-sections containing a
channel in the surf zone, resulting in a crescentic bed perturbation.
In Section 3.4.4 the sensitivity of the linear stability characteristics to the hydrodynamic
conditions is investigated. Irrespective of the hydrodynamic conditions, the flow u′c over a shoal
(h′ > 0) is always onshore directed. In case of current domination this results in down-current
oriented bars. When the conditions become more wave-dominated, the orientation of the bar
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changes to an up-current orientation. Hence, the additional forcing of the hydrodynamics by
the perturbations in radiation stresses due to bed and water level perturbations results in a
rotation of the bar. The results obtained in the current-dominated regime, viz. the small spacing
and the down-current orientation of the inner bar, corresponds very well with the findings of
Falqués et al. [1996].
In Section 3.4.4 the sensitivity of the results to the sediment stirring function is discussed
as well. In case of wave-dominated conditions, the cross-shore gradient of the potential stirring
function is, despite the fact that α is increasing with increasing x, negative. When considering
current-dominated conditions, the potential stirring is positive. Since the flow u′c over a shoal
(h′ > 0) is always onshore directed, independent of the hydrodynamic conditions, the shoal
will erode under wave-dominated conditions but grow when considering a current-dominated
sediment stirring. Using this observation and Eq. 3.2, it can be understood that for wavedominated sediment stirring the growth rate increases with increasing wavelength although it
is always negative: the cross-shore velocity is always negative over a shoal in the surf zone, but
u′c → 0 for λ → ∞. Since ωi ∝ ∂h′ /∂t ∝ u′c , it is clear that the growth rate goes to zero as
λ → ∞.
The orientation of the bed perturbations found with the model described in Section 2.2.3
is always up-current for the fastest growing bed forms. In Ribas et al. [2003] it is argued that
because of current refraction, down-current oriented bars are expected to have larger growth
rates than up-current oriented bars. However, this argument is based on the assumption that the
rotational component of the velocity field is negligible and a good description of the velocities
is given by the potential component. This is, for example, the case in Calvete et al. [2001],
see Trowbridge [1995] as well. However, in our case the rotational part of the velocity field is
not necessarily negligible and hence the above argument cannot be applied in the surf zone.
Consequently, the perturbations in the radiation stresses play a crucial role.
A number of other results have been found with the idealized model that are not found in
previous models such as Ribas et al. [2003]. In Ribas et al. [2003] the bed slope and the drag
coefficient are not studied separately. However, the results with the idealized model show that
these parameters should be considered separately, see Figure 3.3(b). Changing the bed slope
with constant drag coefficient results in different FGM’s. Secondly, Figure 3.3(b) shows that
the spacing increases with increasing angle of wave incidence, which is opposite to the findings
of Ribas et al. [2003], who find decreasing spacing with increasing angle of wave incidence, up
to a certain angle beyond which the spacing does not increase further with increasing angle of
wave incidence.
3.7.2 Fully non-linear model
Using the fully non-linear model with an Engelund & Hansen [1967] transport formula, very
oblique down-current oriented bars are found. The growth rate increases from negative values
for small wavelengths to positive growth rates for large wavelengths, but a maximum growth
rate is never found. The orientation of the bars becomes more and more oblique with increasing
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wavelength (and thus with increasing growth rate). Including bed slope effects, changing the
angle of wave incidence, the bed slope or the drag coefficient does not qualitatively change these
results. No FGM is found.
To understand the absence of a FGM in the experiments done with the fully non-linear
model coupled to the Engelund & Hansen [1967] transport formula, the divergence of the
x
y
x
y
sediment flux is subdivided in four components, viz. qc,x
, qc,y
, qw,x
and qw,y
. Here ~qc (~qw ) denotes
the sediment flux transported in the direction of the mean current (wave orbital velocity), the
superscript denotes the component of the sediment flux in the cross-shore (x) and longshore
(y) direction, and the subscripts x and y denote differentiation with respect to the cross-shore
and longshore coordinate, respectively. The relative importance of the different terms to the
total bed change is summarized in Table 3.2.
From Table 3.2 and the comparison of the numerical experiments with and without sediment
transport in the wave orbital direction, it is evident that divergences of the sediment flux in the
wave orbital direction are crucial to have growing bed features. Since a positive growth rate is
y
x
found for λ = 2500 m and qw,y
is negligible compared to qw,x
, it is the latter contribution that
is crucial for having positive growth rates. For a wavelength of λ = 500 m, negative growth
x
rates are found even though qw,x
gives the largest contribution to the divergence of the sediment
flux. Note that this contribution is larger than the contribution found for a wavelength of 2500
y
m. Hence qc,y
, the only other significant term to the bed change, must have a damping effect.
x
y
Since the magnitude of both qw,x
and qc,y
decrease with increasing wavelength, but the latter
decreases faster than the former, it can be understood that the growth rate increases with
increasing wavelength.
Table 3.2: Relative importance of the various components of the divergence of the sediment flux to
x
the total bed change. All terms are scaled with qw,x
found for a wavelength λ = 500 m.

x
qc,x
x
qw,x
y
qc,y
y
qw,y

θb = 5◦
θb = 5◦
λ = 500 m λ = 2500 m
0.01
< 10−3
1.00
0.75
0.40
0.08
0.01
< 10−3

Allowing for sediment transport in the current direction only, results in up-current bars with
a negative growth rate. It is instructive to compare the results of the fully non-linear model
with transport according to Engelund & Hansen [1967] in the current direction only with the
results obtained with the idealized model forced with HISWA and the equilibrium stirring
function αcwd derived from the fully non-linear model (Figures 3.11(c) and 3.5, respectively).
In both experiments the growth rates are negative and tend to zero for increasing wavelength.
However, in case of the idealized model the bars are decaying, down-current oriented bars,
whereas the fully non-linear model results in decaying, up-current oriented bars. The remaining
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model differences between these experiments are (1) the stirring function in the fully non-linear
model experiments that depends on the longshore coordinate, while it is longshore-uniform in
the idealized experiment and (2) the non-linear bottom friction used in the fully non-linear
model formulation versus the linearized bottom friction in the idealized model. Previous results
(see Klein & Schuttelaars [2004]) indicate that the difference in orientation is mainly due to
differences in the stirring function.
From the experiments it can be deduced that the obliqueness increases with increasing
wavelength. For λ → ∞ the bed perturbations become shore-parallel. From the analysis above
x
it is clear that all terms vanish except qw,x
, the term that is responsible for the growth. This
demonstrates that for increasing wavelength the growth rate continuously increases to a certain
limit value ωi∞ .
Applying the Bailard [1981] transport formula, growing up-current oriented bed forms are
obtained for wave angles smaller than approximately 7◦ . No preferred wavelength is found in
the range of the wavelengths considered. By including bed slope effects, perturbations with
smaller wavelengths are more strongly damped than those with larger wavelengths. Since the
bed slope effects become dominant for very small wavelengths, resulting in a negative growth
rate for these perturbations, a FGM must exist. However, for realistic values of the bed slope
parameter, no FGM with a wavelength larger than 300 m is found.
Taking only bed load or suspended load into account growing, up-current bed forms are
found, although the eigenvalues are modified. When omitting the bed and suspended load in
the direction of the wave orbital motion from the Bailard [1981] formulations, only stable, upcurrent bed forms are found. Hence, sediment transport in the direction of the wave orbital
motion is crucial for growing bed forms. In more detail, bed load transport in the direction of
the wave orbital motion is sufficient to have an unstable system.
For angles of wave incidence larger than 7◦ the results of the LSA obtained with Bailard
[1981] are very similar to the results obtained with Engelund & Hansen [1967]. Very oblique
down-current bars with positive growth rates are obtained for large wavelengths whereas, contrary to Engelund & Hansen [1967], for small wavelengths up-current bars with negative growth
rates are found.
The results obtained with both the Engelund & Hansen [1967] and Bailard [1981] transport
formulations show that neglecting the contribution of the sediment transport in the direction
of the waves, only bed perturbations with negative growth rates are found.

3.8 Conclusions
In this chapter, the sensitivity of the linear stability characteristics of planar beaches to parameter values and process formulations is determined using a fully non-linear model and an
idealized version of it.
Applying the idealized model, the fastest growing bed perturbation consists of a crescentic
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pattern with a slightly up-current oriented inner bar, migrating in the direction of the mean
longshore current. From the results of the idealized model it is evident that the spacing and
the growth and migration rates depend strongly on the bed slope, the drag coefficient and the
angle of wave incidence. Independent of the angle of wave incidence or the drag coefficient, a
maximum growth rate and a minimum spacing are found for a bed slope of approximately 1
%. These maxima and minima become more pronounced with increasing current-dominance.
In the limit of the current-dominated regime (γcw = 1), the resulting bed perturbations are
alternating channels and shoals around the breaker line, with the inner bar being down-current
oriented with small preferred spacings (< 300 m). These results are very similar to the results
of Falqués et al. [1996] and stress the importance of a correct formulation of the forcing terms.
To assess the importance of irregular waves and wave refraction with respect to the perturbed bathymetry, the wave forcing is calculated using HISWA. This information is used to
drive the velocities in the idealized model. The sediment stirring α(x) is still prescribed and not
calculated using the information from the wave model. Although the spatial structure remains
approximately the same, the fastest growing perturbation has a much smaller wavelength compared to the experiments in which the wave forcing is prescribed according Longuet-Higgins
[1970]. Furthermore, both the growth and migration rate become smaller.
To evaluate the importance of the stirring function itself, the stirring function is calculated
using both the current and orbital velocities obtained in morphodynamic equilibrium. Hence
the stirring function used in these experiments is longshore-uniform and is not perturbed in this
experiment. Using this formulation, the bed forms are down-current oriented and have negative
growth rates. Note that the bed forms obtained using a prescribed wave stirring function are
up-current oriented and growing in time. This indicates that a good parameterization of the
wave-stirring function is essential to model the bar behaviour in the surf zone correctly.
When using the fully non-linear model with the Engelund & Hansen [1967] transport formula, growing bed perturbations are found consisting of very oblique down-current oriented
bars. The growth rate increases from negative values for small wavelengths to positive growth
rates for large wavelengths, but a maximum growth rate is never found. The orientation of the
bars becomes more and more oblique with increasing wavelength. Including bed slope effects,
changing the angle of wave incidence, the bed slope or the drag coefficient does not qualitatively change these results. When the sediment transport in the direction of the wave orbital
velocity is neglected, the growth rates of all bed perturbations are negative and tend to zero
for increasing wavelength. The bed perturbations are up-current oriented bars. These results
can be compared with the results of the idealized model forced with the HISWA wave model
and a fully non-linear, but longshore-uniform sediment stirring function, that results in bars
with a negative growth rate and down-current orientation. In case of the idealized model the
bars are decaying but down-current oriented. This difference in bar orientation is related to the
negligence of the longshore variation of stirring function in the idealized model experiment.
When the Bailard [1981] sediment transport formula is used instead of the Engelund &
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Hansen [1967] formula, fastest growing bed perturbations are found for θb < 7◦ , although
the wavelength of the FGM’s is smaller than 300 m, the minimum wavelength that could be
assessed. The bed forms are up-current oriented bars. When neglecting the sediment transport
in the direction of the waves, no growing bed forms are found. For larger angles the results of
the LSA are very similar to the results obtained with Engelund & Hansen [1967], viz. mainly
decaying, very oblique down-current bars with the growth rates increasing with the wavelength.
The magnitude of the growth rates is in that case of the same order of magnitude as the growth
rates obtained with Engelund & Hansen [1967].
Hence from the fully non-linear model results it can be concluded that to have linearly
growing bed perturbations, it is essential to take the transport in the direction of the wave
orbital velocity into account. If only the transport in the current direction is taken into account
and a physically feasible sediment stirring function is used, all bed perturbations decay.
In this chapter it is shown that the linear growth of bed perturbations on top of a planar
beach is highly sensitive to model formulations and, to a lesser extent, to parameter values. The
results are especially sensitive to the sediment transport formulation. Not only the variation
of the results obtained in this chapter is large, but also many differences with and between
results reported in the literature demonstrate that linear stability analyses of planar beaches
as a predictive tool for bed forms in the finite amplitude domain should be used with care.
This conclusion is supported by findings of Klein et al. [2004] and Klein & Schuttelaars
[2005a] for barred beaches. In Klein et al. [2004] it was shown that the linear stability characteristics of barred beaches are far much less sensitive to the sediment transport formulation, although significant differences between the preferred spacings obtained with Engelund &
Hansen [1967] and Bailard [1981] exist. The predictive capabilities of linear stability analyses of
barred beaches for the temporal evolution of these beaches and a comparison with observations
is made in Klein & Schuttelaars [2005a], showing that the results of the LSA’s are only a good
prediction of the bed forms and their orientation, length scales and migration rates in the initial
phase of the temporal evolution.
However, linear stability analyses are very suitable to understand basic mechanisms. Especially the BEE, introduced by Falqués et al. [1996], is a powerful tool. It gives an explanation
for the sign of the growth rate and the structure of the bed perturbation, given cross-shore
bed profile, a perturbed velocity field and a sediment stirring function. On planar beaches, the
ratio between the bed profile and the wave stirring function is delicate, explaining some of the
variation in the results presented in this paper and the literature. It also explains the fact that
the linear stability characteristics of barred beaches are much less sensitive to the sediment
transport formulation, since the bed profile has already a large gradient in itself and thereby
dominates the potential stirring function of the BEE.
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Chapter 4
Linear and non-linear evolution of double-barred coasts1

4.1 Introduction
This chapter continues the exploration of the linear free-behaviour of coastal systems that has
been started in Chapter 3. In this chapter the fully non-linear model coupled to the sediment
transport formulation of Bailard [1981] is used to assess the linear stability of double-barred
beaches, representative of the central part of the Dutch coast.
Besides insight into the linear stability characteristics of double-barred beaches, these linear
stability analyses provide the initial bed perturbations, referred to as idealized bed perturbations, with which the reference bathymetries of the non-linear experiments of this chapter are
perturbed. These experiments bridge the linear stability analyses and the results of the nonlinear experiments of the next chapter, starting with a random phase bed perturbation.
The focus of this chapter is, first of all, on the time interval over which the morphological
development of a coastal system can be regarded as linear. Secondly, it is assessed whether the
length scale of the fastest growing mode as found with the linear stability analysis dominates
in the non-linear regime as well. Furthermore, the existence of a (morpho)dynamic equilibrium
and the time needed to reach this equilibrium are investigated.
After a literature review on LSA’s and non-linear analyses (NLA’s) of barred beaches and
a discussion of the set-up of the experiments, the results of the LSA’s are discussed. Next,
the non-linear temporal behaviour of bed forms evolving on double-barred beaches is explored
by means of morphodynamic experiments that have been started with various idealized initial
perturbations.

4.2 Literature review on LSA’s and NLA’s of barred coasts
Table 4.1 gives an overview of the studies concerning LSA’s and NLA’s of barred beaches. The
latter analyses are performed by morphodynamic modelling of barred beaches. The type of
analysis and the angle of wave incidence are the discriminating parameters. Besides these five
1. The contents of this chapter is largely based on Klein & Schuttelaars [2005a].
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studies, Klein et al. [2002] performed LSA’s on both single- and double-barred beaches, but
FGM’s of only two single-barred beaches have been determined.
Table 4.1: LSA’s and NLA’s of single-barred beaches

Authors
Deigaard et al. [1999]
Damgaard et al. [2002]
Calvete et al. [2002]
Coco et al. [2002]
Caballeria et al. [2003]

Analysis
Wave angle
LSA
Oblique
LSA & NLA Normal
LSA
Normal
NLA
Normal
LSA & NLA Oblique

All studies concluded that barred coastal systems are unstable under the forcing of breaking
waves, irrespective of the angle of wave incidence. On top of the longshore-uniform barred coast
bed perturbations grow with a spatial structure corresponding with rip channel systems, characterized by alternating crescentic-shaped shoals and channels around the crest of the breaker bar.
The spreading in the spacing is rather large, partly because of variations in profile parameters
and hydrodynamic conditions and partly because of differences in model formulations.
The studies concerning normal wave incidence find typical spacings of 2-5 times the distance
between the crest of the bar and the shore. Also Caballeria et al. [2003], dealing with oblique
wave incidence (the exact angle is not mentioned), find spacings in that range. Deigaard et
al. [1999], on the contrary, find spacing that are typically ten times the distance between the
shore and the crest of the bar. Even larger ratios are found for profiles with a deeper trough.
These studies teach that the rip channel spacing depends on a number of variables. The spacing
increases with increasing volume in the trough, either by deepening the trough or moving the
bar offshore. Deigaard et al. [1999], Calvete et al. [2002] and Coco et al. [2002] find larger
spacings for larger wave heights, whereas Damgaard et al. [2002] and Caballeria et al. [2003]
do not find this dependence.
The only study to vary the angle of wave incidence is Deigaard et al. [1999] demonstrating
that the spacing increases with increasing angle of wave incidence, up to an angle of 40◦ . Angles
larger than 40◦ yield again smaller spacings. This corresponds with the well-known fact that
the longshore, wave-driven current is maximal for an angle of incidence close to 45◦ .
Besides the general observation that the spacing increases with increasing trough volume, a
number of authors have tried to substantiate this dependence. The distance between the point of
breaking and the trough (Coco et al. [2002]), the distance between the point of breaking and the
crest of the bar (Coco et al. [2002] and Caballeria et al. [2003]) and the shoreward slope of the
breaker bar (Klein et al. [2002]) have been mentioned as possible parameters determining the
preferred longshore wavelength. However, these parameters have not been studied in isolation
and therefore the conclusions are not definite.
The studies mentioned in Table 4.1 display much spreading in the growth rates as well.
The three studies mentioning the growth rates show three different orders of magnitude of the
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growth rate. Damgaard et al. [2002] found typical growth rates of O(0.2d−1), Deigaard et al.
[1999] found growths of O(2 d−1 ) and the growth rates in Calvete et al. [2002] are typically O(20
d−1 ). Despite these large differences in the growth rates, most studies find the same dependency
of the growth rate on the wave height and the distance between the shore and the crest of the
bar, viz. increasing growth rate with increasing wave height and decreasing growth rate with
increasing distance between the shore and the crest of the bar. Again Damgaard et al. [2002]
find the opposite behaviour for the latter observation.

4.3 Results of the linear experiments
4.3.1 Definition of the linear experiments
As mentioned in the introduction of this chapter, the fully non-linear model coupled to the
sediment transport formulation of Bailard [1981] is used to explore the linear and non-linear
free-behaviour of double-barred coastal systems. The cross-shore profiles of the barred beaches
are based on profiles that are typical for the coast near Egmond, the Netherlands, see e.g. Kroon
[1991], Short [1992], Wijnberg & Terwindt [1995], Ruessink et al. [2000] and Van Enckevort &
Ruessink [2001]. The parameterization of this profile is based on Bakker & de Vroeg [1988], who
considered the profile as a mean profile with bars and troughs added to it. The present thesis
uses their mean profile whereas an alternative parameterization of the bars and troughs has
been used with which the horizontal and vertical position of the individual bars and troughs
can be better controlled. A definition sketch of the double-barred beach and the geometrical
parameters defining it are depicted in Figure 4.1.
1
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Figure 4.1: Geometrical parameters defining the double-barred beach. For a discussion of the symbols,
see the text.

In Section 4.3.2 the results of the LSA of a reference experiment are discussed. The parameter values used in this reference experiment are representative of the central part of the
Dutch coast. To mimic the observed geometrical characteristics, the geometrical parameters
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are set as follows: zt1 = 1.9, zb1 = 1.5, zt2 = 4.5, zb2 = 2.7, wt1 = 70, wb1 = 130, wt2 = 240 and
wb2 = 340 m. A significant wave height of 1.1 m, representative of the yearly-averaged wave
height observed along the Dutch coast, is imposed at the seaward model boundary (see Van
Rijn [1997]). The imposed offshore wave angle is 10◦ , corresponding to a refracted wave angle
of approximately 5◦ at the crest of the outer breaker bar. These and other parameters of the
reference experiment are summarized in Table 4.2.
Table 4.2: Default parameter values used in the numerical experiments

Parameter
Length model domain (LSA)
Length model domain
Width model domain
Cross-shore grid size
Longshore grid size
Vert. position inner trough
Vert. position inner bar
Vert. position outer trough
Vert. position inner bar
Hor. position inner trough
Hor. position inner bar
Hor. position outer trough
Hor. position outer bar
Bed level at x = 0
Significant wave height
Peak wave period
Offshore wave angle
Drag coefficient
Eddy viscosity
Gravitational acceleration
Water density
Sediment density
Median grain size
Porosity

Ly
Ly
Lx
dx
dy
zt1
zb1
zt2
zb2
wt1
wb1
wt2
wb2
z(0)
Hs
Tp
θ
cd
ν
g
ρw
ρs
D50
p

Value
6000
12000
1200
10
10
1.9
1.5
4.5
2.7
70
130
240
340
1
1.1
6
10
0.0035
1
9.81
1030
2650
250
0.4

Unit
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
s
◦

m2 s−1
ms−2
kgm−3
kgm−3
µm

However, in case of the double-barred Dutch coast, Ruessink & Kroon [1994] and Wijnberg
& Terwindt [1995] have shown that the two breaker bars and the swash bar of that system
exhibit a periodic behaviour. One cycle consists of the generation of a (swash) bar near the
coast, an offshore migration and, finally, the degeneration of that bar. Depending on the exact
location along the Dutch coast, the period is 4 to 15 years. To incorporate this behaviour,
parameter values to define the double-barred profile should be varied. In this thesis, the focus
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is on a variation of the height of the outer bar only, because from observations it follows that
these variations are largest. Furthermore, by increasing the wave height at the seaward boundary
to 3 m, the influence of storm conditions on the linear stability characteristics is investigated.
Hence, four linear experiments have been performed, see Table 4.3 summarizing the parameter
values that have been varied in the linear experiments. The linear stability characteristics
resulting from varying the bar and wave height separately are presented in Sections 4.3.3 and
4.3.4, respectively. Besides the linear experiments listed in Table 4.3, Appendix E discusses the
results of a number of LSA’s of double-barred beaches concerning the sensitivity of the linear
stability characteristics to the angle of wave incidence and the sediment transport formulation.
Furthermore, in addition to a number of experiments presented in the discussion of this chapter
(Section 4.5), this appendix also discusses LSA’s of individual bars.
Table 4.3: Summarized settings of the linear experiments.

Experiment
L1 (reference)
L2
L3
L4

Hs [m]
1.1
3.0
1.1
3.0

zb2 [m]
2.7
2.7
2.0
2.0

θ [◦ ]
10
10
10
10

4.3.2 Reference experiment
Figure 4.2(a) shows the growth rate for different longshore wavelengths, using the parameter
values of experiment L1 as given in Table 4.2. All wavelengths considered have positive growth
rates and a maximum growth rate occurs for a wavelength λp of 600 m. This mode is designated
as the fastest growing mode (FGM). Except for the FGM, no other (local) maximum is found.
The associated growth rate ωi,p is 2.84 d−1 , corresponding to an e-folding time of 0.35 d, meaning
that the amplitude increases with a factor e in 0.35 days.
The migration rate of the FGM is positive, meaning down-flow migrating bed features.
Scaling with the wave number yields the migration celerity, which is 79.6 md−1 for the FGM.
The migration rate linearly decreases with the longshore wavelength for wavelengths between
500 m and 1200 m, as Figure 4.2(b) demonstrates. Surprisingly, the migration is in up-current
direction for relatively large wavelengths.
The bed perturbation of the FGM is depicted in Figure 4.2(c) and can be characterized as a
rip channel system with alternating channels and shoals around the crest of the inner bar. Shoals
are indicated by solid contours and channels are indicated by dashed contours. In case of the
FGM, the amplitude of the bed perturbation on the outer bar is only 1.3 % of the amplitude of
the bed perturbation on the inner bar and therefore does not appear in Figure 4.2(c). Although
the amplitude on the outer bar is insignificant with respect to the amplitude on the inner bar,
an interesting dependence on the wavelength is observed: in general, the larger the longshore
wavelength, the larger the ratio of the amplitude of the bed perturbation on the inner and outer
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Figure 4.2: Linear stability characteristics of the reference experiment.

bar, as Figure 4.3 shows.
The perturbed flow pattern, finally, consists of rip currents, with onshore flow over a shoal
at the shoreward side of the inner bar crest and offshore flow over a channel, see Figure 4.2(c).
4.3.3 Experiments L2 and L3
Figure 4.4 illustrates the sensitivity of the growth rate on a larger wave height (experiment L2)
and a higher outer bar (experiment L3) with respect to the reference experiment. Increasing
the wave height yields an increase of both the preferred spacing and the growth rate. Increasing
the height of the outer bar yields a reduction of the growth rate, whereas the preferred spacing
shifts to slightly smaller wavelengths.
The bed perturbations resulting from experiments 2 and 3 are qualitatively the same as the
ones obtained with the reference experiment. They consist of rip channel systems on both bars
whereas the ratio of the maximum amplitude of the bed perturbations on the inner and outer
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Figure 4.3: Experiment L1: amplitude of the bed perturbation on the outer bar, scaled with the
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Figure 4.4: Experiments L1, L2 and L3: growth rate vs. wavelength

bar depends on the wave height, the height of the outer bar and the longshore wavelength.
4.3.4 Experiment L4
Experiment L4 is performed with Hs = 3.0 m and zb2 = 2.0 m, thus more energetic conditions
and a higher outer bar.
Figure 4.5(a) displays the growth rate as a function of the longshore wavelength. It clearly
demonstrates that, although this dependence is far more complicated than the ones obtained
with experiments L1, L2 and L3, a FGM has been found for a wavelength of 2200 m. The
corresponding growth and migration rates are 3.24 d−1 and 1.10 d−1 , respectively. Besides the
occurrence of a global maximum, several local maxima are found as well, viz. for λ = 400, 700
and 900 m.
Figures 4.5(b) and 4.5(c) depict two bed and flow perturbations, viz. the ones associated
with λ = 600 m and the ones associated with the FGM (λp = 2200 m). Significant perturbations develop on both bars although the amplitudes of the bed perturbation on the outer bar
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Figure 4.5: Linear stability characteristics of experiment L4. Shoals are drawn with solid contours,
channels with dashed contours.

associated with λ = 600 m are much smaller than ones associated with λ = 2200 m. The ratio
Aout /Ain of the amplitudes of the bed perturbation on the inner and outer bar for these two
experiments are 1.03 and 5.88. This is illustrated in Figure 4.6, showing that in general the
ratio Aout /Ain increases with increasing wavelength.
Furthermore, the locations of the maximum amplitude on both bars are not exactly in
phase. Disregarding this phase shift in longshore direction, the bed perturbation on the inner
bar is the mirror image of the bed perturbation on the outer bar: when a shoal at the seaward
side of the inner bar is found, a channel is observed for the same longitudinal coordinate at
the seaward side of the outer bar. These observations of the bed perturbation hold for all
wavelengths.
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4.3.5 Initial morphodynamic evolution
In this section the longshore-uniform morphodynamic equilibrium is perturbed with one of
the eigenmodes obtained in the previous sections. The initial morphodynamic evolution is
investigated using the fully non-linear model. By performing a short time integration, the time
evolution of the eigenmode is obtained, which results in the linear growth rate by fitting the
time evolution of the amplitude of the eigenmode to an exponential curve.
First, the sensitivity of the growth rates obtained from the non-linear model to variations
in the maximum bed change ∆hmax is investigated. This is equivalent to investigating their
sensitivity to the magnitude of the time step. Morphodynamic computations with the settings
of experiment L1 and varying ∆hmax have been performed, using the eigenfunction of the FGM
as the initial bed perturbation (λ = 600 m).
The temporal behaviour of the amplitude associated with λ = 600 m in the first 15 hrs
for different values of ∆hmax is depicted in Figure 4.7(a). Also the theoretical curve A(t) =
0.01 exp(2.84t), obtained with the LSA, has been plotted. It is clear that with increasing ∆hmax ,
the growth of the bed perturbation is increasingly underestimated.
In Figure 4.7(b) the growth rates, computed after one time-integration, are plotted versus
∆hmax . This figure shows that by decreasing ∆hmax the growth rate approaches an asymptotic
value of 2.84 d−1 , which is the linear growth rate found in Section 4.3.2. Hence, in the nonlinear experiments, the computed growth rate falls within the range of accuracy with which
the eigenvalues are determined in the LSA for ∆hmax smaller than approximately 0.005 m. For
larger ∆hmax the growth rates computed with the non-linear experiments underestimate the
‘true’ growth rate. Using the same procedure and ∆hmax = 0.005 m, the growth rates of the
FGM of experiments 2 and 3 have been checked, resulting in growth rates corresponding very
well with the growth rates found with the LSA’s.
Because the linear stability curve obtained in experiment L4 is rather unexpected, the
linear stability analysis of this experiment has been repeated completely by applying the time
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Figure 4.7: Linear behaviour in a non-linear experiment with the settings and eigenfunction of the
FGM of experiment L1

integration and ∆hmax = 0.002 m. Figure 4.8 shows that not only the qualitative behaviour,
i.e. the occurrence of a FGM for λ = 2200 m and multiple local maxima, but also the values of
the growth rates determined with the two methods are virtually the same and are within the
range of accuracy. Also the shapes of the bed perturbations are similar to the ones obtained
with the LSA.
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Figure 4.8: Growth rate as a function of the longshore wavelength of experiment L4, determined
with the LSA and morphodynamic experiments.

Note that not only two different methods of determining the growth rate have been used,
also the model domains differ, since the non-linear experiments are performed on a 12 km
long grid whereas the LSA’s are performed on a 6 km long grid. Hence, two different methods
resulted in essentially the same growth rates, demonstrating the robustness of the results to
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the model domain and supporting the results obtained with the LSA.

4.4 Results of the non-linear experiments
4.4.1 Definition of the non-linear experiments
In this section the non-linear morphodynamic evolution of double-barred beaches is investigated. As discussed in Section 2.5, a choice for the maximum allowable bottom change ∆hmax
has to be made. Two considerations determine the magnitude of ∆hmax . The first one is mentioned in the previous section, viz. in order to get the temporal evolution correctly, ∆hmax
should be chosen as small as possible. The second consideration concerns limitations with respect to computational time and memory usage. Taking both aspects into account, a ∆hmax of
0.05 m has been chosen.
The morphodynamic evolution of the bed perturbations is studied by making a Fourier
decomposition of the bed perturbation in the longshore direction. Hence, the resulting Fourier
components are still functions of the cross-shore coordinate. The domain in which the bed
perturbation is decomposed in its Fourier components is chosen large enough to represent
the linearly most unstable modes, but small enough to be well away from the boundaries.
This domain is LFD m long. The wavelengths that can be represented are LFD /n m, with
n = 1, 2, . . . , LFD /20. With n = LFD /20 the smallest wavelength becomes 20 m, which is the
Nyquist wavelength since the grid size is 10 m. The amplitudes obtained in this way are not the
amplitudes of the individual eigenmodes of the system. The model under consideration does not
allow to get this detailed information, since only the most unstable eigenmode per longshore
wavelength is available. Hence, the bed perturbation can not be decomposed in terms of its
eigenfunctions as was done in e.g. Calvete & de Swart [2003].
To visualize the results, the temporal evolution of the amplitudes of a number of Fourier
modes is plotted at two cross-shore positions (x = 160 and 340 m), one at each bar, representative of the behaviour at other sections of the bar. Usually, the presented modes concern the
four or five modes having the largest amplitude at the end of the experiment. These modes are
also referred to as the most energetic modes.
In the first three experiments (experiments NL1, NL2 and NL3, see Table 4.4) the longshoreuniform bed is perturbed with only one eigenfunction. In experiments NL1 and NL2 the settings
of experiments L1 and L4 have been applied, respectively, and the eigenfunctions of the respective FGM’s are prescribed as initial bed perturbations. Experiment NL3 uses the settings of
experiment L4 as well, but with the eigenfunction associated with a longshore wavelength of
700 m prescribed as an initial bed perturbation. The last experiment, experiment NL4, also
uses the settings of experiment L4, with the initial bed perturbation consisting of the sum of
five eigenfunctions.
The results of these experiments demonstrate the importance of the initial bed perturbation
and how long the results of the LSA’s are representative of the non-linear experiments. Fur-
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thermore, the last experiment bridges the gap between non-linear experiments with idealized
initial bed perturbations (resulting from LSA’s) and non-linear experiments with random bed
perturbations, which will be discussed in the next chapter.
Table 4.4: Summarized settings of the non-linear experiments.

Experiment
NL1
NL2
NL3
NL4

Applied
settings
L1
L4
L4
L4

Wavelength of the
initial bed perturbation [m]
600
2200
700
500, 700, 900, 1400 and 2000

4.4.2 Non-linear experiments: initial condition consisting of one eigenfunction
Experiment NL1
Experiment NL1 concerns the morphodynamic evolution of the barred beach using the settings
of experiment L1. The initial perturbation consists of the eigenfunction of the FGM of this
experiment (λp = 600 m) which is depicted in Figure 4.2(c). In this experiment, LFD has been
set to 6000 m. The amplitude of the initial bed perturbation is 0.01 m. Similar to the results
found with the LSA, no significant bed perturbation develops on the outer bar. Therefore only
the inner bar is discussed.
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Figure 4.9: Temporal amplitude behaviour of four modes obtained on the inner bar of experiment
NL1.

In the first 140 hrs, the four most dominant modes consist of the initially imposed one and
its three superharmonics, i.e. modes with a wavelength smaller than 600 m, see Figure 4.9(a).
Initially only the mode associated with λ = 600 m is growing. After approximately 30 hrs,
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the superharmonics whose growth has been triggered through non-linear interactions, get a
significant amplitude. The amplitudes of these modes vary in time but gradually increase until
t = 106 hrs. From that moment on, the amplitudes of the superharmonics decrease and from
t = 140 hrs on the four most energetic modes are the modes with the wavelength of the FGM
and three of its subharmonics, see Figure 4.9(b). This moment coincides with the moment
at which the amplitude of the most dominant mode commences to decrease gradually. Until
t = 150 hrs, the amplitude associated with λ = 600 m is much larger than the amplitude of the
other modes and the wavelength of the observed bed patterns is approximately 600 m as well.
After t = 150 hrs, seven modes have amplitudes of comparable magnitude, viz. the four most
unstable ones, shown in Figure 4.9(b), and modes with wavelengths of 1200, 750 and 3000 m.
All other modes have significantly smaller amplitudes.
Plan views of bed perturbations at different moments are depicted in Figure 4.10. First of
all, it confirms that no significant bed perturbation develops on the outer bar. In the first 50 hrs,
the initial crescentic bed perturbation grows significantly and remains a crescentic pattern (left
panel of Figure 4.10(a)), although it is not symmetric anymore. In fact, the bed perturbation
at all three local maxima of the most energetic mode shown in Figure 4.9, i.e. at t = 55, 95
and 133 hrs, consists of a periodic, crescentic pattern. At the first two local minima (t = 68
and 113 hrs) the bed perturbation can be characterized as up-current oriented bars running
across the crest of the inner breaker bar (right panel of Figure 4.10(a)). At these times, the
amplitude of the bed perturbations with a wavelength of 300 m has an amplitude comparable
to the amplitude of the mode with a wavelength of 600 m.
An example of a down-current bar is given in the left panel of Figure 4.10(b), depicting the
bed forms at t = 142 hrs. After t = 150 hrs, multiple modes have significant and comparable
amplitudes and the bed perturbation is a mix of crescentic, down- and up-current bars. The
‘final’ bed perturbation (t = 193 hrs) is depicted in the right panel of Figure 4.10(b). It
demonstrates that the overall wavelength of the bed patterns observed around the inner bar
is of the order of 1000 m with an amplitude of about 1.0 m. These bed forms migrate in
downstream direction with a migration rate of approximately 100 md−1 .

Experiment NL2
In experiment NL2 the parameter values of experiment L4 (Section 4.3.4) are used with the
eigenfunction of the FGM of that experiment as initial perturbation with λp = 2200 m and an
amplitude of 0.01 m. To be able to capture the wavelength of 2200 m, the length of the domain
of analysis LFD has been set to 6600 m. The amplitude evolutions of the four most energetic
modes on the inner and the outer bar are shown in Figures 4.11(a) and 4.11(b), respectively.
On the inner bar, the four most energetic modes are the initially imposed mode and its
first three superharmonics. Hence, smaller wavelengths than the initially imposed one emerge.
Note that the amplitudes of all modes are much smaller than the amplitude of the dominant
mode obtained in the previous experiment. The wavelength of the dominant mode changes
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(a) Bed perturbation at t = 55.9 (left) and 74.9 hrs (right)

(b) Bed perturbation at t = 142.0 (left) and 193.0 hrs (right)

Figure 4.10: Four bed perturbations of experiment NL1 at various times. The amplitude of the bed
perturbation is in meters. The contour line is the 0.05 m contour.

throughout time. In the first 40 hrs and after 57 hrs up to 78 hrs the initially imposed mode
is dominant, whereas in between and in the last hour the first superharmonic (λ = 1100 m) is
dominant. In total five modes have a significant amplitude, viz. the ones shown in Figure 4.11(a)
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and the mode with longshore wavelength of 440 m as well. The amplitudes of the other modes
are negligible.
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Figure 4.11: Temporal behaviour of the four most energetic modes obtained from experiment NL2.

On the outer bar, the initially imposed mode of 2200 m remains dominant throughout the
whole period. The amplitudes of the other three modes are much smaller than the amplitude
of the dominant mode, although they are nearly twice as large as the amplitudes on the inner
bar.

Figure 4.12: Bed perturbations of experiment NL2 at t = 57.9 hrs (left) and at t = 78.4 hrs (right).
Amplitude of the bed perturbation is in meters.

The bed perturbation at t = 57.9 hrs is depicted in the left panel of Figure 4.12, showing
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significant development on the outer bar, whereas the development on the inner bar is limited.
This corresponds very well with the findings of the LSA in which the amplitude of the bed
perturbation on the inner bar is small for large wavelengths. The small-amplitude perturbation
on the inner bar retains its crescentic shape throughout the whole considered period. Both most
energetic modes (λ = 1100 and 2200 m) appear clearly in the bed form on the inner bar and
the amplitude is about 0.35 m. During approximately the first 50 hrs, the bed perturbation on
the outer bar grows significantly, retaining its initial crescentic shape, although the symmetry
disappears. Later in the morphodynamic development the crescentic shape evolves into a downcurrent bar running across the crest of the outer bar, see the right panel of Figure 4.12, a pattern
that can also be characterized as an undulating bed form. The overall wavelength is obviously
2200 m and the averaged amplitude of the bed feature is 1.35 m.
Also in this experiment, the bed perturbations migrate in downstream direction. It is noticeable that the bed perturbations on the outer bar migrate significantly faster than the ones
on the inner bar, viz. 1100 vs. 230 md−1 .

Experiment NL3
Experiment NL3 is similar to experiment NL2 with the difference that now an initial perturbation associated with a wavelength of 700 m is imposed. The initial amplitude is again 0.01 m.
The temporal amplitude behaviour of five modes on the inner and the outer bar is presented
in Figures 4.13(a) and 4.13(b), respectively. Here, LFD is set to 6300 m in order to capture the
initially imposed wavelength of 700 m exactly.
On the inner bar, the initially imposed mode remains the most energetic one for about
110 hrs, see Figure 4.13(a). Continuous growth of that mode occurs until approximately 50
hrs, after which that mode exhibits a short period of dynamic behaviour and finally decays.
After 110 hrs the mode with a wavelength of 900 m becomes the most energetic mode and the
mode with a wavelength of 700 m continues to decay. Nonetheless, the amplitude of this most
energetic mode is of the same order of magnitude as the amplitude of the other modes. Besides
the modes depicted in Figure 4.13(a), the modes associated with λ = 788 and 6300 m have
amplitudes comparable to the one of 700 m. All other modes are significantly less energetic.
On the outer bar, see Figure 4.13(b), the initially imposed mode grows continuously during
the first 65 hrs before its amplitude decreases to a value smaller than the amplitudes of the four
other most energetic modes, which have wavelengths in the range 900-2100 m. Its development
seems to be coupled to the temporal development of that same mode on the inner bar, since its
amplitude decays in the same time interval in which this mode decays on the inner bar. When
this mode decays on the outer bar, the four most energetic modes have comparable amplitudes
and no dominant mode is found. The modes with wavelengths of 485, 573, 630, 1260 and 3150
m have amplitudes similar to the one of 700 m; the amplitude of the remaining modes are much
smaller.
The bed perturbation at t = 69.8 hrs is depicted in the left panel of Figure 4.14, showing bed
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Figure 4.13: Temporal behaviour of five modes obtained with experiment NL3.

Figure 4.14: Bed perturbations of experiment NL3 at t = 69.8 hrs (left) and at t = 117.4 hrs (right).
Amplitude of the bed perturbation is in meters.

perturbations of considerable amplitude on both bars. In the first 50 hrs, the initial crescentic
patterns remain in tact. After that, the symmetry of the bed perturbations gradually breaks and
an irregular pattern of crescentic features emerge, as the right panel of Figure 4.14 illustrates.
On the inner bar the averaged wavelength of the bed forms is approximately 1000 m. These
features have an amplitude of about 0.7 m and migrate downstream with a celerity of 160
md−1 . On the outer bar, the wavelength of the bed forms is somewhat larger, viz. 1500 m. The
averaged amplitude on the outer bar is 1.6 m and the bed forms migrate downstream also with
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a celerity of 160 md−1 .
4.4.3 Non-linear experiments: initial condition consisting of multiple
eigenfunctions
Experiment NL4 concerns a morphodynamic experiment with the settings of experiment L4 in
which the initial bed perturbation is the sum of five eigenfunctions, viz. the ones associated
with λ = 500, 667, 857, 1500 and 2000 m, which are representative of the modes associated with
λ = 500, 700, 900, 1400 and 2000 m when LFD is set to 6000 m. These modes correspond with
the (local) maxima of Figure 4.5(a). The maximum amplitude of the initial bed perturbation
is 0.01 m.
Figure 4.15(a) depicts the five most energetics modes on the inner bar. It shows that a
mode with a wavelength of 667 m is the dominant one during the first 52 hrs, although its
amplitude is not much larger than amplitudes of the other four most energetic modes. From
t = 52 hrs on, the mode with a wavelength of 1000 m grows significantly, becoming the dominant
mode, reaching a maximum after approximately 65 hrs and decreasing in amplitude afterwards.
Besides the five most energetic modes, two more modes have a considerable amplitude, viz. the
ones associated with λ = 600 and 750 m.
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Figure 4.15: Temporal behaviour of five modes obtained with experiment NL4.

On the outer bar, the mode that resembles the FGM of the LSA best (λ = 2000 m) is
the dominant mode with an amplitude much larger than the other four most energetic modes,
see Figure 4.15(b). It grows until approximately t = 57 hrs, after which its amplitude rapidly
decays and the amplitudes of four other modes significantly grow. At t = 80 hrs, the most
energetic mode has a wavelength of 1500 m. Its amplitude is twice as large as the amplitude of
the other four modes. Two more modes have considerable amplitudes, besides the five presented
in Figure 4.15(b). These modes concern the modes with a wavelength of 667 and 1200 m.
The bed perturbations at t = 56 and 78.6 hrs are depicted in Figure 4.16. The initial bed
perturbation quickly develops into an asymmetric crescentic pattern on both bars, see the left
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panel of Figure 4.16. This pattern is quite persistent until about t = 70 hrs, when no mode is
really dominating and many modes have a significant amplitude. The right plot of Figure 4.16
illustrates that the overall wavelength of the bed perturbation on the inner bar is about 1000
m and the averaged amplitude is 0.5 m. The migration celerity of the bed forms on the inner
bar is 220 md−1 . On the outer bar, the apparent wavelength is approximately 1800 m with an
averaged amplitude of 1.4 m and a migration celerity of 270 md−1 .

Figure 4.16: Bed perturbations of experiment NL4 at t = 56 hrs (left) and at t = 78.6 hrs (right).
Amplitude of the bed perturbation is in meters.

4.5 Discussion
4.5.1 Linear Experiments
Experiments L1, L2 and L3
In Table 4.5 the results of the LSA’s are recapitulated. By comparing the results of experiments
L1, L2 and L3, the sensitivity of the linear stability characteristics to the wave height and the
height of the outer breaker bar can be assessed.
Increasing the significant wave height at the seaward boundary from 1.1 m to 3 m for fixed
height of the outer breaker bar results in an increase of the spacing from 600 m to 900 m and an
increase of the growth rate from 2.84 d−1 to 3.28 d−1 , see Figure 4.4. These results correspond
with the findings of Deigaard et al. [1999], Calvete et al. [2002] and Coco et al. [2002]. Increasing
the height of the outer breaker bar while fixing the wave height at 1.1 m (experiment L3) results
in a smaller preferred spacing and smaller growth rate.
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Table 4.5: Summarized results of the linear experiments.

Exp.
L1
L2
L3
L4

Hs [m]
1.1
3.0
1.1
3.0

zb2 [m]
2.7
2.7
2.0
2.0

θ [◦ ]
10
10
10
10

ωi,p [d−1 ]
2.84
3.28
1.78
3.24

ωr,p [d−1 ]
0.83
1.73
0.05
1.10

λp [m]
600
900
500
2200

Aout /Ain [%]
1.3
10.2
1.6
594.3

From Figure 4.17 it is clear that increasing the wave height at the inner bar results in an
increase of both the mean longshore current velocity and the mean significant wave height. Increasing the outer bar height, the rate of breaking at the outer bar increases and consequently
a smaller mean longshore current velocity and a smaller mean significant wave height at the
inner breaker bar are found. To determine whether the changes in strength of the longshore
current or the magnitude of the wave height (via the wave orbital velocity) determines the
preferred spacing and the associated growth rate, two additional experiments have been performed. These two experiments and number of LSA’s concerning LSA’s of individual bars are
presented in more detail in Appendix E.3.
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Figure 4.17: Cross-shore profile of the mean significant wave height and the mean longshore current
obtained in experiments L1, L2 and L3.

The first experiment, designated as experiment L1A, is the single-barred analogue of the
reference experiment, obtained by setting zb2 and zt2 to zero, i.e. the outer bar and trough do
not exist, and all other parameters values are as given in Table 4.2. The second experiment,
designated as experiment L1B, is similar to experiment as L1A except for a doubling of the
significant wave height to 2.2 m and a friction coefficient that has been adjusted such that the
maximum mean longshore current velocity at the inner bar is the same as in experiment L1A.
By assessing a single-barred rather than a double-barred beach, we are able to have a larger
wave height at the inner bar while keeping the maximum of the mean longshore current the
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same.
The growth rate as a function of the longshore wavelength for experiments L1, L1A and
L1B are depicted in Figure 4.18. A comparison of experiments L1 and L1A teaches that by
removing the outer bar no modification of the preferred wavelength occurs. The growth rate
slightly increases from 2.84 d−1 to 2.96 d−1 . Hence, the outer bar has hardly any influence on
the linear stability characteristics of the system as a whole.
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Figure 4.18: Growth rate vs. wavelength obtained with experiments L1, L1A and L1B.

Increasing the wave height and the drag coefficient in the single inner bar experiment yields
a preferred spacing of 500 m, which is 100 m smaller than the preferred spacing of experiments
L1 and L1A. The growth rate is significantly larger than the one of experiment L1A, viz. 4.40
d−1 instead of 2.96 d−1 . Although some differences in the longshore current velocity profile on
the seaward slope of the inner bar exist, the overall current velocity profile is quite similar to
the one obtained with experiment L1A. Hence, the difference in the growth must be attributed
to the larger wave height at the inner bar, either by an increased sediment stirring or due to
transport in the direction of the wave orbital motion.
The wavelengths in experiments L1, L1A and L1B are similar, which implies that a change
in the wave height does not result in a different preferred spacing. From experiments L1,
L2 and L3 it can be concluded that an increase of the magnitude of the longshore current
(Figure 4.17(b)) yields an increase of the preferred spacing (Figure 4.4). This dependence of the
preferred spacing on the magnitude of the longshore current velocity agree with the explanation
given by Deigaard et al. [1999] who state that the preferred spacing increases with increasing
inertia of the longshore current. This means that a stronger longshore current or a larger trough
volume yield larger spacings.
To analyze in more detail how the wave height influences the growth rate, the sediment
transport vector is decomposed in bed and suspended load contributions in the directions
of the wave orbital motion and the mean current. An analysis of these terms obtained with
experiments L1, L2 and L3 shows that cross-shore suspended sediment transport in the current
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direction is at least two times larger than the second largest contribution, which is crossshore bed load transport in the direction of the wave orbital motion. Therefore, the sediment
transport in leading order can be estimated as α(x, y)uc, with α(x, y) the sediment stirring
function and uc the cross-shore current velocity. Assuming that this stirring function can be
well-approximated by α(x), i.e. a stirring function which is averaged in the longshore direction,
the analysis of Falqués et al. [1996] can be followed. They introduced an explanation for the
sign and the magnitude of the growth rate. They show that whether a bed perturbation grows
or not depends on the direction of the cross-shore current and the cross-shore gradient of the
ratio of the sediment stirring function and the reference depth, see also Ribas et al. [2003] and
Klein & Schuttelaars [2005b]. For this analysis they use the so-called bottom evolution equation
(BEE):


α
∂
∂h′ αV0 ∂h′
ln
u′c
(4.1)
+
= −α
∂t
D0 ∂y
∂x
D0
Here D0 is the equilibrium water depth, V0 the equilibrium longshore current velocity and α is
the sediment stirring function, obtained by averaging α(x, y) in longshore direction. The second
term on the left-hand-side only results in migration, whereas the term on the right-hand-side
can result in growth of bed forms. The function α/D0 is called the potential stirring function.
Comparison of the terms of the BEE, applied to experiments L1A and L1B shows that the
sediment stirring function is significantly affected by the larger wave height at the inner bar.
The relative change of the sediment stirring function is much larger than the relative change
of the cross-shore current velocity. Since the sediment transport contributions in the direction
of the wave orbital motion are for both experiments approximately the same, the relatively
large growth rate of experiment L1B can most probably be attributed to an increased rate of
sediment stirring due to the larger wave height.

Experiment L4
Multiple (local) maxima have been found with the LSA of experiment L4. In order to identify
the origin of these maxima, single inner bar and single outer bar analogues of experiment L4
have been performed. The results of these LSA’s, together with the results of experiment L4,
are depicted in Figure 4.19.
The LSA’s of the single inner bar and the single outer bar yield a single maximum at
λ = 1000 and 2100 m, respectively. The associated growth rates are larger than the growth rates
obtained with the LSA of the whole system. In case of the single inner bar this is understandable
and has already been discussed above, viz. the omission of the outer bar results in larger
waves at the inner bar and consequently in a larger growth rate. For the single outer bar case,
however, the cause of the larger growth rate is less obvious. The hydrodynamics around the
outer bar hardly change when the inner bar is omitted. Therefore, it can be concluded that the
development of bed perturbations on the inner bar have a damping effect on the growth rate
of the whole system. Since the other two local maxima at λ = 700 and 900 m are not found
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Figure 4.19: Growth rate as a function of the longshore wavelength in case of the LSA of the whole
system, the LSA of the single inner bar and the LSA of the single outer bar, obtained with the settings
of experiment L4.

in the LSA’s of the single inner bar and the single outer bar, it must be concluded that these
modes originate from hydrodynamic interactions between the inner and outer bar.
4.5.2 Non-linear experiments
A coastal system is in equilibrium if no bed changes occur. In the present study, however,
the bed forms are migrating due to the oblique wave incidence and therefore bed changes will
always occur. Therefore, we define the coastal system in morphodynamic equilibrium on a
more aggregated level if the root-mean-square amplitude (ARMS ) of the bed perturbation in the
domain in which the Fourier modes have been determined does not change significantly in time
anymore. This still allows for migration of the bed forms and small scale bed changes. ARMS is
defined as
v
u
y2
x2
X
X
u
1
t
(Dn,m(t) − Dn,m (0))2
(4.2)
ARMS (t) =
(y2 − y1)(x2 − x1) n=y1 m=x1

with y1 = 3000 m, y2 = 9000 m, x1 = 0 m and x2 = 600 m.
By studying the various modes in detail, it can be assessed whether a morphodynamic
equilibrium in the stricter sense is reached as well. For the four non-linear experiments discussed
in this paper, ARMS is plotted as a function of time in Figure 4.20.
First of all, Figure 4.20 illustrates that the root-mean-square amplitude depends on the
wave height, since experiments NL2, NL3 and NL4 are performed with a larger wave height
than experiment NL1 and have a larger ARMS . It can be concluded that the more energetic the
hydrodynamic conditions are, the larger the (aggregated) amplitudes of the bed perturbation
become.
On this aggregated scale and for the duration of the experiments considered no morphodynamic equilibrium is obtained, contrary to the findings of Damgaard et al. [2002]. Also in
Reniers et al. [2004] the coastal system seems to go to an equilibrium although the coastal sys-
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Figure 4.20: Root-mean-square amplitude ARMS of the bed perturbation in the domain in which the
Fourier modes have been determined for the four non-linear experiments vs. time

tem is still developing and hence no definitive conclusions can be drawn. During the amplitude
evolution both a linear and a non-linear phase of growth can be discerned. In the linear phase,
ARMS is increasing exponentially in time. This exponential growth levels off and the non-linear
phase begins, in which ARMS still varies in time, but does not grow exponentially anymore.
The duration of the phase of initial, exponential growth can be determined by considering
the natural logarithm of ARMS (t)/ARMS (0), see Figure 4.21. As long as this line is a straight
line, the growth of the bed perturbation as a whole is exponential. Figure 4.21 demonstrates
that the system behaves linear (i.e. the growth is exponential) during approximately 47 hrs in
case of experiment NL1, 32 hrs in case of experiments NL2 and NL4, and 21 hrs in case of
experiment NL3. It seems that the development in the low energy case (experiment NL1) is
slower than in case of the high energy cases. Furthermore, it is noticeable that the high energy
experiments in which the initial bed perturbation contains the bed perturbation associated
with the FGM (experiments NL2 and NL4) have a significantly longer phase of exponential
growth than experiment NL3, in which the initial bed perturbation did not contain the mode
associated with the FGM.
After 47 hrs the growth of the bed perturbation in experiment NL1 is not exponential
anymore and the non-linear phase is reached. The behaviour in this non-linear phase can be
subdivided in two typical stages. During the first 100 hrs (roughly between 50 and 150 hrs),
the most energetic modes are superharmonic. The ARMS of the bed perturbation still varies
significantly. The overall wavelength observed is of the order of 600 m and the migration speed
equals 100 md−1 . These results correspond reasonably well with the length scale and migration
rate predicted by the LSA. However, the spatial structure of the bed perturbation obtained
in the non-linear experiment is highly dynamic as well and differs from the spatial structure
obtained with the LSA. The symmetric bed perturbation found in the LSA is only found in the
initial phase of the non-linear experiment. In the dynamic phase, up-current, down-current or
crescentic bars running across the crest of the inner breaker bar have been found.
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Figure 4.21: Natural logarithm of root-mean-square amplitude of the bed perturbation in the area
of interest versus time for the four non-linear experiments

After 150 hrs in experiment NL1, the bed perturbation is not as dynamic anymore, although
a dynamic equilibrium is not reached. The bed perturbation in that second non-linear stage is
spanned by seven modes in the longshore direction. These modes all have wavelengths larger
than 600 m and can thus be characterized as subharmonic with respect to the wavelength
of the FGM. The wavelength of the observed bed perturbation is approximately 1000 m. The
migration rate does not essentially differ from the migration rate in the first part of the dynamic
phase. Furthermore, the spatial structure of the bed perturbation is a mix of up-current, downcurrent and crescentic bars. Both the wavelength and the spatial structure do not compare well
with the results obtained with the LSA.
The ARMS shows small-scale variations superposed on a slow linear increase of ARMS . The
slow linear increase can be attributed to the emergence of modes with wavelengths larger
than 3000 m. These large scale modes are not captured very well since the domain in which
the longshore Fourier components of the bed perturbation are computed is ‘only’ 6000 m.
Therefore, to extend the experiment further in time, the model domain should be extended as
well. Apart from the problem of representing these large-scale modes well in the model, the bed
perturbations get large gradients at a few isolated positions. Here, bed slope effects can not be
neglected anymore. Since these effects are not incorporated in the model, the experiment was
stopped after approximately 200 hrs.
The behaviour of experiment NL3 becomes non-linear after a period of 32 hrs. In this
experiment, the initial bed perturbation has a wavelength of 700 m, whereas the FGM has
a wavelength of 2200 m. During the non-linear phase, only subharmonic modes are triggered
and after the linear growth, experiment NL3 seems to arrive directly in the last stage of the
non-linear growth as observed in experiment NL1. In this stage ARMS increases linearly with
superimposed small-scale variations. The bed perturbations on the inner and outer bar are
constructed by five and four modes, respectively. As this experiment has arrived in the final
stage phase much faster than experiment NL1, this experiment has been stopped after 120 hrs
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of simulation time.
The observed spacing on the inner bar of experiment NL3 is 1000 m, which is much smaller
than the spacing of the FGM. The migration celerity is about 160 md−1 , which is smaller than
the migration celerity of the FGM obtained with the LSA, which is 390 md−1 . The overall
spacing of 900 m does however, correspond very well with the preferred spacing found with
single inner bar analogue of experiment L4, see Section 4.5.1, and thus with one of the local
maxima of Figure 4.19. Although five Fourier modes construct the bed perturbation on the
inner bar in the dynamic phase, it is still quite symmetric and has therefore the characteristics
of the bed perturbation obtained with the LSA, i.e. crescentic bed forms are observed.
On the outer bar a spacing of approximately 1500 m can be observed, which corresponds
well with the spacing of the FGM of this experiment. The migration rate is about 160 md−1 ,
similar to the migration celerity on the inner bar. The bed perturbation is less symmetric than
the bed perturbation on the inner bar, although crescentic features can still be observed. Also
in this experiment, modes with wavelengths larger than 3000 finally become important.
From this experiment it is clear that different spacings prevail on either bar. Hence, the
LSA, that only finds one preferred spacing for the whole system, is not able to make a distinction
between the bars. Although the LSA’s of the individual bars give good predictions as far as the
spacing is concerned, the migration rates are even larger than 390 md−1 .
The development of the bed perturbation on the inner bar of experiment NL4 has the same
characteristics as in experiment NL3. After the linear phase (t > 32 hrs), the bed perturbation
on that bar is constructed by more or less the same five Fourier modes and can be characterized
as crescentic features. The visually determined wavelength of 1000 m of bed perturbations on
that bar correspond well with the one found in experiment NL3. The migration rate of this
perturbation is about 220 md−1 .
On the outer bar, however, somewhat larger wavelengths than in experiment NL3 have been
found. The bed perturbation can still be characterized as a crescentic bed form. Its migration
celerity is about 270 md−1 , which is larger than the migration celerity of the bed perturbations
on the inner bar and is much larger than the migration celerity of the bed form on the outer bar
of experiment NL3. On the outer bar, large scale modes are finally emerging as well. Because
of the emergence of these large scale modes and since the bed perturbations seems to develop
towards the same attractor as experiment NL3, the experiment has been stopped after 80 hrs.
Experiment NL2 also reaches the second stage in the non-linear development immediately
after the linear phase of exponential growth. In the non-linear phase, ARMS increases linearly
with small-scale variations added to it, just like observed in experiment NL3. However, the
Fourier modes constructing the bed perturbation in the dynamic phase are quite different from
the modes found in experiments NL3 and NL4.
Although five modes have significant amplitudes, the bed perturbation on the inner bar is
mainly constructed by the modes with wavelengths of 1100 and 2200 m, both of which can be
visually observed. The migration rate on this bar is comparable to the migration rates of bed
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perturbations on the inner bar obtained with the other experiments. Also in this experiment
the bed perturbation on the inner bar can be characterized as a crescentic bar.
On the outer bar, the bed perturbation is determined by only one mode with a wavelength
of 2200 m migrating with a celerity of 1100 md−1 , which is much larger than all migration rates
found in the other experiments. Hence, this initial bed perturbation triggers a development of
the bed quite different from the other experiments. The existence of another attractor seems to
be confirmed by the deviating migration celerity. These results are comparable to the results
of Coco et al. [2000], who explored the evolution of beach cusps with a self-organization model
and found that the evolution of beach cusps is highly dynamic and depends on the initial bed
perturbation.
Comparing the amplitudes of the mode with a wavelength of 2200 m on the inner bar and
the outer bar teaches that in the exponential phase this ratio is about 1/6. This ratio corresponds very well with the ratio following from the LSA, see Figure 4.6. It is argued that in the
exponential phase the development of this mode on the inner bar is slaved to the development
of this mode on the outer bar. In the dynamic phase, the evolution of this mode on both bars
is decoupled since the migration rate on the outer bar is much larger than the migration on
the inner bar, not only for the total bed form but also for this individual mode. Besides the
slaved evolution of the mode with a wavelength of 2200 m, the mode with a spacing of 1100 is
emerging, like in all other non-linear experiments.
Table 4.6: Summarized results of the non-linear experiments.

Exp.
NL1
NL2
NL3
NL4

Inner bar
λ [m]
c [md−1 ]
1000
100
1100&2200
230
1000
160
1000
220

A [m]
1.0
0.35
0.7
0.5

Outer bar
λ [m] c [md−1 ] A [m]
2200
1500
1800

1100
160
270

1.35
1.6
1.4

The results of the non-linear experiments have been summarized in Table 4.6. It can be
stated that in case of the low energy experiment the wavelength of the FGM corresponds during
a long period very well with the visually observed wavelength of 600 m. In the second stage of
the non-linear phase the overall wavelength becomes of the order of 1000 m. The migration rate
in the non-linear phase is quite similar to the one found with the LSA. The bed perturbation,
on the contrary, is highly variable and therefore resembles the spatial structure of the FGM
only occasionally.
In the dynamic phase of the three high energy experiments, the visually observed wavelength
on the inner bar is of the order of 1000 m. The migration celerities in the these experiments
are of the same order of magnitude, viz. 200 md−1 . Furthermore, the bed perturbation on the
inner bar can in all three high energy experiments be characterized as crescentic features. On
the outer bar, the bed perturbation and its migration celerity seem to depend on the initially
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imposed mode. The larger the initially imposed wavelength, the larger the wavelengths in the
non-linear phase and the larger the migration celerity.
The observed spacings of about 1000 m on the inner bar and of about 2000 m on the outer
bar correspond very well with the results of the LSA’s of the single inner bar and the single
outer bar, see Figure 4.19. Since the bed perturbations resulting from the LSA and the bed
forms resulting from the non-linear experiments are quite different, the solutions found with
these two methods might be different. Coincidence can therefore not be ruled out, and hence
we can not claim that the LSA’s of the single bar analogues yield an accurate prediction of the
preferred spacing observed in the dynamic phase.
The present study finds a highly dynamic morphological behaviour and does not yield a
final equilibrium solution, contrary to the findings of Damgaard et al. [2002]. Even though
Damgaard et al. [2002] reached an equilibrium solution after about 50 days, the evolution in
the present study is much more variable and therefore we expect that the present experiments
do not lead to stationary solutions. There are five major differences between the present model
and the model of Damgaard et al. [2002], viz. i) the number of breaker bars, ii) application of a
critical velocity for sediment transport, iii) bed slope related sediment transport, iv) the angle
of wave incidence and v) the sediment transport formulation.
Damgaard et al. [2002] considered single-barred beaches whereas in the present paper
double-barred beaches have been considered. Since experiment NL1, which has been shown
to behave as a single barred beach, exhibits dynamic behaviour as well, the difference in the
number can not be responsible for the different behaviour.
The application of a critical velocity is of minor importance, since the current velocities
on top of the breaker bars, where all the changes take place, are sufficiently large. Hence, the
application of a critical velocity does not prohibit morphological changes. Also the reduction
of the current velocity (by subtracting the critical velocity) is minor and does therefore not
essentially affect the sediment transport rates.
Bed slope effects have a damping effect on the morphological development and are therefore
beneficial for reaching an equilibrium state (see for example Calvete & de Swart [2003] in which
the presence of bed slope effects was essential to reach a morphodynamic equilibrium). In order
to investigate the influence of the angle of wave incidence and bed slope effects, three additional
experiments have been performed. These experiments differ in two aspects from the non-linear
experiments previously discussed, viz. the grid cell size has been increased to 20× 20 m2 in
order to save computation time and the initial bed perturbation was randomly chosen, in order
to have a similar starting point as Damgaard et al. [2002]. The first additional experiment,
designated as experiment NL7, has the same settings as NL1 and is performed as a reference
experiment. The second additional experiment (NL8), is the same experiment as NL7 with the
difference that the angle of wave incidence is set to zero. The settings of the last additional
experiment, designated as experiment NL5, are identical to the settings of experiment NL7, but
the applied Bailard [1981] sediment transport formula contains bed slope effects. Here, only the
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results on an aggregated scale are presented. Experiments NL5 and NL7 are discussed in more
detail in Chapter 5 and Appendix F, respectively.
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Figure 4.22: Root-mean-square amplitude ARMS vs. time of the bed perturbation in the domain in
which the Fourier modes have been determined for experiments NL5, NL7 and NL8

ARMS of these three experiments as a function of time is depicted in Figure 4.22. First of
all, it shows that the evolution of experiment NL7 in the dynamic phase on an aggregated
scale is similar to the one of experiment NL1, see Figure 4.20. A linear phase of exponential
growth can be discerned followed by a dynamic phase in which ARMS varies in time. In case of
perpendicular wave incidence (experiment NL8), the growth in the linear phase is much faster.
In the non-linear phase, the averaged value of ARMS is larger and its variation in time is not
as dynamic. In fact, after t = 70 hrs, ARMS is increasing linearly with small-scale variations
superimposed to it. Hence, in the considered period, no equilibrium is obtained.
In case of experiment NL5, accounting for bed slope effects in the sediment transport formulation, the linear growth is slightly smaller than for NL7, which is to be expected. Figure 4.22
also demonstrates that the averaged value of ARMS in the non-linear phase is slightly larger
than in experiment NL7. The variation of ARMS in time of this experiment is comparable to
experiment NL7. The application of bed slope effects in the sediment transport formulations
has a small effect on the bed forms as well. With bed slope effects, the transition of the bed
forms towards the troughs, as observed in Figures 4.12 and 4.14, is smoother than without bed
slope effects. The sharp transition between the bed forms and the trough has disappeared. In
general, the gradients in the bed forms are much smaller. Nonetheless, the bed perturbations
still can be characterized as crescentic features. Also the behaviour of the individual modes in
the experiments with and without bed slope effects do not essentially differ. Hence, bed slope
related transport has an effect on the morphodynamic evolution but not to such an extent that
the morphodynamic evolution change essentially.
Setting the angle of wave incidence to zero also does not yield an equilibrium state, as
Figure 4.22 demonstrates. Therefore it must be concluded that it is the sediment transport
formulation that is responsible for the difference in behaviour found in the present paper and in
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Damgaard et al. [2002]. An additional experiment with only bed load transport in the current
direction teaches that it is not only the sediment transport in the direction of the wave orbital
velocity that causes the dynamic behaviour, although the variation in ARMS has decreased.
4.5.3 Comparison with observations
As Table 4.6 shows, on the inner bar bed forms with a wavelength of approximately 1000 m and
a migration celerity ranging between 100 and 230 md−1 are found. The bed forms on the inner
bar are highly variable and can be characterized as crescentic and undulating bed features. On
the outer bar much larger bed forms are found, with wavelengths ranging between 1500 and
2200 m are found. The bed forms, which can be characterized as undulating features, migrate
downstream with a celerity ranging between 160 and 1100 md−1 .
Based on a six week data set observed at Egmond, having a cross-shore profile comparable
with Egmond, Ruessink et al. [2000] showed that 85 % of the variability of the inner bar crest
was related to horizontal amplitude variation and longshore migration of bed features with a
longshore wavelength of 600 m. The migration rate of these bed features varied between 0-150
md−1 , depending on longshore component of the wave power. In addition, Wijnberg [1995]
observed bed features with much larger wavelengths, ranging between 1000 and 3000 m on the
outer bar of Egmond.
Based on a 3.4 year long dataset of daily video images of the surf zone of Noordwijk, having
a cross-shore profile comparable with Egmond, Van Enckevort & Ruessink [2003] derived characteristic bed forms and associated wavelengths, migration rates and cross-shore amplitudes.
They found a wide variety of bed forms on the inner bar, ranging from small-scale rip channel
systems (averaged λ=430 m), crescentic bars (averaged λ=990 m), irregular features (averaged
λ=1850 m) and undulating bed forms (averaged λ=2500m). On the outer bar, mainly the undulating and crescentic features with associated wavelengths have been observed. In addition to
these observations, Short [1992] observed from aerial photographs bed features on the inner bar
with wavelengths between 350 and 900 m. As found by Ruessink et al. [2000], Van Enckevort
& Ruessink [2003] found the migration rate to depend on the longshore component of the wave
power, as a proxy for magnitude of the longshore current. It varied between 0 and 180 md−1 ,
and the migration rate is somewhat larger on the outer bar than on the inner bar.
In this paper the presented bed perturbations on the inner and outer bar can mainly be
characterized as crescentic and undulating features, respectively. The spacings obtained in the
non-linear experiments correspond well with the observations of Short [1992], Wijnberg [1995],
Ruessink et al. [2000] and Van Enckevort & Ruessink [2003].
Like the observations, the morphodynamic experiments discussed in this paper yield a
migration rate on the outer bar that is generally larger than the one on the inner bar. For the low
energy experiment NL1, the migration rate obtained corresponds very well with observations.
In the high energy cases, the migration rates are larger than but of the same order of magnitude
as the ones observed.
A comparison of the bed perturbation resulting from the LSA’s and the final bed perturba-
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tions resulting from the morphodynamic experiments shows that the bed perturbations are no
longer symmetrical with respect to a horizontal plane when non-linear effects become important. In the non-linear experiments, the shoals become more horn-like perturbations whereas
the pools become more elongated. Furthermore, the height of the shoals is larger than the
depth of the pools. Besides these crescentic bed features, the non-linear experiments also found
up- and down-current (undulating) bars and irregular patterns. The shape of crescentic bars
corresponds rather well with the description of crescentic bars in e.g. Komar [1976] and Van
Enckevort et al. [2004]. Furthermore, the variety in shapes of the bed forms and their characteristics are also described in the studies mentioned.
Although the classification of bed forms in the surf zone of e.g. Wright & Short [1984] is
discrete, Van Enckevort & Ruessink [2003] show that the transitions from one bed form and
apparent spacing to another are gradual. No simple, linear relation between the transitions and
changes in the hydrodynamic forcing could be distinguished. This corresponds very well with
the findings of the present paper (Section 4.4) that the morphodynamic behaviour of coastal
systems is highly dynamic, even with constant forcing.

4.6 Conclusions
The stability of double-barred beaches in the linear and the non-linear regime has been studied
using a fully non-linear numerical model. The linear stability analyses resulted in bed perturbations that are characterized as crescentic bed patterns. It has been shown that magnitude of
the longshore current is important for the preferred spacing whereas the wave height, via the
sediment stirring, is important for the growth rate. Whether a bed perturbation develops on
the outer bar depends on the height of the bar, the wave height and the longshore wavelength
of the bed perturbation.
The non-linear, morphodynamic behaviour of the double-barred coastal systems under consideration can be characterized by a phase of exponential growth and a consecutive phase of
dynamic behaviour. In case of low energy conditions, this dynamic phase exhibits two stages.
In the first dynamic stage the root-mean-square amplitude ARMS is varying significantly in time
and the wavelengths of the most energetic modes are smaller than 2500 m. In the second dynamic stage, ARMS increases linearly and small-scale variations are superimposed to it whereas
a number of large-scale modes (λ > 2500 m) are emerging.
In case of high energy conditions, the first dynamic stage of significantly varying ARMS is
skipped, and the system directly arrives in the second stage. Irrespective of the wave conditions,
the system is highly dynamic and no equilibrium is found. Both the apparent spacing and the
bed forms gradually change in time.
Furthermore, it appears that the dynamic behaviour of bed forms on the outer bar depends
on the initial bed perturbation. The longer the wavelength of the initial bed perturbation, the
longer the overall spacing and the faster the migration celerity of the emerging bed forms. On
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the inner bar, however, the wavelength and the celerity of the resulting bed forms are quite
insensitive to the initial bed perturbation. The overall wavelength of the bed forms on the inner
bar is in all experiments about 1000 m. Nonetheless, it has been shown that the initial bed
perturbation can influence the morphology on the inner bar if this initially imposed mode on
the inner bar is slaved to the bed form on the outer bar, as is the case in experiment NL2.
The preferred spacing and associated migration rates as found with the LSA’s are only a
good prediction of the apparent spacing and migration rates in the first, exponential phase of
the non-linear evolution. In the dynamic phase, apart from the FGM, other modes contribute
significantly to the bed form. The migration rates found in the linear analysis are larger than
the ones found in non-linear experiments. The shapes of the bed perturbations, their highly
dynamic character and the apparent wavelength correspond well with observations. Also the
migration rate is of the same order of magnitude as the ones found in the literature.
The fact that, contrary to Damgaard et al. [2002], no equilibrium is found, must be attributed to the exact sediment transport formulation. An experiment with only bed load in
the current direction already demonstrated that the sediment transport contribution in the
direction of the wave orbital motion is not crucial for having this dynamic behaviour, although
the variability decreases.

Chapter 5
Impact of shoreface nourishments on the evolution of
double-barred coasts

5.1 Introduction
In the previous chapter the non-linear behaviour of double-barred beaches has been explored
focusing on, among others, the influence of the initial bed perturbation on the morphodynamic evolution. The focus in this chapter is on the influence of shoreface nourishments on
the morphodynamic evolution of coastal systems. Apart from that, also an analysis of the current velocity, sediment transport and initial sedimentation and erosion patterns is presented in
order to better understand the results of the non-linear experiments concerning the shoreface
nourishments.
First of all, Section 5.2 discusses some observations of the Egmond shoreface nourishment
(see Chapter 1) in order to identify a number of characteristic morphological features that were
observed after the execution of the shoreface nourishment. The experiments performed in this
chapter and the model with which these experiments are performed are discussed in Section 5.3.
Section 5.4 briefly discusses two experiments without a shoreface nourishment providing the
initial bed perturbation for the experiments including the shoreface nourishment. Section 5.5
discusses three morphodynamic experiments assessing the influence of shoreface nourishments
on the morphodynamic evolution. An analysis of the impact of shoreface nourishments on the
water motion and the sediment transport patterns is presented in Section 5.6. This chapter is
finalized by a discussion and conclusions.

5.2 Observations of the Egmond shoreface nourishment
Prior to the discussion of the numerical experiments including shoreface nourishments, this
section discusses three surveys of the Egmond shoreface nourishment with the aim to identify
a number of characteristic morphological changes that were observed after the execution of the
shoreface nourishment. The analysis of the numerical experiments will focus on these characteristics. The surveys are depicted in Figure 5.1 and concern the surveys of June 1999 (just before
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the nourishment is executed), September 1999 (just after the execution of the nourishment)
and May 2000.

Figure 5.1: Three surveys of the surf zone near Egmond: June 1999 (left panel), September 1999
(middle panel) and May 2000 (right panel). By courtesy of National Institute for Coastal and Marine
Management (RIKZ).

First of all, the left panel of Figure 5.1 demonstrates that before the execution of the
nourishment a certain autonomous rhythmicity is present in the topography of the breaker
bars. On the outer bar, undulating features with a wavelength of approximately 2000 m can
be observed. This wavelength can also be recognized in the features on the inner bar, but bed
forms with smaller length scales are present on that bar as well. The middle panel depicts the
Egmond surf zone right after the execution of the shoreface nourishment. The nourishment is
situated at the seaward side of the outer breaker bar between y ′ = −1000 and y ′ = 1000 m.
It is clear that the rhythmic pattern hardly changed in these three months. The right panel
of Figure 5.1, however, shows that the Egmond surf zone has changed significantly between
September 1999 and May 2000. The nourishment can still be recognized, although it is much
smoother. The inner bar is smoother as well indicating that modes with larger length-scales
have become more important. Comparing the survey of 1999 with the survey of 2000, three
characteristic observations can be made, viz. i) the outer bar at the position of the nourishment
has move shoreward and nearly connects to an offshore extending feature on the inner bar, ii)
the outer bar has become somewhat higher between y ′ = 0 and y ′ = 2000 m and iii) a region
of strong erosion between the nourishment and the outer bar is observed, i.e. the outer bar
disconnects from the nourishment.
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Despite its unexpected behaviour, the Egmond shoreface nourishment is considered to be
successful. Before 1999 every one or two years a beach nourishment had to be executed in order
to maintain the coastline near Egmond. After the execution of the shoreface nourishment in
1999, which was combined with a beach nourishment, only five years later a new nourishment
had to be executed. Both the breaker berm and feeder berm function of the nourishment are
considered to be responsible for this. The onshore movement of the outer bar at the position
of the nourishment, forming an extra breaker bar, yields additional wave breaking thereby
protecting the beach nourishment. Furthermore, the onshore movement of what used to be the
outer breaker bar increases the volume of sand in the zone where it contributes to the coastline
position.
It has to be emphasized that the time-scale at which the above mentioned observations are
made is much larger than the time-scale covered by the numerical experiments. Besides, the
hydrodynamic conditions in the field vary quite a lot and include the tidal motion, whereas the
numerical experiments have been performed with constant wave forcing and no tidal motion.
These issues will be addressed in the discussion of this chapter, see Section 5.7.

5.3 Definition of the experiments
To study the influence of shoreface nourishments on the morphodynamic evolution of a coastal
system, a number of non-linear experiments have been performed. In the present chapter the
fully non-linear model based on the depth- and wave-averaged shallow water equations coupled
to the HISWA wave model, as discussed in Chapter 2, has been used. However, two adjustments
have been made with respect to the model set-up used for the experiments of the previous
chapter. In order to speed up the computations, the grid cell size has been enlarged to 20×20
m2 . The second adjustment is the application of the complete Bailard [1981] sediment transport
formulation, thus including bed slope related sediment transport, in order to account for all
transport processes, rather than only the ones leading to growth of bed perturbations, as has
been done in Chapter 4. The effects of these adjustments are discussed in Appendix F, showing
that the morphodynamic evolution does not essentially change because of these adjustments.
Therefore the insights gained in Chapter 4 are still valid for the results obtained in this chapter.
In order to assess the effects of the height of the outer breaker bar and the hydrodynamic
conditions on the morphodynamic impact of shoreface nourishments, two sets of settings have
been used. One set consists of the settings of experiment L1 (a low outer bar with small waves).
The other set consists of the settings of experiment L4 (a high outer bar with large waves). In
Chapter 4 it has already been shown that experiments with these settings are two extremes.
Experiment L1, and also its non-linear analogue NL1, behaves merely as a single-barred beach,
since not much morphological activity is taking place on the outer bar of this system. The other
extreme consists of experiments with the settings of experiment L4 which exhibit a complicated
behaviour in the linear regime and in which both bars are subject to significant morphological
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changes in the non-linear regime (experiments NL2, NL3 and NL4).
In Chapter 1 it is hypothesized that the morphological reaction of the Egmond coast to
the execution of the shoreface nourishment was so fierce because the length of the nourishment
was approximately the same as the length-scales of the bed perturbations on the outer bar.
Note that these length-scales correspond very well with the ones found with the LSA’s and
the non-linear experiments discussed in Chapter 4. In order to validate this hypothesis, the
non-linear reaction of the coast to the execution of a shoreface nourishment is explored for two
different lengths LSN of the shoreface nourishment, viz. one corresponding with the length of the
Egmond nourishment and one not corresponding with this length or any of its subharmonics.
In the experiments performed in this chapter, the longshore-uniform bathymetry has been
slightly perturbed resulting in non-linear growth of bathymetric features. After 80 or 90 hrs of
morphodynamic evolution, depending on the settings, a shoreface nourishment was introduced,
and the evolution including the nourishment was continued for another 60 to 70 hrs. To be able
to see which bathymetric changes are due to the introduction of the nourishment and which are
the result of the non-linear evolution without the shoreface nourishment, the morphodynamic
evolutions without the nourishments have been simulated for another 60 to 70 hrs as well.
5.3.1 Non-linear experiments without shoreface nourishments
The non-linear experiments without shoreface nourishments with the settings of experiments
L1 and L4 performed in this chapter are designated as experiments NL5 and NL6, respectively.
The settings of these experiments have been summarized in Table 5.1.
Table 5.1: Summarized settings of the non-linear experiments

Experiment
NL1
NL2
NL3
NL4
NL5
NL6
SN1
SN2
SN3

Applied settings
L1
L4
L4
L4
L1
L4
L1
L4
L4

LSN [m]
800
800
2000

In experiments NL5 and NL6 the initial bed perturbation, which is depicted in Figure 5.2,
is imposed on the crests of the two breaker bars where most morphological activity takes place.
It consists of all harmonics fitting in the domain in which the longshore Fourier components
of the bed perturbation are determined. In this chapter, the length LFD of this domain is set
to 6000 m. These Fourier modes are given a random phase and an equal amplitude. In this
way no dominant wavelength is introduced in the system by the initial condition, contrary
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to the non-linear experiments of the previous chapter. The maximum amplitude of the initial
bed perturbation is 0.01 m. Experiments NL5 and NL6 have been run for 160 and 140 hrs,
respectively.

Initial bed perturbation h′ [m]

0.02
0.015
0.01
0.005
0
−0.005
−0.01
−0.015
−0.02
0

2000

4000

6000

8000

10000

12000

y [m]

(a) Plan view of the random phase initial bed perturbation

(b) Longshore profile of the random phase initial
bed perturbation

Figure 5.2: Random phase initial bed perturbation of the non-linear experiments NL5 and NL6

5.3.2 Non-linear experiments with shoreface nourishments
In order to assess the impact of shoreface nourishments on the coastal evolution as described by
experiments NL5 and NL6, three non-linear experiments including shoreface nourishments have
been performed. The dimensions and the position of the nourishments are based on the Egmond
shoreface nourishment, see Figure 5.1. In all three experiments, the shoreface nourishment is
located directly seaward of the crest of the outer breaker bar. The dimensions of the shoreface
nourishment are characterized by its width, height and length. The top level of the nourishment
is equal to the height of the outer breaker bar and its width is 100 m. An example of a
shoreface nourishment as implemented in the non-linear experiments is depicted in Figure 5.3.
It is assumed that the nourishment is imposed instantaneously to the coastal system. Note that
a single nourishment is implemented whereas the bed perturbations are imposed periodically.
This is discussed in more detail in Appendix F.3.
In experiment SN1 an 800 m long shoreface nourishment is included at t = 90 hrs in experiment NL5. This length corresponds more or less with the preferred spacing of bed perturbations on the inner bar of experiment L1. This experiment is performed in order to see whether
a shoreface nourishment executed at the outer bar is able to trigger significant morphological
activity on the outer bar that is otherwise morphological inactive.
Experiment SN2 concerns an experiment in which an 800 m long shoreface nourishment is
executed at t = 80 hrs in the evolution of experiment NL6. The length of and the motivation
for this nourishment length are equal to the ones of experiment SN1. In experiment SN3, the
last experiment including a shoreface nourishment, a 2000 m long nourishment is executed also
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(a) Cross-sectional view

(b) Plan view

Figure 5.3: Double-barred beach including a 2000 m long shoreface nourishment

at t = 80 hrs in the evolution of experiment NL6. The length of 2000 m is motivated by the fact
that the Egmond shoreface nourishment of 1999 was approximately 2000 m long. A comparison
of the morphodynamic evolution of experiments SN2 and SN3 will reveal whether the fierce
reaction of the Egmond surf zone to the 1999 nourishment is indeed caused by the length of the
nourishment. Note that due to different outer bar crest levels, the top level of the nourishment
in experiment SN1 on the one hand and in experiments SN2 and SN3 on the outer hand are
also different. The settings of experiments SN1, SN2 and SN3 are summarized in Table 5.1 as
well.

5.4 Non-linear behaviour without nourishments
This section presents the results of experiments NL5 and NL6 by discussing the temporal
evolution on an aggregated scale. A more detailed discussion, similar to the ones of experiments
NL1, NL2, NL3 and NL4, is presented in Appendix G.
5.4.1 Experiment NL5
The temporal evolution of ARMS of the bed perturbations in the area of interest obtained with
experiment NL5 is depicted in Figure 5.4. Since experiment NL5 concerns an experiment with
a low outer bar and small waves, the only essential difference with experiment NL1 is the initial
bed perturbation. The ARMS of experiment NL1 is therefore presented in Figure 5.4 as well.
The evolution of ARMS of experiment NL5 is qualitatively similar to the one of experiment
NL1: the evolution in experiment NL5 can be subdivided in three phases, viz. a phase of initial,
exponential growth, a dynamic phase in which ARMS varies significantly in time and a dynamic
phase in which ARMS gradually increases in time with small-scale variations superimposed to
it, since a very large-scale mode is emerging. The results in this latter phase should be used
with care since the large-scale mode of 6000 m can not be represented very well. Despite the
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Figure 5.4: Experiments NL1 and NL5: ARMS versus time

large correspondence, quantitative differences between NL1 and NL5 remain. The duration of
the phase of exponential growth in experiment NL5 of approximately 65 hrs is longer than in
experiment NL1. Furthermore, the variability of ARMS is much smaller in experiment NL5 than
in experiment NL1. Nonetheless, the averaged value of ARMS in the dynamic phase is about the
same for both experiments.
The results of the detailed analysis of experiment NL5 given in Appendix G can be summarized as follows. Although the bed forms on the inner bar of experiment NL5 are highly
variable throughout the whole considered period, they can be characterized as crescentic and
undulating features. Figure 5.5 gives as an example the bed forms at t = 70 and 110 hrs. The
overall wavelength of the bed forms at t = 70 hrs is smaller than at t = 110 hrs, reflecting the
fact that larger modes become more dominant throughout time. The bed perturbations on the
inner bar migrate with a celerity of the same order of magnitude as they do in experiment NL1,
viz. 100 md−1 . The maximum amplitude of the bed perturbation on the inner bar is about 1
m.
From these results can be concluded that the morphodynamic evolution in experiment NL5
is qualitatively the same as in experiment NL1. This means that the different initial conditions
of these experiments do not essentially influence the morphodynamic behaviour.
5.4.2 Experiment NL6
The temporal evolution of ARMS of the bed perturbations in the area of interest obtained with
experiment NL6 is depicted in Figure 5.6. Experiment NL6 concerns an experiment with a high
outer bar and large waves. Again, only the initial bed perturbation is essentially different from
those in experiments NL2, NL3 and NL4. Therefore ARMS of experiment NL3 is presented in
Figure 5.6 for reference as well.
Figure 5.6 demonstrates that the phase of exponential growth in case of experiment NL6 is
about 50 hrs, which is larger than the exponential phase in experiment NL3. Between this initial
phase and the dynamic phase, commencing at t = 115 hrs, ARMS still increases significantly. The
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Figure 5.5: Bed perturbations of experiment NL5 at t = 70 hrs (left) and at t = 110 hrs (right).
Amplitude of the bed perturbation is in meters.

root-mean-square amplitude of experiment NL6 is significantly larger than ARMS of experiment
NL3. Although experiment NL3 has been pursued shorter than experiment NL6, it is not
expected that ARMS of experiment NL3 would have further increased when it would have been
continued, since the evolution in experiment NL3 is faster than in experiment NL5.
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Figure 5.6: ARMS of the bed perturbation in the area of interest of experiments NL3 and NL6 versus
time

The results of the detailed analysis of experiment NL6 given in Appendix G can be summarized as follows. On the inner bar of experiment NL6, mainly four modes dominate the bed
perturbation which has an overall wavelength of 1000 m and an amplitude of 0.5 m, see Fig-
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ure 5.7. The migration celerity of the bed forms on the inner bar is approximately 50 md−1 .
The bed perturbation on the outer bar is mainly constructed by four modes as well and has
an apparent wavelength of about 2000 m. The migration celerity is about 200 md−1 . The mean
amplitude of the bed perturbations at the crest of the outer bar is about 1.5 m. At the flanks
of the outer bar amplitudes up to 2 m are found. The bed forms on both the inner and the
outer bar can be characterized as crescentic and undulating patterns.

Figure 5.7: Bed perturbations of experiment NL6 at t = 60 hrs (left) and at t = 120 hrs (right).
Amplitude of the bed perturbation is in meters.

Although the bed forms of experiment NL6 have a number of characteristics in common with
e.g. experiment NL3, the ARMS of experiment NL6 indicates that bed forms in this experiments
are much more energetic. This means that the initial conditions under the present conditions
are of importance to the morphodynamic evolution.

5.5 Non-linear behaviour triggered by shoreface nourishments
This section discusses the results of morphodynamic experiments in which at t = 90 hrs (SN1)
or at t = 80 hrs (SN2 and SN3) in the morphological evolution a shoreface nourishment is
instantaneously implemented. That moment, chosen such that the coastal system is well in the
dynamic phase, is in the figures below indicated by the straight, vertical line.
5.5.1 Experiment SN1
Experiment SN1 concerns an experiment in which an 800 m long shoreface nourishment is
executed at t = 90 hrs in the evolution of experiment NL5. Figure 5.8 depicts ARMS of these
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two experiments. The ARMS of experiment SN1 is determined with respect to the reference
bathymetry including the nourishment. Hence, the nourishment itself is not included in ARMS .
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Figure 5.8: ARMS of the bed perturbation in the area of interest of experiments NL5 and SN1 as a
function of time. The straight vertical line indicates the moment the shoreface nourishment is executed.

Figure 5.8 demonstrates that the influence of this shoreface nourishment under the present
conditions on the evolution on the aggregated scale is limited. No significant increase of ARMS
after the implementation of the nourishment can be observed. On the contrary, ARMS of experiment SN1 is smaller than ARMS of experiment NL5. Hence, the nourishment, located at the
outer bar, has a damping effect on the perturbations on the inner bar. Also the variation of
ARMS in time is smaller for experiment SN1 than for experiment NL5. Furthermore, the presence of a shoreface nourishment at the outer bar has not lead to any significant development
on the outer bar.
A representation of the effects of the 800 m long shoreface nourishment on the evolution
of individual modes is given in Figures 5.9 and 5.10. These figures depict the amplitudes of all
modes on the inner and outer bar, respectively, as a function of the wavelengths at t = 100 and
110 hrs, showing that the evolutions with and without nourishments are very similar. None of
the modes significantly grew after the execution of the nourishment, neither on the inner nor
on the outer bar.
5.5.2 Experiments SN2 and SN3
Figure 5.11 depicts ARMS obtained with experiments SN2 and SN3, in which at t = 80 hrs
an 800 and a 2000 m long shoreface nourishment has been implemented. Besides, ARMS of
experiment NL6 is plotted as well.
The root-mean-square amplitudes of both experiments exhibit qualitatively the same behaviour during the first 15 hours after the execution of the nourishment. After a very short
period in which ARMS decreases, a period commences in which ARMS grows significantly. Approximately 20 hrs after the execution of the nourishment, the increase of ARMS of experiment
SN2 levels off. The averaged value of ARMS is of the same order as found in experiment NL6.
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Figure 5.9: Experiments NL5 and SN1: amplitude vs. wavelength on the inner bar at two moments
after the execution of the nourishment
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Figure 5.10: Experiments NL5 and SN1: amplitude vs. wavelength on the outer bar at two moments
after the execution of the nourishment

The ARMS of experiment SN3, on the contrary, continues to increase, resulting in a much larger
averaged value of ARMS compared to experiments SN2 and NL6. Hence, a 2000 m long nourishments triggers a much fiercer reaction of the coastal system than an 800 m long nourishment
does.
The dynamic behaviour after t = 130 hrs in case of experiment SN2 and after t = 120 hrs
in case of experiment SN3 is very similar to the behaviour in the second stage of the dynamic
phase of experiments NL1 and NL5. This stage is characterized by a gradual increase of ARMS
with small-scale variations superimposed to it and the emergence of a very large-scale mode
with a wavelength of 6000 m. Since this mode can not be resolved very well, a larger model
domain should be applied. After t = 130 hrs and t = 120 hrs results obtained with experiments
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Figure 5.11: Experiments NL6, SN2 and SN3: ARMS of the bed perturbation in the area of interest
of versus time

SN2 and SN3, respectively, should be used with care. Although the experiments have been
pursued further, results after these moments are not taken into account here.
It is noticeable that ARMS decreases in the first 15 hours after the execution of the nourishment. This decrease can be attributed to a decrease of the amplitude of the individual modes
on the inner bar, like it has been observed in the case of experiment SN1. After 15 hrs, however,
significant changes at the outer bar take place and as a consequence of that ARMS of the whole
system increases.
The morphodynamic evolution on a more detailed scale is discussed by considering the bed
perturbations at t = 90 hrs and at t = 120 hrs, depicted in Figures 5.12 and 5.15. To give a
complete picture of the evolution of the bed perturbations, the bed forms at t = 100 and 110
hrs are presented as well, see Figures 5.13 and 5.14.
At t = 90 hrs, both shoreface nourishments have a negligible impact on the evolution of the
inner bar topography. The amplitude of the bed perturbation on the inner bar at that moment
is about 0.4 m and the overall wavelength is approximately 1000 m. Hence, no differences
between the 800 m and the 2000 m long nourishment are observed during the first ten hrs on
the inner bar.
On the outer bar, however, erosion of the shoreface nourishments can clearly be distinguished. The 800 m long nourishment is eroded more than the 2000 m long nourishment.
Despite this erosion of the 800 m nourishment, the characteristic bathymetric features of the
bed perturbation obtained with experiment NL6 can still be observed along the whole outer
bar of experiment SN2, viz. undulating features with a spacing of approximately 2000 m. The
2000 m long nourishment, on the contrary, has already significantly changed the bathymetry
in its direct vicinity, since a clearly longer bar feature is observed in the cross-sections covering
the nourishment compared to experiments NL6 and SN2. The bed perturbation in the coastal
stretches adjacent to the nourishment still resemble the bed perturbation of experiment NL6
quite well. The amplitudes of the bed forms on the outer bar of experiments SN2 and SN3 have
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Figure 5.12: Bed perturbations at t = 90 hrs: experiments NL6 (left panel), SN2 (middle panel) and
SN3 (right panel). Amplitude of the bed perturbation is in meters. The contour line is the 0.05 m
contour.

Figure 5.13: Bed perturbations at t = 100 hrs: experiments NL6 (left panel), SN2 (middle panel)
and SN3 (right panel). Amplitude of the bed perturbation is in meters. The contour line is the 0.05
m contour.
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Figure 5.14: Bed perturbations at t = 110 hrs: experiments NL6 (left panel), SN2 (middle panel)
and SN3 (right panel). Amplitude of the bed perturbation is in meters. The contour line is the 0.05
m contour.

Figure 5.15: Bed perturbations at t = 120 hrs: experiments NL6 (left panel), SN2 (middle panel)
and SN3 (right panel). Amplitude of the bed perturbation is in meters. The contour line is the 0.05
m contour.
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decreased to about 1.5 m. This is in correspondence with the observed decrease of ARMS in
approximately the first ten hrs after the execution of the shoreface nourishment, see Figure 5.8.
Between t = 90 and 120 hrs the bed perturbations on the inner bar of experiments SN2 and
SN3 evolve differently. The evolution of the inner bar of experiment SN2 is still very similar to
the evolution of the inner bar of experiment NL6. At t = 120 hrs, many of the characteristics
of the bed perturbation of experiment NL6 can be recognized in the bed forms on the inner
bar of experiment SN2, such as the patches with alternating erosion and sedimentation at the
downstream end of the nourishment with a spacing of about 1000 m. In case of experiment
SN3 the bed forms are very different from the ones observed in experiment NL6 and SN2.
Downstream of the nourishment a large-scale mode of about 2000 m is observed, whereas
upstream of the nourishment similar patches with alternating erosion and sedimentation with
a length scale of 1000 m are observed. Experiments SN2 and SN3 do have in common, however,
that the amplitude of the bed perturbations has generally become somewhat larger compared
to NL6, viz. 0.5 m instead of 0.4 m.
At t = 120 hrs, both nourishments have a significant impact on the bed forms on the outer
bar. In the case of the 800 m long nourishment however, characteristics of the bed perturbation
of NL6 of that moment can still be recognized, although the length scale has slightly increased.
In case of the 2000 m long nourishment, on the contrary, hardly anything of the bed perturbation
of NL6 can be recognized. Large scale modes are dominating the bed forms on the outer bar.
The amplitudes of the bed forms on the outer bar of experiments NL6 and SN2 are about
the same, viz. 2 m, whereas the amplitude of the bed perturbation of experiment SN3 has a
maximum value of 3 m. Note that the location of this maximum amplitude is situated in the
outer trough, hence there is still a significant water column above the bed.

5.6 Analysis of experiments SN2 and SN3
In order to be able to explain some of the characteristics observed in both the surveys and
the numerical experiments of the previous sections, this section presents an analysis of the
wave forcing, current velocities, sediment transport rates and initial sedimentation and erosion
patterns for experiments SN2 and SN3. However, these physical quantities are the result of
complex interactions triggered by the non-uniformities in the bathymetry due to both the
initial bed perturbation and the shoreface nourishment. Since the dynamic behaviour of the
system when only considering initial random perturbations can only be described but not really
understood in terms of physical processes, it is evident that it is very difficult to distinguish
and understand the influence of the shoreface nourishments on the morphodynamic evolution
from the results of experiments SN2 and SN3. Therefore, experiments SN2 and SN3 have been
performed without the initial bed perturbation as well for about five hours, facilitating an
analysis of the initial development caused solely by the nourishment. This is only justified if
the initial evolution with the nourishment but without the initial bed perturbation has the
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same characteristics as the initial evolution with both the nourishment and the initial bed
perturbations. Figure 5.16 depicts the bathymetry after 5 hrs obtained with an experiment with
shoreface nourishment but without initial bed perturbation (right panel) and the bathymetry
of experiment SN3 at t = 85 hrs (i.e. 5 hrs after the execution of the nourishment) from which
the bathymetry of NL6 at t = 85 hrs is subtracted, as a proxy of the evolution without initial
bed perturbation.

Figure 5.16: Bed perturbations at t = 85 hrs: experiment SN6 minus experiment NL6 (left panel) and
experiment SN6 without nourishment (right panel). Amplitude of the bed perturbation is in meters.

Figure 5.16 demonstrates that the two bed perturbations are not identical, but they do have
some characteristics in common, like the sedimentation at the upstream end of the nourishment,
the onshore movement of the nourishment and the non-uniform changes of the nourishment.
The morphodynamic changes due to the nourishment are considered to be sufficiently decoupled
from the morphodynamic changes associated with the initial bed perturbation to justify the
above mentioned approach, considering the effects solely caused by a shoreface nourishment.
The presence of a shoreface nourishment results in an increased rate of breaking and consequently in smaller wave heights in the shadow zone of the nourishment. This increased rate of
breaking with respect to cross-sections adjacent to the nourishment yields a larger wave set-up
in cross-sections in the shadow zone of the nourishment than in cross-section outside the shadow
zone. These longshore gradients in the wave set-up are the driving force of circulation patterns,
see e.g. Fredsøe & Deigaard [1992]. Besides this effect of the nourishment on the current velocity
patterns via wave breaking, the presence of the shoreface nourishment itself has an effect on the
current velocity pattern by means of deflection of the longshore current around the nourishment.

5.6. Analysis of experiments SN2 and SN3
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In case of perpendicular wave incidence and thus in absence of a mean longshore current, the
first effect can studied in isolation. Therefore, first an analysis of the hydrodynamics obtained
with perpendicular wave incidence is discussed before an analysis of the hydrodynamics under
the forcing of oblique wave incidence is given. Since the sediment transport rates are strongly
coupled to the current velocities, also the sediment transport vectors and initial sedimentation
and erosion patterns are analyzed for both oblique and perpendicular wave incidence.
5.6.1 Hydrodynamics
Normal wave incidence
The dependence of the current velocity pattern on the length of the nourishment is demonstrated in Figure 5.17, depicting the current velocity patterns obtained with the 800 and 2000
m long shoreface nourishments under the forcing of perpendicular incident waves. The current
velocity vectors are plotted on top of a color plot of the current magnitude. Irrespective of
the length of the nourishment, two strong eddies are triggered at the tips of the nourishment,
rotating anti-clockwise at the lower end and clockwise at the upper end of the nourishment.
Two weaker eddies, rotating in opposite direction, can be observed in the same cross-sections
at the inner bar. This is more easily seen by comparing the vorticity patterns, defined as
∂vc /∂x − ∂uc /∂y. Figure 5.18 shows that the strength of the eddies does not depend on the
length of the nourishment. Furthermore, the two eddies at the tips of the nourishments are wellseparated. The maximum current velocities are of comparable magnitude for both nourishment
lengths. However, the current velocities on top the 800 m long nourishment are more or less
longshore-uniform, whereas in the case of the 2000 m long nourishment the current velocities
are not uniform.
Oblique wave incidence
When considering obliquely incident waves, a mean longshore current is present and therefore
the current velocity pattern is not symmetrical. The left and right panels of Figure 5.19 depict
the current velocity patterns around the 800 and 2000 m long shoreface nourishment, respectively. In Figure 5.19 a seaward deflection of the current around the shoreface nourishment can
clearly be discerned. In case of the 800 m long shoreface nourishment the region in which the
current reattaches to the outer bar is as large as or even longer than the nourishment itself.
Therefore mainly onshore velocities, caused by an eddy present at this end of the nourishment,
are observed on top of this nourishment. In case of the 2000 m long nourishment, the zone of
reattachment is about 800 m. This means that in the first 800 m of this nourishment an onshore
flow is present whereas on top of the remaining downstream part of the nourishment mainly
longshore velocities are observed.
Plots of the vorticity patterns (Figure 5.20) teach that, compared to the current velocities
patterns associated with perpendicular wave incidence, the region with positive viscosity on
the inner bar has disappeared. Besides, the magnitude of the positive vorticity at the upstream
end of the nourishment in case of oblique wave incidence is larger than in case of perpendicular
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Figure 5.17: Current velocity pattern in case of normal wave incidence plotted on top of the current
magnitude. Colorbar indicates the magnitude of the current velocity in ms−1 . Contours are the depth
contours. Straight vertical dashed lines indicate the crests of the breaker bars. Left panel: 800 m long
shoreface nourishment; right panel: 2000 m long shoreface nourishment.

wave incidence. Note that the eddies are a combination of wave-driven eddies and eddies caused
by deflection of the longshore current and the eddies can be transported with the longshore
current.
A further increase of the angle of wave incidence obviously results in a larger mean longshore
current velocity. The eddies at the corners of the nourishment become less important and
therefore the longshore current tends to follow the depth contours and hardly any cross-shore
current velocities can be observed on top of the nourishment.
5.6.2 Sediment transport
Normal wave incidence
In case of normal wave incidence the sediment transport patterns maintain the characteristics
of the current velocity pattern, see Figure 5.21, viz. nearly uniform sediment transport on top
of the 800 m long nourishment and non-uniform sediment transport on top of the 2000 m long
nourishment. There is, however, one important difference. Since the sediment transport rates
are proportional to the current velocities to a certain exponent, the difference between the
current velocities on the inner bar and outer bar are magnified in the sediment transport rates.
Hence, the sediment transport rates on the inner bar are much smaller than on the outer bar.
This corresponds with the fact that the inner bar of experiment NL6 is far less morphological
active than the outer bar.

5.6. Analysis of experiments SN2 and SN3
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Figure 5.18: Current velocity pattern in case of normal wave incidence plotted on top of the vorticity pattern. Colorbar indicates the amount of vorticity in s−1 . Contours are the depth contours.
Straight vertical dashed lines indicate the crests of the breaker bars. Left panel: 800 m long shoreface
nourishment; right panel: 2000 m long shoreface nourishment.

Oblique wave incidence
The sediment transport patterns associated with oblique wave incidence and with an 800 and
a 2000 m long shoreface nourishment are depicted in Figure 5.22. It demonstrates that the
direction of the total sediment transport is not everywhere equal to the direction of the current
velocity. This is especially true for the 2000 m long nourishment. Contrary to the current
patterns, the sediment transport in the downstream part of that nourishment does not reattach
to the nourishment. It means that the main direction of the sediment transport is independent
of the length of the nourishment, viz. onshore directed sediment transport for both lengths.
However, the magnitude of the sediment transport over the nourishment does depend on the
length of it and is in the case of the 2000 m long nourishment not uniform over the nourishment.
At both ends of the nourishment the sediment transport is larger than in the central section.
By analyzing the various contributions to the total sediment transport rates, similar as has
been done in Chapter 3, Section 3.7.2, the relative importance of these contributions can be
assessed. This analysis shows that the suspended sediment transport is the largest contribution.
The bed load transport rates in the direction of the waves and in the direction of the mean
current are an order of magnitude smaller. By comparing these results with the sediment transport terms obtained with an experiment without a shoreface nourishment it can be concluded
that the inclusion of a shoreface nourishment in a coastal system yields a larger increase of
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Figure 5.19: Current velocity pattern plotted on top of the current magnitude. Colorbar indicates the
magnitude of the current velocity in ms−1 . Contours are the depth contours. Left panel: experiment
SN2; right panel: experiment SN3.

Figure 5.20: Current velocity pattern plotted on top of the vorticity pattern. Colorbar indicates the
amount of vorticity in s−1 . Contours are the depth contours. Straight vertical dashed lines indicate
the crests of the breaker bars. Left panel: experiment SN2; right panel: experiment SN3.
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Figure 5.21: Sediment transport vector in case of normal wave incidence plotted on top of the
magnitude of sediment transport. Colorbar indicates the magnitude of the sediment transport in
m2 s−1 . Contours are the depth contours. Straight vertical dashed lines indicate the crests of the breaker
bars. Left panel: 800 m long shoreface nourishment; right panel: 2000 m long shoreface nourishment.

the suspended sediment transport than of the bed load transport. The fact that the sediment
transport is not everywhere in the same direction as the current, it must be concluded that, at
least partly, the (suspended) sediment transport in the direction of the wave orbital motion is
dominant.
For large wave angles, still a large onshore sediment transport component exists, contrary
to the current velocities, which tend to follow the depth contours. This onshore component is
caused by sediment transport in the direction of the wave orbital motion. The fact that the
eddies at the corners of the nourishment are of minor importance, causing the depth contour
parallel current, means that the sediment transports on top of the nourishment are more or less
longshore-uniform. This holds for both the 800 m and the 2000 m long shoreface nourishment.
5.6.3 Initial sedimentation and erosion
Normal wave incidence
Initial sedimentation and erosion patterns after 5 hrs at the inner and outer bar are depicted in
Figures 5.23 and 5.24, respectively, for the two shoreface nourishments in case of perpendicular
wave incidence.
Characteristics of the flow and sediment transport patterns can be recognized in the patterns
of initial sedimentation and erosion. In case of the 800 m long nourishment, the onshore flow
causes erosion of the seaward flank and the crest of the nourishment and deposition at the
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Figure 5.22: Sediment transport vector plotted on top of the magnitude of sediment transport.
Colorbar indicates the magnitude of the sediment transport in m2 s−1 . Contours are the depth contours.
Straight vertical dashed lines indicate the crests of the breaker bars. Left panel: experiment SN2; right
panel: experiment SN3.

bar crest and directly shoreward of it. This means that the height of the outer bar increases.
Adjacent of the nourishment this picture is reversed, hence erosion of the bar and sedimentation
seaward of it, although the magnitude of the bed changes is an order smaller.
In the right panel of Figure 5.24 it can clearly be seen that due to the larger length of
the nourishment the initial sedimentation and erosion pattern is not as longshore-uniform as
compared to the case of the 800 m long nourishment. Moreover, in the middle of the 2000 m
nourishment the sedimentation-erosion pattern is reversed with respect to the adjacent parts
of the nourishment. This feature can not be explained by the sediment transport patterns,
discussed in the previous section. Already during the first 5 hrs, the nourishment and the
adjacent zone is significantly changing. The larger onshore sediment transports at the two ends
of the nourishment yield a local increase of the bar amplitude thereby amplifying the eddies
at the ends of the nourishment. Already soon, these two eddies become well-separated with
offshore flow in the central part of the nourishment, explaining the erosion of that central part,
see Figure 5.25.
The initial bed changes on the inner bar are small compared to the changes on the outer bar.
It is noticeable that in case of the 800 m long nourishment the pattern of initial sedimentation
and erosion has a larger length scale than in case of the 2000 m long nourishment.
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Figure 5.23: Sedimentation and erosion patterns after 5 hrs at the inner bar in case of perpendicular
wave incidence. Colorbar indicates bed changes in m. Contours are the depth contours. Straight vertical
dashed line indicates the crest of the inner bar. Left panel: 800 m long shoreface nourishment; right
panel: 2000 m long shoreface nourishment.

Oblique wave incidence
Initial sedimentation and erosion patterns after 5 hrs associated with the total sediment transport rates are depicted in Figures 5.26 and 5.27 for the two shoreface nourishments in case of
oblique wave incidence. Analogous to the fact that the direction of the sediment transport is
independent of the length of the nourishment, the patterns of initial sedimentation and erosion for the two nourishments generally have the same characteristics. Sand is eroded from
the nourishment and deposited directly shoreward at the crest of the outer bar and slightly
down-current of the nourishment. This means that, like it is the case for normal incident waves,
the outer bar becomes locally higher. It is noticeable that adjacent to the nourishment sand is
transported offshore, hence opposite to the desired direction.
On a detailed level, however, differences in the initial sedimentation and erosion patterns
obtained for the two nourishments exist. In case of the 800 m long nourishment the sediment
transport above the nourishment is more or less uniform over the nourishment. In case of the
2000 m long nourishment, on the contrary, the sediment transport above the nourishment is not
uniform. A clear patch of erosion can be observed directly shoreward of the outer bar. This patch
has the same origin as the patch of erosion observed in the case of perpendicular wave incidence.
Apart from that mechanism, the longshore gradient in the longshore sediment transport results
in additional asymmetric erosion-deposition patterns. This can be seen in the central region of
the nourishment, where the longshore sediment transport increases in downstream direction to
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Figure 5.24: Sedimentation and erosion patterns after 5 hrs in case of perpendicular wave incidence.
Colorbar indicates bed changes in m. Contours are the depth contours. Straight vertical dashed line
indicates the crest of the outer bar. Left panel: 800 m long shoreface nourishment; right panel: 2000
m long shoreface nourishment.

partly feed the build-up of the bar at the downstream tip of the nourishment.
The initial sedimentation and erosion patterns on the inner bar for both nourishments is
mirrored in cross-shore direction, compared to the initial sedimentation and erosion patterns on
the inner bar obtained with normal incident waves. Furthermore, in the cross-section through
the downstream end of the 2000 m long nourishment some bed changes can be observed on the
inner bar, contrary to the case of the 800 m long nourishment. This indicates that the 2000 m
long nourishment has a larger impact.
Although the bed perturbations of experiments SN2 and SN3 at t = 100 hrs are not
identical to the ones obtained with the experiments with initial bed perturbation, they do
however have some characteristics in common. The patch with deposition at the upstream
end of the nourishment can clearly be seen in both series. Both sets of experiments have also
the increase of the crest of the outer breaker bar in common. Although not very clear, the
experiment with the 2000 m long nourishment displays the formation of a region of erosion
between the nourishment and the crest of the outer breaker bar.
Analogous to the sediment transport rates, the initial morphodynamic changes of the
shoreface nourishment in the case of large angles of wave incidence are longshore-uniform as
well. This means that initially no region of erosion between the nourishment and the crest of
the outer breaker bar is observed. Hence, the development of this region of erosion is related
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Figure 5.25: Left panel: current velocity vector plotted on top of the current magnitude. Right panel:
current velocity vector plotted on top of the vorticity. Contours are the depth contours. All quantities
plotted at t = 5 hrs in case of perpendicular wave incidence.

Figure 5.26: Sedimentation and erosion patterns after 5 hrs in case of oblique wave incidence. Contours are the depth contours. Straight vertical dashed line indicates the crest of the inner bar. Left
panel: 800 m long shoreface nourishment; right panel: 2000 m long shoreface nourishment.
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to moderate angles of wave incidence.

Figure 5.27: Sedimentation and erosion patterns after 5 hrs in case of oblique wave incidence. Contours are the depth contours. Straight vertical dashed line indicates the crest of the outer bar. Left
panel: 800 m long shoreface nourishment; right panel: 2000 m long shoreface nourishment.

5.7 Discussion
5.7.1 Non-linear experiments without shoreface nourishments
In the dynamic phase, the results of experiments NL1 and NL5 are quite similar. In both
experiments the apparent wavelength of the bed forms on the inner bar is about 1000 m. The
amplitude and the spatial structure of the bed forms are similar as well and the migration rates
of experiments NL1 and NL5 are of the same order of magnitude.
Although the initial evolution of experiment NL6 on an aggregated scale is similar to the
one of experiment NL3, the evolutions in the dynamic phase differ significantly from each other.
In that phase, ARMS of experiment NL6 is much larger than ARMS of experiment NL3 and is also
larger than ARMS of experiments NL2 and NL4. Since the initial bed perturbation is the only
difference between these experiments, it must be concluded that the morphodynamic evolution
of rhythmic bed forms on a double-barred system with a high outer bar under storm conditions
is sensitive to the initial condition. Note that this mainly appears in the amplitude of the bed
forms rather than in their shape and length scale.
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5.7.2 Non-linear experiments with shoreface nourishments
Experiments SN1, SN2 and SN3 have shown that the execution of the nourishment on the
seaward side of the outer breaker bar has initially a damping effect on the bed perturbations,
especially those on the inner bar. In case of experiment SN1, the ARMS remains smaller than
the ARMS of experiment NL5. After the initial phase of damping, the ARMS of experiment SN2
increases to a value similar as obtained without the nourishment (experiment NL6). In experiment SN3, on the contrary, ARMS becomes much larger than ARMS obtained with experiment
NL6. This clearly demonstrates that the impact of the 2000 m long nourishment is much larger
than the impact of the 800 m long nourishment. This is confirmed by studying the bed perturbations on different moments. The bathymetries of experiment SN2 are largely similar to
the bathymetries of experiment NL6, whereas the bathymetries of experiment SN3 are quite
different. Generally, much larger modes than the ones observed in experiment SN2 dominate
the bathymetries of experiment SN3.
Two additional, preliminary experiments including a shoreface nourishment have been performed, viz. one with a 1500 m long nourishment and one with a 3000 m long nourishment.
Both experiments yield a ARMS value in the dynamic phase significantly smaller than ARMS of
experiment SN3. Besides, the length scales of the bed forms in the dynamic phase of these two
additional experiments are shorter than the length scales of the bed forms found with experiment SN3. The results of these additional experiments therefore suggest that the coastal system
reacts fiercer to a 2000 m long nourishment than to a 1500 m or a 3000 m long nourishment.
Note that the additional experiments, and especially the one with a 3000 m long nourishment,
have not been performed as long as experiments SN1, SN2 and SN3. Furthermore, 3000 m is
long compared to the length of the area in which the Fourier decomposition is performed. The
results of the additional experiments should therefore be used with care.
The bathymetries of both experiments with the 2000 m long nourishment (i.e. the one with
and the one without the initial bed perturbation) have a number of features in common with
the observations of the Egmond nourishment. First of all, a region of erosion is developing
between the nourishment and the crest of the outer breaker bar. Secondly, the outer breaker
bar becomes higher. This demonstrates that the model incorporates the physical processes to
correctly simulate these aspects of the morphodynamic evolution of this nourishment. Furthermore, the fact that both experiments find these characteristics demonstrates that, at least in the
period considered, the morphodynamic changes associated with the nourishment are decoupled
from the autonomous changes.
The patch with erosion between the nourishment and the crest of the outer bar is caused by
the non-uniform sediment transport of the 2000 m long nourishment and the fact that two wellseparated eddies are already quickly present at the ends of the nourishment. Since the sediment
transport path over shorter nourishments are more uniformly distributed, this erosional patch
can not be observed in the case of the 800 m long nourishment.
In this research the tidal motion has not been taken into account. Grunnet et al. [2005]
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have shown for the Terschelling nourishment, where horizontal tidal conditions similar to the
Egmond site prevail, that the tidal current contribution to the redistribution of the nourished
sand is of secondary importance. They do show that the vertical tide is of importance to
correctly compute shoreline changes in a period of five months. This thesis, however, does not
concern shoreline changes.
In the non-linear experiments the bed evolution has been calculated for about a week, resulting in significant changes in the bathymetries of up to 2 m. These changes are much larger than
those typically observed within one week. The reason for this is twofold. First of all, the wave
height that has been applied in the experiments corresponds to those observed during storm
conditions. Secondly, the crest of the outer breaker bar is relatively high, although realistic.
The combination of these two extreme parameter choices is beneficial to large morphodynamic
changes. However, the duration of storms is typically a few hours. Therefore, the storm duration
of a week in the present experiments must therefore rather be seen as a number of consecutive
storms. This means that the evolution simulated in the experiments is representative of the
evolution during a number of months rather than one week. Evidently, the bottom evolution
in the periods between the storms is neglected. In these intra-storm periods, the wave height is
modelled by the yearly-averaged significant wave height of 1.1 m. Under those conditions, the
morphodynamic changes at the outer bar are negligible (see experiment NL5), and the length
scales and shapes of the bed forms on the inner bar of experiments NL5 and NL6 do not differ
essentially. Therefore neglecting the intra-storm evolution and only modelling the storm periods
to simulate the bed evolution seems to be justifiable as a first step.
A last important issue is the disability of the present method to assess the effectiveness of
shoreface nourishments in terms of shore line advancement. In the method described in Section 2.3, it is assumed that any longshore-uniform onshore sediment transport is compensated
for by offshore transport resulting from processes that are not explicitly modelled. This assumption is met by neglecting the longshore-uniform component of the sediment transport rates. This
correction of the sediment transport rates with the longshore-uniform contribution is only valid
if the reference coastal system is longshore-uniform. Only then it can be expected that a coastal
system is in morphodynamic equilibrium and that thus no net cross-shore sediment transport
occurs. However, in case of a coastal system including a shoreface nourishment, net sediment
transport towards the coast is expected. Therefore, removing the longshore-uniform component
of the sediment transport is too restrictive. Instead, one could subtract the longshore-uniform
component of the transport obtained from an experiment without a nourishment from that
resulting from the experiment including the nourishment. Hence, a net transport of sediment in
the cross-shore direction is allowed. However, in this approach it is assumed that the processes
resulting in offshore transport are not affected when a shoreface nourishment is executed, which
is probably not true.
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5.8 Conclusions
Although starting with different initial conditions, experiments NL1 and NL5 evolve towards
the same dynamic solution, since the evolution of ARMS , the length scales and shapes of the bed
forms in the dynamic phase of these two experiments are similar. Hence, the evolution of these
experiments with small waves and a low outer bar are independent of the initial conditions
and therefore one can state that these systems are weakly non-linear. Experiments NL2, NL3,
NL4 and NL6, on the contrary, develop towards different solutions in the dynamic phase as
can be seen from e.g. Figure 5.6. These differences mainly appear in the amplitude of the bed
forms, whereas the length scales and the shapes of the bed forms are quite similar. Hence, some
aspects of the evolution of these systems, characterized by large waves and a high outer bar,
do depend on the initial conditions, suggesting that these systems behave strongly non-linear.
The three experiments with shoreface nourishments all have in common that in the first
hours after execution of the nourishment, on an aggregated scale the bed perturbations become
less energetic, since ARMS in that period is smaller than in the experiments without nourishments. Damping of the bed perturbations mainly occurred on the inner bar. After this phase
of initial damping, ARMS increases significantly, but ARMS of experiment SN1 remains smaller
than ARMS of experiment NL5 for nearly the whole considered period. The same holds for experiments SN2 and NL6. In experiment SN3 including the 2000 m long nourishment, on the
contrary, ARMS finally becomes much larger than ARMS of experiment NL6.
In experiments SN1 and SN2 the bed perturbations and the associated length scales are
not essentially different from the ones obtained with experiments NL5 and NL6, respectively.
The opposite is true for experiment SN3, in which large-scale modes appear on both the inner
and the outer bar. Hence, the 2000 m long nourishment of experiment SN3 has a much larger
impact on the morphodynamic evolution than the 800 m long nourishment of experiment SN2.
An additional experiment with a 3000 m long nourishment also finds smaller ARMS values in
the dynamic phase, whereas the impact on the length scales of the bed forms is limited. These
results suggest that nourishments with a length of O(2000) m, i.e. a length corresponding with
the length scale of the bed forms observed before the execution of the Egmond nourishment,
have the largest impact on the rhythmic bed forms in the surf zone of Egmond.
Remarkably, the simulated bed perturbations on the outer bar of experiment SN3 have
many features in common with the observations of the Egmond site, see Figure 5.1. First of all,
a gap between the nourishment and the original outer bar can be observed indicating that the
outer bar at the location of the nourishment is moving onshore. Secondly, the part of the outer
bar moving onshore has become somewhat higher. These features have also been simulated in
the experiment without the initial bed perturbation but with the 2000 m long nourishment, see
Section 5.6.3.
Although the evolution solely caused by the nourishment is not completely decoupled from
the evolution triggered by the bed perturbation, considering the morphodynamic changes associated with the nourishment only is sufficient to obtain a first order approximation of the
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morphodynamic changes of the whole system. This simplification has enabled an analysis of the
current velocity, sediment transport and initial sedimentation and erosion patterns indicating
the origin of the observed features. It has been shown that the gap between the nourishment
and the crest of the outer bar, indicative of the local onshore movement of the outer bar, is
initiated by the non-uniform distribution of the sediment transport over the 2000 m long nourishment. The sediment transport over the 800 m long nourishment is more or less uniform and
therefore this gap between the crest of the bar and the nourishment can not be observed.

Chapter 6
Conclusions and recommendations

This chapter summarizes the main conclusions of this thesis. These conclusions are subdivided
in conclusions answering the research questions defined in Chapter 1 and in overall conclusions,
putting the results of this thesis in a wider perspective. An evaluation of the hypothesis, also
stated in Chapter 1, is given as well. Besides these conclusions, this chapter provides recommendations with which the research presented in this thesis can be improved and continued.
These recommendations are organized per type of coast (planar and barred) and per type of
analysis (linear and non-linear).

6.1 Conclusions
Ad. RQ 1
The linear stability analyses of planar beaches have shown that the linear stability characteristics of these beaches are highly sensitive to process formulations and parameters settings.
Especially the correct implementation of the wave forcing is crucial for both the spacing and
the orientation of the bars emerging on the planar beach. Besides, the sediment transport formulation is crucial as well. First of all, applying either Engelund & Hansen [1967] or Bailard
[1981] yields completely different results regarding the preferred spacing and the orientation
of the bars. Within the considered range of bed slopes (0.0075-0.0125) and drag coefficients
(0.0025-0.0045), the application of the Bailard [1981] formulations yields up-current bars with
a preferred spacing smaller than 300 m, whereas with the Engelund & Hansen [1967] formulation very oblique down-current bars are found with a preferred spacing larger than 3000 m.
Secondly, the cross-shore sediment flux in the direction of the waves appears to be essential for
growth of bed features. These two findings regarding the sediment transport formulation are,
however, only true for moderate wave angles. For large wave angles, there are no qualitative
differences between results obtained with Engelund & Hansen [1967] and Bailard [1981]. This
is due to the fact that the (suspended) sediment transport in longshore direction dominates for
large wave angles.
The linear stability characteristics of (double-)barred beaches are far less sensitive to the
sediment transport formulation due to the large cross-shore gradients of the reference bed slope
115
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at the crests of the bars. The bed perturbation found in the LSA’s of barred beaches mainly
consists of rip channel systems. The spacing is determined by the magnitude of the longshore
current whereas the growth rate is directly related to the amount of sediment stirring, which
mainly depends on the wave height.
Whether bed perturbations develop on the outer bar depends on the height of that bar and
on the wave height. If no significant bed perturbations develop on the outer bar (small waves
and low outer bar) but only on the inner bar, then the preferred spacing of these bed forms is
approximately 600 m. If significant bed perturbations do emerge on the outer bar (large waves
and high outer bar), the preferred spacing is about 2200 m. Both values are well in the range
of wavelengths of 3D morphological features observed along the Dutch coast.
For angles of wave incidence at the seaward model boundary larger than about 20◦ , the bed
perturbation on double-barred beaches changes to a down-current feature, very similar to the
features found on planar beaches for Engelund & Hansen [1967] and for Bailard [1981] in case of
a large wave angle. The preferred spacings of these features are larger than 3000 m, suggesting
that the bed perturbation might become shore-parallel. This corresponds with observations of
coastal systems (e.g. Lippmann & Holman [1990]) in which the three-dimensional morphology
is erased during storm conditions, i.e. conditions causing a large longshore current velocity. Van
Enckevort & Ruessink [2003], however, did not observe this morphological reset after a storm.
An alternative way to determine the linear stability characteristics, viz. using morphodynamic experiments with a small time step, yields nearly identical results as obtained with the
LSA. This method of determining the growth rate provides a tool to check the results obtained
with the LSA’s.

Ad. RQ 2
In general, the free non-linear or morphodynamic evolution of a barred coastal system can be
subdivided in a phase of significant, exponential growth and a phase of dynamic behaviour.
The latter phase generally has two stages, viz. a stage in which the aggregated parameter ARMS
(root-mean-square amplitude of the bed perturbation in the area in which the Fourier decomposition is performed) varies significantly in time, followed by a stage in which ARMS gradually
increases with small-scale variations superimposed to it. The morphodynamic behaviour in the
dynamic phase is independent of the initial conditions in case of small waves and a low outer
bar, suggesting that such a system is weakly non-linear. In the case of large waves and a high
outer bar, on the contrary, the initial bed perturbation is of importance to the dynamic evolution, suggesting that such a system behaves strongly non-linear. Note that the initial bed
perturbation is mainly important for the amplitudes of the bed forms in the dynamic phase,
and in exceptional cases also for the length scales.
Irrespective of the initial conditions, the wave height, the height of the outer bar and
the wave angle, no morphodynamic equilibrium is obtained. This is in contrast with previous
studies. This difference in behaviour is attributed to differences in the sediment transport
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formulation. The application of bed slope related sediment transport in the formulation of
Bailard [1981] has only a limited influence on the morphodynamic evolution.
Length scales and shapes of the bed features do not essentially change when bed slope effects are accounted for. The shapes (mainly consisting of crescentic and undulating bed forms)
and the length scales (of the order of 1000 and 2000 m on the inner and outer bar, respectively)
of the bed forms on the two bars found in the non-linear analysis correspond very well with observations, not only of the Egmond surf zone but also of other locations along the Dutch coast.
The preferred wavelength predicted by the LSA’s is only one of the modes that contributes significantly to the total bed perturbation in the dynamic phase of the morphodynamic evolution.
Hence, performing only LSA’s is not sufficient for a correct prediction of the wavelengths of the
dominant modes in the non-linear regime.
Ad. RQ 3
Whether shoreface nourishments have an effect on the rhythmicity in the surf zone or not,
depends on the hydrodynamic conditions in relation to the coastal profile and on the length of
the nourishment. During calm conditions and a low outer bar, the presence of an 800 m long
nourishment does not trigger any significant evolution. On the contrary, ARMS values in the
dynamic phase become even smaller, indicating that the presence of a shoreface nourishment at
the seaward side of the crest of the outer bar has a damping influence on the bed forms on the
inner bar. Even in the case of large waves and a high outer bar, an 800 m long nourishment does
not trigger any significant alteration of the evolution of the bed forms. The bed perturbations
on the inner and outer bar are very similar to the ones obtained without a nourishment.
A 2000 m long nourishment, however, has under these circumstances a significant influence
on the rhythmic morphology in the surf zone. After an initial phase of decaying bed forms,
ARMS grows significantly in time, becoming much larger than without a nourishment. Also the
length scales of the bed forms are significantly affected, becoming of the order of 2000 m on
both bars.
The computed evolution of and around the 2000 m long nourishment displays the same
characteristics as observed near Egmond, viz. an onshore movement of part of the outer bar
covered by the nourishment, an increase of the height of that part of the outer bar, the development of a region of erosion between the shoreface nourishment and the outer bar and an
increase of the length scale of the bed forms on the inner bar. These aspects also resulted from
computations without initial bed perturbations, demonstrating that as a first approximation
the initial morphodynamic changes associated with the nourishment can be decoupled from the
changes associated with the initial bed perturbation.
Evaluating the hypothesis
In Chapter 1 the hypothesis forming the basis of this thesis is defined as follows:
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The response of the rhythmic topography of the surf zone of Egmond to the shoreface nourishment has been so strong because the length of the shoreface nourishment was of the same
order as the spacing of the rhythmic features on the outer bar.
The experiments in Chapter 5 have shown that a 2000 m long shoreface nourishment indeed
triggers significant morphological changes and affects the rhythmic bed patterns in the surf
zone, contrary to an 800 m long nourishment. Hence, the response of a coastal system to the
presence of a shoreface nourishment depends on the length of the nourishment.
This is confirmed by two preliminary experiments, one including a 1500 m and one including
a 3000 m long nourishment. The preliminary experiment with a 3000 m long nourishment has
shown that the reaction of the rhythmic features on the bars is less fierce (ARMS in the dynamic
phase is smaller and the length scale of the rhythmic features is less affected) than the response
to the 2000 m long nourishment. Although the result of this preliminary experiment should
be used with care due to its limited duration and the limited length of the area in which the
Fourier decomposition is performed relative to the length of the nourishment, it suggest that the
observed morphological changes in the Egmond surf zone are indeed a resonance phenomenon.
Hence, it suggests that the severe reaction of the coastal system to the nourishment only occurs
if the length of the nourishment corresponds to the length scale of the bed features on the bar
it is executed on. These results seem to validate the hypothesis stated in Chapter 1.

Overall conclusions
Chapter 3 demonstrates that the linear stability characteristics of planar beaches are extremely
sensitive to the process formulations and parameter values. The predictive capabilities of LSA’s
of planar beaches must therefore not be overestimated. The linear stability characteristics of
barred beaches are far less sensitive to the sediment transport formulations. Nonetheless, also
the linear stability analysis of barred beaches as a predictive tool has to be applied with care,
since Chapter 4 shows that, besides the preferred mode as found with the LSA’s, also a number
of other modes dominate the bed forms in the non-linear regime. However, Chapter 3 clearly
demonstrates that LSA’s as performed in this thesis, are very useful to assess the influence of
isolated processes like e.g. wave refraction.
The non-linear experiments concerning double-barred beaches yield bed forms with shapes
and spacings corresponding very well with observations of 3D morphological features in the surf
zones of Egmond and Noordwijk. These results are obtained solely by self-organization, supporting the general thought that rhythmic morphological features are caused by self-organization
rather than direct hydrodynamic forcing.
It has been shown that a 2000 m long nourishment executed at the seaward side of the
outer breaker of a double-barred beach system significantly affects the rhythmic topography
in the surf zone, triggering large-scale modes to appear on both the inner and outer breaker
bar. A short nourishment of 800 m, on the contrary, hardly affect the rhythmic topography.
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Also the response of the coastal system to a 1500 m long and a 3000 m long nourishment is
not as strong as the reaction to the 2000 m long nourishment. Application of nourishments
with a length differing from the length scale of the rhythmic bed forms found on the bar on
which the nourishment is executed might be preferable when strong changes to the rhythmic
bed patterns need to be avoided, e.g. for swimming safety. From a coastal protection point of
view, relatively long nourishments should be applied according to the model used in this thesis,
since the relative long nourishment causes an onshore movement of the outer bar and thereby
resulting in additional wave breaking. Note, however, that the model used in this thesis did
not allow for net onshore movement of sediment. Therefore, it can not be concluded whether a
relatively long or a relatively short nourishment is more effective in redistributing the sand it
is composed of.

6.2 Recommendations
Linear analysis of planar beaches
•
In the model set-up applied in this thesis, the smallest wavelength that can be considered
is 300 m. The LSA’s of planar beaches performed with the fully non-linear model coupled
to the Bailard [1981] sediment transport formulations have shown that bed perturbations
with wavelengths shorter than 300 m are preferred. Hence, it is worthwhile constructing
a model that can handle smaller wavelengths.
•
At the other end of the spectrum, the largest wavelength that can be captured with the
present model is 3000 m. A number of LSA’s, including some LSA’s of barred beaches,
have demonstrated that the preferred wavelength is larger than 3000 m. In some of the
cases in which preferred spacings larger than 3000 m are found it is hypothesized that
the preferred spacing is infinite. It is therefore important to extend the model domain
and determine the linear stability characteristics of very large-scale bed forms. This is
also interesting in connection with the work of Falqués & Calvete [2005], concerning very
large-scale coastline undulations caused by very oblique incident waves.
Linear analysis of barred beaches
•
Only the sensitivities of the linear stability characteristics of barred beaches to a range
of wave angles, two wave heights and two heights of the outer bar have been considered.
It shows that a double-barred beach can behave like a double-barred beach but also as
a single-barred one, depending on the wave height and the height of the outer breaker
bar. Performing more experiments with various combinations of wave height and height
of the outer bar should yield a critical value of e.g. H/zb2 above which the double-barred
system behaves like a double-barred beach and below which it behaves as a single-barred
one. Note that with increasing H/zb2 , also the measure of non-linearity of the system
increases.
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Furthermore, it is instructive to explore the sensitivity of the linear stability characteristics to the wave period and turbulent eddy viscosity as well. The wave period is
important for the sediment transport in the direction of the waves, which in the case
of planar beaches is even essential for the growth of bed perturbations. The turbulent
eddy viscosity determines the horizontal scale of the rip currents, which are responsible
for the growth of bed perturbations as well.

Non-linear analysis of barred beaches
•
In the morphodynamic experiments, only the Bailard [1981] sediment transport formulation has been used. Although Chapter 4 (Appendix E.2) has shown that the linear stability characteristics of barred beaches are much less sensitive to the sediment transport
formulation than planar beaches, application of other commonly used sediment transport
formulations like the well-known and widely applied Soulsby-Van Rijn formula (Soulsby
[1997]) enhances insight into the dependence of the morphodynamic evolution on the
sediment transport formulation.
•
It has been shown that under energetic conditions, a 2000 m long nourishment significantly affects the morphology in the surf zone and an 800 m long one does not.
Two additional experiments with a 1500 m and a 3000 m long nourishment have been
performed as well, suggesting that the hypothesis of this thesis is true. Especially the
experiment with the 3000 m long nourishment has not been continued very long. Therefore, it is recommended to pursue this additional experiment further in time. Besides, in
order to better capture the morphological features around the 3000 m long nourishment,
the model domain should be extended in longshore direction.
•
It has been argued in the discussion of Chapter 5 that the presently applied model with
the omission of the longshore-uniform component of the sediment transport rates does
not allow for net cross-shore sediment transport. In order to be able to determine the
efficiency of shoreface nourishments as a function of the length of the nourishment for
example, it is necessary that net cross-shore sediment transport can occur. Although it is
physically not completely correct, by including the longshore-uniform component in the
sediment transport, net cross-shore transport can occur and a start with the exploration
of the efficiency of shoreface nourishment based on the present model can be made.
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Appendix A
Idealized sediment transport formulation

In this appendix a sediment transport formulation for the idealized model is derived. In order
to be able to compare the outcome of the LSA’s of planar beaches with the results obtained in
the literature (e.g. Falqués et al. [1996] and Ribas et al. [2003]) the Engelund & Hansen [1967]
sediment transport formulation is chosen as starting point. This formulation, see also Eq. 2.11,
reads
< ~q >= αc (x)~uc + αw (x)~u0
(A.1)
in which ~uc is the mean current vector, ~u0 the amplitude of the wave orbital velocity and
αc (x) and αw (x) the sediment stirring functions associated with the sediment transport in the
direction of the mean current and the wave orbital motion, respectively. These stirring functions
are defined in Eqs. 2.12 and 2.13.
Using Eq. A.1 and assuming the magnitude of the mean velocity to be much smaller than
the wave orbital velocity (~uc ≪ ~u0 ), assuming a small angle of wave incidence and ignoring the
contribution in the direction of the wave orbital velocity, the following simplified wave-averaged
sediment transport formulation is obtained:
< ~q >=

3a 4
u ~uc .
8 0

(A.2)

These assumptions concur with the assumptions made by Falqués et al. [1996] and Ribas et al.
[2003]. With the shallow water approximation, the wave orbital velocity u0 can be written as
1 p
u0 = γb gD.
2

(A.3)

Finally, inserting Eq. A.3 in Eq. A.2 yields

< ~q >=

3a
(gγbH)2~uc .
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(A.4)

This is the expression for the time-averaged sediment transport as it is applied in the idealized
model.
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Appendix B
Bed slope effects in LSA’s of planar coasts

This appendix discusses how bed slope effects have been accounted for in a few LSA’s of planar
beaches, the results of which are in Sections B.2 and B.3 of this appendix.

B.1 Bed slope effects in the linear analysis
This section discusses the formulation with which bed slope effects are taken into account
in a few LSA’s of planar beaches. This formulation is independent of the sediment transport
formulation.
Bed slope effects are assumed to be proportional to the bed slope with a constant of
proportionality γs . The sediment mass conservation equation (Eq. 2.14) extended with this
bed slope term reads
∂h
~ < ~q > +γs ∇
~ 2 h′ .
(1 − p)
= −∇
(B.1)
∂t
The bed slope parameter γs is assumed to be uniform for simplicity. Note that the bed slope
effects act on the bed perturbation only. Eq. B.1 can after dropping the angle brackets also be
written as
′
′
∂qx ∂qy
∂2h
∂2h
∂h
=−
−
+ γs 2 + γs 2 .
(B.2)
(1 − p)
∂t
∂x
∂y
∂x
∂y
Subscripts x and y denotes the x- and y-components. All quantities of Eq. B.2, viz. h, qx , qy
′
and h , are periodic in longshore direction and therefore have the general form â(x) exp[iky]
with â(x) the cross-shore amplitude function of these quantities. Applying this expression to
Eq. B.2 and omitting ‘(x)’ yields
′

′

∂ ĥ exp[iky]
∂ q̂x exp[iky] ∂ q̂y exp[iky]
∂ 2 ĥ exp[iky]
∂ 2 ĥ exp[iky]
(1 − p)
=−
−
+ γs
+
γ
. (B.3)
s
∂t
∂x
∂y
∂x2
∂y 2
When dropping hats and canceling out exp[iky], the differential equation can be written as
′

∂qx
∂2h
∂h
′
=−
− ikqy + γs 2 − γs k 2 h .
(1 − p)
∂t
∂x
∂x

(B.4)
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This differential equation is solved implicitly and numerically. To that end, Eq. B.4 is discretized
as follows:
j
j
j+1
qx,n+1
− qx,n−1
h j+1 − 2hnj+1 + hn−1
hj+1 − hjn
j
2 ′ j+1
=−
− ikqy,n
+ γs n+1
−
γ
k
hn
(1 − p) n
s
∆t
2∆x
∆x2
′

′

′

(B.5)

in which j is the index for the time and n represents the index of the cross-shore coordinate.

B.2 Applying bed slope effects to the Engelund and Hansen [1967]
sediment transport formula
When fixing the amplitude of the bed perturbation, bed slope effects are larger for small wavelengths than for large wavelengths. Because of that, bed slope effects are more effective in
damping small-scale perturbations than large-scale perturbations. Since in case of the combination of the fully non-linear model and the Engelund & Hansen [1967] sediment transport
formulations the growth rate of bed perturbations growing on planar coasts increases with increasing wavelength, it is not expected that the inclusion of bed slope effects results in a FGM.
It is, however, not excluded beforehand that due to the inclusion of bed slope effects other
modes than the ones found in Section 3.5 result from the LSA. If other modes appear then also
a FGM might be found.
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Figure B.1: Sensitivity of the growth and migration rates to the bed slope parameter γs . βs = 0.0075,
other parameters have default values. Results are obtained with the fully non-linear model coupled to
the Engelund & Hansen [1967] sediment transport formulations.

Figure B.1 presents the growth and migration rates associated with three wavelengths
(λ = 300, 1200 and 2500 m) as a function of γs . It clearly shows that for a wide range of γs
decaying bed forms are found. Only for large wavelengths and small γs growing bed forms are
found. The influence of γs is as expected, the larger γs the smaller the growth rate. Furthermore,
for any value of γs the growth rates increase with increasing wavelength, demonstrating that
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no FGM exists in the considered range of spacings. The influence of γs on the migration rate is
limited, certainly for larger wavelengths.
By including bed slope terms no other modes are found since the same very oblique downcurrent bars as in Section 3.5 are obtained. The orientation of the bed form becomes more
oblique with decreasing γs . The same behaviour as seen in Section 3.5, viz. larger growth rates
and more oblique bars with increasing wavelength, is observed for various values of γs .

B.3 Applying bed slope effects to the Bailard [1981] sediment
transport formula
In the case of the fully non-linear model coupled to the Bailard [1981] sediment transport formulations, the growth rate increases with decreasing wavelengths, see Section 3.6, and therefore
the FGM has a wavelength smaller than 300 m. Inclusions of bed slope effects means that the
growth rates of small-scale bed perturbations reduce more than the ones of large-scale perturbations and therefore one might expect that the preferred wavelength becomes larger. This
effect of γs on the growth rate can be seen in Figure B.2(a) in which bed forms with smaller
wavelengths are more strongly damped than those with larger wavelengths. However, for realistic values of the bed slope parameter, the wavelength of the FGM does not become larger
than 300 m.
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Figure B.2: Sensitivity of the growth and migration rate to bed slope parameter γs . β = 0.0075,
other parameters have default values. Results are obtained with the fully non-linear model coupled to
the Bailard [1981] sediment transport formulations.
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Appendix C
Morphodynamic diffusion in the non-linear experiments
Preliminary non-linear experiments in Chapter 4 (with 10 × 10 m2 grid cells) showed that
perturbations with small wavelengths (≤ 30 m) in the longshore direction finally dominate the
bathymetry. These bed forms are considered to be unrealistic, because the grid cell size is 10
m. The gradients of these bed forms in cross-shore direction are initially negligible compared
to those in the longshore direction. To prevent these unrealistic oscillations, a diffusive term
proportional to hyy has been added to the right-hand-side of Eq. 2.14. Note that this diffusive
term is only meant to dampen unrealistic oscillations in longshore direction and should not be
interpreted as contributions to the sediment transport rates due to bed slope effects.
Without the additional diffusive term, the bed changes are computed as divergence and
convergence of the sediment transport vector ~q (angle brackets indicating time-averaging have
been omitted):
∂h
~ q.
(1 − p)
= −∇~
(C.1)
∂t
This differential equation can be discretized as follows:
(1 − p)

hj+1 − hj
~ qj
= −∇~
△t

(C.2)

in which index j indicates the present time step and index j + 1 the next time step. Hence, the
new bathymetry hj+1 results from the current sediment transport ~qj associated with the present
bathymetry hj . Since the new bathymetry only depends on quantities of the present time j, the
new bathymetry without bed slope effects is computed explicitly.
The diffusive term, however, acts on the new bathymetry hj+1 . Hence, the new bathymetry
does not only depends on quantities at time j, but also at time j + 1. Therefore the diffusive
term has to be treated implicitly. Adding bed slope effects to Eq. C.2 yields:
hj+1 − hj
~ q j + γs hj+1
= −∇~
(1 − p)
yy
△t

(C.3)

in which γs denotes the bed slope parameter and index yy the second derivative in y-direction.
The parameter γs is uniform and is chosen such that the modes with wavelengths smaller than
30 m are damped and the linear growth rate does not change more than 1 %.
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By decomposing all terms of Eq. C.3 in longshore Fourier components, the diffusive term
can easily be computed per Fourier mode. As an example, the present bed perturbation hj (x, y)
can be written as
N
X
hj (x, y) =
ĥjn (x)eikn y
(C.4)
n=1

with ĥjn (x) the cross-shore amplitude function of the nth Fourier mode, kn = 2πn/LFD the
wave number of the considered Fourier mode with LFD the length of the area of interest and
N = LFD /20. Substituting Eq. C.4 in Eq. C.3 and dropping hats, the analytical expression for
the bed change per Fourier mode including the diffusive term can be written as:
~ qj .
(1 − p + γs ∆tkn2 )hj+1
= (1 − p)hjn − ∆t∇~
n
n
Summations of all individual modes yields the new bathymetry.

(C.5)

Appendix D
Rayleigh quotient and the Power Method

This appendix discusses the derivation of the Rayleigh quotient and a validation of its use in
combination with the Power Method.

D.1 Derivation of the Rayleigh quotient
The sea bed is given a longshore-periodic perturbation that can grow and migrate in time and
has a certain longshore wavelength and cross-shore amplitude distribution. For mathematical
convenience this bed perturbation is written in complex form:
h′ = β(x) exp[i(ky − ωt)] + c.c.

(D.1)

in which i is the imaginary unit, k the longshore wave number and β(x) = βr (x) + iβi (x) the
complex cross-shore amplitude function. Indices r and i indicate the real and imaginary part,
respectively. Furthermore, ω is the complex eigenvalue consisting of the migration rate ωr and
the growth rate ωi . The real form of the bed perturbation that is initially (t = 0) superimposed
on the equilibrium bathymetry reads
h′ = A(x) cos(ky + θ(x))

(D.2)

with A(x) = 2|β(x)| and tan θ(x) = βi (x)/βr (x). With this perturbed bathymetry the numerical
model is run and the bed changes are computed. The analytical expression for the change of
the bed perturbation in time is found by differentiating Eq. D.1 with respect to time:
∂h′
= −iωβ(x) exp[i(ky − ωt)] + c.c.
∂t

(D.3)

The initial bed changes, i.e. at t = 0, can be written as
∂h′
= −iωβ(x) exp[iky] + c.c.
∂t

(D.4)

The actually computed bed perturbation changes are written as
h′j+1 − h′j
∆h′
=
= −∇~q ⇒ h′j+1 = h′j − ∇~q∆t
∆t
∆t

(D.5)
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in which index j + 1 denotes the new perturbation and j the present one. With sufficiently large
∆t the new perturbation is equal to the change of the perturbation.
The new perturbation is decomposed in Fourier components:
N
X




2π(n − 1)y
2π(n − 1)y
∗
+ Λn (x) exp −i
.
h =
Λn (x) exp i
N
N
n=1
′



(D.6)

In this Fourier series only the component with wave number k is of interest, since the linear
character of the LSA’s implies only growth and migration of a harmonic perturbation and no
change of wave number. The index n associated with the wavenumber k under consideration is
equal to
kN
n=
+ 1.
(D.7)
2π
The (change of the) perturbation related to wave number k can be written as
∆h′
= h′ = Λn (x) exp[iky] + c.c.
∆t

(D.8)

in which Λn (x) is the computed complex cross-shore amplitude of the mode under consideration. Hence, two equations (D.3 and D.8) describing the change of the perturbation have been
obtained. Rewriting and equating them yields
2[ωr βi (x) + ωi βr (x)] cos(ky) + 2[ωr βr (x) − ωi βi (x)] sin(ky) =

2Λr (x) cos(ky) − 2Λi (x) sin(ky).

(D.9)

Collecting terms associated with the cosine and sine yields
Λr = ωr βi + ωi βr

(D.10)

Λi = ωi βi − ωr βr ,

(D.11)

and

respectively. Solving the set of equations D.10 and D.11 yields expressions for ωi and ωr , viz.
ωi =

Λi βi + Λr βr
βi2 + βr2

(D.12)

ωr =

Λr βi − Λi βr
.
βi2 + βr2

(D.13)

and

With the Rayleigh quotient defined as (see Griffel [1985])
R∞
Λ(x)β ∗ (x)dx
Λ · β∗
0
R
=
R=
∞
β · β∗
β(x)β ∗ (x)dx
0

the growth rate ωi is Re(R) and the migration rate ωr is -Im(R).

(D.14)
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D.2 Validation of the Rayleigh quotient and the Power Method
The application of the Power Method and the Rayleigh quotient to find a solution with the
largest growth rate is validated by solving a partial differential equation of which the analytical
solution is known. The differential equation used for this validation reads
∂h ∂h
∂2h
+2
−
= 0.
2
∂x
∂x
∂t

(D.15)

The initial condition is h(0, x) = ĥ(x)eωt in which ĥ(x) is the eigenfunction and ω is the
eigenvalue. With the boundary conditions h(t, 0) = 0 and h(t, L) = 0, the solution of this
partial differential equation reads
h(x, t) =

∞
X

An [e(−1+

√

1+ωn )x

n=1

− e(−1−

√

1+ωn )x

]eωn t

(D.16)

2
with ωn = −1 − nπ
and n ∈ N. The largest ‘growth rate’ ωn is obtained for n = 1. With
L
L arbitrary set to 1, ω becomes −1 − π 2 = −10.87. The amplitudes are chosen such that the
initial condition is satisfied.
The solution of the differential equation is also determined numerically, starting with a
first guess for h(x) and then iterating towards the solution. Besides, the largest eigenvalue is
determined for every iteration according to the definition of the Rayleigh quotient using the
old and the new guess of ĥ(x). The results of this iteration process are depicted in Figure D.1.
Figure D.1(a) clearly demonstrates that the analytically determined eigenvalue ω, indicated by
the horizontal, dashed line, is indeed found by this iterative procedure. In Figure D.1(b) the
analytical solution h(x) and the initial guess used for the iteration process are plotted together
with the finally computed h(x) which coincides with the analytical one and is therefore not
visible.
1
h(x) analytical
Initial h(x)
h(x) computed

−9.9

0.9

−10

0.8

−10.1

0.7

h/max(h)

−10.2

ω

−10.3
−10.4
−10.5

0.6
0.5
0.4

−10.6

0.3

−10.7

0.2

−10.8

0.1

−10.9
0

0.5

1

1.5

2

Number of iterations

(a) ω vs. number of iterations

2.5

3
4

x 10

0
0

0.2

0.4

0.6

x/L

(b) h(x)

Figure D.1: Validation of the Power Method and Rayleigh quotient

0.8

1

138

Appendix D. Rayleigh quotient and the Power Method

Other test have been performed as well, of which the solution consists of multiple eigenvalues
and/or complex eigenvalues. In all tests, the Power Method and the Rayleigh quotient found
the analytically determined ĥ(x) and ω, demonstrating the validity of the Power Method in
combination with the Rayleigh quotient.

Appendix E
Additional LSA’s of barred coasts

A number of linear stability analyses have been performed that have not been included in the
main text, since they fell out of the scope of Chapter 4. These LSA’s are, however, sufficiently
interesting to present them in this appendix.
In Section E.1, the sensitivity of the linear stability characteristics to the angle of wave
incidence is discussed. Secondly, the importance of the sediment transport formulation for the
preferred spacing and associated growth rate of bed perturbations emerging from a barred
beach is discussed in Section E.2. Section E.3, finally, discusses the results of LSA’s of the two
individual bars of the double-barred coastal systems discussed in Chapter 4.

E.1 Sensitivity to the angle of wave incidence
The settings of experiment L1 have been used to study the sensitivity of the linear stability
characteristics to the angle of wave incidence. Three wave angles besides the reference angle of
10◦ have been assessed. The wave angles and the results of these LSA’s have been summarized
in Table E.1. It shows that no FGM is found for a wave angle of 25◦ , since the growth rate
increases with increasing wavelength without finding a maximum. The results of this LSA are
therefore treated separately.
Table E.1: Summarized results of the sensitivity to the angle of wave incidence

θ [◦ ]
10 (reference)
15
20
25

λp [m] ωi,p [d−1 ]
600
2.84
800
2.04
800
2.16
>2100
>0.13

ωr,p [d−1 ]
0.83
0.30
0.09
>2.28

Aout /Ain [%]
1.3
2.6
1.6
0.4

The bed perturbations obtained for θ < 25◦ are similar to the ones obtained in the reference
experiment, viz. a rip channel system with alternating channels and shoals around the crest
of the inner breaker bar, see Figure 4.2(c). The fifth column of Table E.1 demonstrates that
increasing the wave angle does not yield any significant perturbation on the outer bar.
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An increase of the wave angle from 10 to 15◦ yields a larger spacing, viz. 800 m instead of
600 m. In the discussion of Chapter 4 it is shown that this is due to an increase of the magnitude
of the mean longshore current velocity. Although a further increase of the wave angle to 20◦
does yield an additional increase of the mean longshore current, it is probably not so large to
cause an additional increase of the preferred spacing. This is also partly caused by the fact that
λp is determined with an accuracy of 100 m.
The bed perturbation associated with θ = 25◦ is depicted in Figure E.1. The bed perturbation has changed from a rip channel system into a down-current oriented bar across the crest of
the inner breaker bar. That bed perturbation is similar to the one found for large wave angles
on planar sloping beaches in the previous chapter, see Section 3.6.3. It has been shown there
that this change of spatial structure is caused by the dominant contribution of the longshore
suspended sediment transport to the total bed change.
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Figure E.1: Bed and flow perturbations obtained with a LSA with the settings of experiment L1 and
θ = 25◦ . The straight dash-dotted lines indicate the crests of the breaker bars. Shoals are drawn with
solid contours, channels with dashed contours.

Also the dependence of the growth rate on the longshore wavelength for barred beaches
and large wave angles is similar to this dependence for planar beaches, see Figure 3.14. The
processes yielding growth of bed perturbations on barred beaches are not different from the
ones leading to growth on planar beaches. Therefore the explanation regarding the dependence
of the growth rate on the longshore wavelength, given in Section 3.7.2, applies to barred beaches
as well.
It is interesting to remark that Falqués & Calvete [2005] studied the occurrences of very
large-scale (of the order of 4–15 km) coastline undulations emerging under the forcing of very
oblique (θ > 45◦ ) incident waves. These large angles are not considered here but features with
a very large length-scale are found nonetheless.
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E.2 Sensitivity to the sediment transport formulation
Despite the fact that a different cross-shore profile has been used, Klein et al. [2004] gives a
good insight into the dependence of the linear stability characteristics of barred beaches to the
sediment transport formulation. In that study, the linear stability characteristics of a singlebarred beach have been determined for both the Engelund & Hansen [1967] and the Bailard
[1981] sediment transport formulations. The results of that study are briefly discussed in this
section.
The reference profile that has been considered is depicted in Figure E.2. Other parameter
values are: Hs = 1.1 m and θ = 10◦ . The offshore part of this cross-shore profile is quite
different from the offshore part of the cross-shore profile used in Chapter 4 and hence the wave
conditions, and in particular the wave angles, at the inner bar are different. Therefore the
results of the LSA’s of these single-barred beaches are not directly comparable with the results
of experiment L1. The focus is on the differences in the linear stability characteristics of this
profile obtained with the two sediment transport formulas.
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Figure E.2: Single-barred cross-shore profile used to assess the importance of the sediment transport
formulation.

The growth rate as a function of the longshore wavelength obtained with the two different
sediment transport formulations are depicted in Figure E.3. It is clear that for both series
of experiments a FGM exists, although with different preferred wavelengths. In case of the
Engelund & Hansen [1967] sediment transport formulation the preferred wavelength is 1200 m,
whereas in case of the Bailard [1981] formulation the preferred wavelength is 900 m. Hence,
similar to LSA’s of planar beaches, the length-scales found with Engelund & Hansen [1967]
are larger than the ones found with Bailard [1981]. Furthermore, the growth rates obtained
with Bailard [1981] are an order of magnitude higher than the ones obtained with Engelund &
Hansen [1967]. However, these differences in the magnitude of the growth rates are not as large
as the differences between the growth rates obtained for planar beaches (see Chapter 3). The
migration celerities of the FGM’s are 168.6 and 135.3 md−1 for Engelund & Hansen [1967] and
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Bailard [1981], respectively, which compare well with observations.
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Figure E.3: Growth rate as a function of the longshore wavelength obtained with two different
sediment transport formulas

The bed and flow perturbations corresponding to the two FGM’s are depicted in Figure E.4.
The direction of the mean longshore current is indicated, as well as the crest of the breaker bar.
The bed perturbations obtained with the two sediment transport formulations do not essential
differ as well. They can be characterized as rip channel systems with alternating shoals (solid
contours) and troughs (dashed contours) around the crest of the breaker bar. The perturbed
flow patterns also do not essentially differ from each other and consist of circulation cells with
in the breaker zone onshore flow over a shoal and offshore flow over a channel.
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Figure E.4: Bed and flow perturbations of the FGM’s obtained with two different sediment transport
formulas. The straight dash-dotted lines indicate the crests of the breaker bars. Shoals are drawn with
solid contours, channels with dashed contours.

The spatial structures and the migration rates of bed perturbations on barred beaches
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obtained with the two sediment transport formulations are much more similar than they are
on planar beaches. Besides, the difference between the growth rates of bed perturbations on
single-barred beaches obtained with the two different sediment transport models is one order of
magnitude smaller than on planar beaches. Since the spatial structures obtained with Engelund
& Hansen [1967] and Bailard [1981] are similar and the equilibrium bed profiles are identical,
this difference must be caused by the sediment stirring function.

E.3 LSA’s of the subsystems
In the discussion of Chapter 4, results of LSA’s of single-barred beaches have been performed
in order to gain more insight into the linear stability characteristics of the individual bars.
Two more series of LSA’s have been performed, which have not been discussed there. These
series concern LSA’s in which the integral of Eq. 2.27 is taken over the ranges 70 ≤ x < 240
m and 240 ≤ x < 550 m covering the inner and the outer bar, respectively, see Figure 2.1(b).
These LSA’s are referred to as the LSA’s of the inner and the outer bar. In these LSA’s the
hydrodynamics correspond with the hydrodynamics of a double-barred system, whereas the
linear stability characteristics of either the inner or the outer bar are determined. This method
of performing LSA’s of subsystems is not restricted to coastal zones but is generally applicable.
The results of these LSA’s, together with the results of the LSA’s of the whole system and
LSA’s of the single inner and single outer bar, are depicted in Figures E.5 to E.8. In case of
experiment L1 (Figure E.5) the LSA of the inner bar yields nearly identical growth rates as
the LSA of the whole system. Hence, the growth of a very small perturbation on the outer
bar has a negligible contribution to the linear stability stability characteristics of the whole
system. The LSA of the outer bar yields negligible growth rates, and although in deeper water
larger spacings than at the inner bar are expected, the preferred spacing is 100 m smaller than
the preferred spacing on the inner. This indicates that the origin of the small-amplitude bed
perturbation on the outer bar is the hydrodynamics around the inner bar, stretching out to the
outer bar.
The results of the LSA’s performed in case of experiment L2 are depicted in Figure E.6.
It shows that the LSA of the inner bar yields the same preferred spacing as the LSA of the
whole system and a slightly larger grow rate. The same spacing corresponds to the fact that the
mean longshore current is equal for both experiments, since the reference profile is the same.
Table 4.5 shows that the amplitude of the bed perturbation on the outer bar is about 10 % of
the amplitude of the bed perturbation on the inner bar, which is apparently sufficiently large
to have a damping influence on the linear stability characteristics of the whole system.
The LSA of the outer bar yields growth rates that are much smaller than the growth rates
obtained with the LSA of the whole system. They are, however, much larger than the growth
rates obtained with the LSA of the outer bar in experiment L1. The preferred spacing is equal
to the preferred spacing of the whole system. The same reasoning regarding the origin of the

144

Appendix E. Additional LSA’s of barred coasts
3
Whole system
Inner bar
Outer bar
Single inner bar

−1

Growth rate ωi [d ]

2.5

2

1.5

1

0.5

0
0

500

1000

1500

2000

2500

Wavelength λ [m]

(a) ωi vs. λ

Figure E.5: Experiment L1: growth rate vs. longshore wavelength obtained with the LSA’s of the
(single) inner and outer bar

bed perturbations as in experiment L1 applies to experiment L2.
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Figure E.6: Experiment L2: growth rate vs. longshore wavelength obtained with the LSA’s of the
(single) inner and outer bar

The growth rates and the preferred spacing obtained with the LSA of the inner bar in case
of experiment L3 are nearly identical to the results of the whole system, see Figure E.7. Despite
the relatively small amplitude of the bed perturbation on the outer breaker bar in the LSA of
the whole system, viz. 1.6 %, the growth rate obtained with the LSA of the outer bar is quite
large.
From these results it can be concluded that when the bed perturbation on the outer bar has
an amplitude that is much smaller than the amplitude on the inner bar, the outer bar does not
have a large contribution to the linear stability characteristics of the whole system. This does
not mean, however, that when the outer bar is considered individually also small growth rates
are obtained, as the results of experiment L3 demonstrate. Hence, the growth rate obtained
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Figure E.7: Experiment L3: growth rate vs. longshore wavelength obtained with the LSA’s of the
(single) inner and outer bar

with a LSA of the outer bar is not coupled the amplitude of the bed perturbation on the outer
bar obtained with a LSA of the whole system.
The results of the LSA’s of the inner and outer bar obtained with experiments with the
settings of experiment L4 are depicted in Figure E.8. The LSA of the inner bar yields a single
maximum for a wavelength of 500 m. The associated growth rate is similar to the one obtained
with the LSA of the whole system. The LSA of the outer bar, on the contrary, yields maxima
for λ = 500, 900 and 2100 m. These maxima have also been found with the LSA of the whole
system. Only the mode with a wavelength of 700 m is not retrieved with the LSA of the outer
bar. The growth rates are all larger than the growth rates obtained with the LSA of the whole
system.
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Figure E.8: Experiment L4: growth rate vs. longshore wavelength obtained with the LSA’s of the
(single) inner and (single) outer bar
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Appendix F
Sensitivity study of experiment NL5

This appendix discusses the effects of the grid cell size and the bed slope effects on the morphodynamic evolution of the coastal systems addressed in this thesis. To that end, two additional
experiments with the settings of experiment NL5 have been performed. Experiment NL7 is performed on a grid with 20×20 m2 grid cells, whereas the two terms associated with the bed slope
related sediment transport are not taken into account. Experiment NL9 also does not account
for bed slope effects and is performed on a grid with 10×10 m2 grid cells. These experiments
are listed in Table F.1.
Table F.1: Additional experiments with the settings of experiment NL5

Experiment
NL5
NL7
NL9

Grid cell size
20×20 m2
20×20 m2
10×10 m2

Bed slope effects
yes
no
no

First of all, Section F.1 discusses the effects of the grid cell size by means of a comparison
of experiments NL7 and NL9. Next, Section F.2 compares experiments NL5 and NL7 in order
to assess the effects of bed slope related sediment transport.
Furthermore, the experiments including shoreface nourishments have been performed with
one nourishment in the centre of the model domain. The bed perturbations, however, have
been imposed periodically, as if the nourishment has been executed periodically in space as
well. Section F.3 assesses the effects of the periodic bed perturbations combined with a single
nourishment.

F.1 Sensitivity to the grid cell size
The root-mean-square amplitudes ARMS of experiments NL7 and NL9 are depicted in Figure F.1. Besides, since experiments NL5, NL7 and NL9 have been started with another initial
bed perturbation than experiment NL1, the ARMS of experiment NL1 is presented for reference
as well.
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Figure F.1: ARMS of the bed perturbation in the area of interest of experiment NL7 (20×20 m2 grid
cells), experiment NL9 (10×10 m2 grid cells) and experiment NL1

A comparison of ARMS of experiments NL1 and NL9, both performed on a grid consisting of
10×10 m2 grid cells, learns that the initial bed perturbation is of importance, since the growth
in the exponential phase of experiment NL1 is faster than in experiment NL9. In the dynamic
phase, however, the averaged values of ARMS of both experiments are comparable. Hence, the
two applied initial bed perturbations in experiments NL5 and NL9 do not yield essentially
different morphological evolutions.
The effects of the grid cell size on the morphodynamic evolution can be deduced from a
comparison of experiments NL7 and NL9, see Figure F.1. It shows that the growth rate in the
phase of exponential growth is smaller for coarser grid cells than for finer grid cells. This period
therefore lasts about ten hrs longer in case of the coarse grid. This slower evolution of the bed
is most probably caused by the fact that by applying larger grid cells and keeping the turbulent
eddy viscosity the same, the amount of diffusion increases. Maximum current velocities on a
coarser grid are therefore smaller and the morphology consequently evolves slower as well. In
the dynamic phase, however, the averaged values of ARMS are of the same order of magnitude.
In Figure F.2 four bed perturbations are plotted, two for each grid cell configuration. The
bed perturbations of the same time but obtained with different grid cell sizes exhibit the same
characteristics, although they are not identical. In fact, they are not expected to be identical,
because the temporal evolutions of ARMS are not identical. Despite the differences between
the experiments on a fine and on a coarse grid, the results are sufficiently similar that one
can conclude that the application of larger grid cells does not yield an essentialy different
morphodynamic behaviour.

F.2 Sensitivity to bed slope related sediment transport
This section addresses the effects of bed slope related transport on the morphodynamic evolution of a double-barred beach. To that end, the results of experiments NL5 and NL7 are
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Figure F.2: Bed perturbations of experiment NL9 with 10×10 m2 grid cells (left panels) and experiment NL7 with 20×20 m2 grid cells (right panels). The top panels contain the bed forms at t = 80
hrs and the lower panels contain the bed forms at t = 120 hrs. The amplitude of the bed perturbation
is in meters.

compared with each other. The morphodynamic evolution on an aggregated scale is depicted
in Figure F.3, showing ARMS as a function of time.
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Figure F.3: Experiments NL5 and NL7: ARMS vs. time
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Figure F.3 clearly demonstrates that the effect of bed slope related sediment transport in
the linear phase of exponential growth is limited. The growth of the bed forms is, as expected,
somewhat damped with respect to a situation without bed slope effects. In the non-linear
phase the differences between computations with and without bed slope effects are larger.
The averaged value of ARMS is in experiment NL5 slightly larger than in experiment NL7. The
maximum amplitude of the bed perturbation is smaller for experiment NL5 than for NL7. From
this must be concluded that bed slope related sediment transport mainly affects the maximum
amplitude rather than the bed perturbation as a whole.
The influence of bed slope related transport on the bed forms is demonstrated in Figure F.4, depicting the bed forms at t = 110 hrs. Until approximately t = 80 hrs, the bed forms
obtained with and without bed slope related sediment transport are virtually identical. After
that, the bed forms evolve differently. Nonetheless, the bed forms have in both cases the same
characteristic crescentic shape.

Figure F.4: Bed perturbations at t = 110 hrs obtained with experiments NL5 (left panel) and NL7
(right panel).

Hence, although the aggregated morphodynamic evolutions in the non-linear regime are
not identical, the qualitative behaviour of the coastal system on this scale does not essentially
change when bed slope effects are account for in the sediment transport formulation.

F.3. Effects of non-periodic shoreface nourishments
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F.3 Effects of non-periodic shoreface nourishments
In the non-linear experiments concerning shoreface nourishments, a single shoreface nourishment has been executed in the central part of the modelling domain. It has not been included
periodically in the system, contrary to the bed perturbations. This means that the water motion
is also not periodic. In order to see whether disturbances from lateral boundaries, caused by
the mismatch between the bed perturbations and the absence of the nourishment, influence the
current patterns inside the area of interest an additional experiment with periodic shoreface
nourishments has been performed. Using the settings of experiment SN3, the periodically imposed, 2000 m long shoreface nourishments at the two lateral boundaries penetrate the model
domain over 1 km, see Figure F.5(a). This bathymetry is perturbed with the initial bed perturbation of experiment SN3 and is run for one time step. The resulting hydrodynamic quantities
are compared with the hydrodynamic quantities of experiment SN3 of the same moment. This
comparison is done by considering the difference in uc and vc in one longshore section between
the additional experiment with periodic nourishments and experiment SN3. These quantities
are depicted in Figure F.5(b). As a reference also the difference in z is plotted as well. The
shoreface nourishments that are introduced by assuming periodic shoreface nourishment are
easily recognized at the lateral boundaries.
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(a) Plan view of periodic shoreface nourishment

(b) Effects of the periodic shoreface nourishments
on the water motion. The longshore section is
taken at x = 420 m.

Figure F.5: Periodic shoreface nourishments and their effects on the hydrodynamics

The boundaries of the domain in which the Fourier components are determined are in
Figure F.5(b) indicated with the straight, vertical dashed lines. Figure F.5(b) illustrates that
between 3000 and 4000 m a very small difference in longshore current velocity exists. This effect
is, however, considered negligible. First of all, the effect is very small. Secondly, the effect is not
solely caused by the periodic nourishments, since the experiment has been run with boundary
conditions not adjusted to the presence of the shoreface nourishments on the model boundaries.
If these boundary conditions would have been adjusted, the difference in vc is expected to be
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nearly zero. Therefore it can be concluded that the absence of the nourishments at the lateral
model boundaries does not introduce significant disturbances in the area of interest.

Appendix G
Discussion of experiments NL5 and NL6

G.1 Experiment NL5
Like in experiment NL1 no significant morphological development is observed on the outer
bar of this experiment. This bar is therefore left out of the analysis of the temporal evolution
of individual modes. The temporal development of four modes on inner bar is depicted in
Figure G.1. In order to have a better insight into the dynamics, the temporal development of
the amplitudes of the four modes being most energetic at t = 70 hrs is depicted in Figure G.1(a).
It shows that at t = 70 hrs relatively small modes are dominant. During the first 80 hrs, the
mode with a wavelength of 600 m is the most energetic one. That wavelength corresponds very
well with the preferred wavelength found with the LSA. From t = 80 hrs on, the amplitude of the
small modes gradually decreases. This decaying behaviour of small-scale has also been identified
in experiment NL1. Figure G.2, depicting the temporal evolution of the modes with wavelengths
larger than 400 m, also confirms that from approximately t = 80 hrs on, the amplitudes of the
large-scale modes become larger than the amplitudes of the small-scale modes. In Chapter 4
it is argued that the behaviour of the second dynamic stage is caused by the emergence of
large-scale modes. In the case of experiment NL6 the second stage in the dynamic phase also
coincides with the emergence of large-scale modes.
After approximately 100 hrs, relatively large modes are dominating the bed perturbation
until the end of the considered period. Besides the four modes depicted in Figure G.1(b), the
modes with a wavelength of 3000 and 6000 m have an amplitude comparable with the amplitudes
of the modes with wavelengths of 857 and 2000 m. All other modes have significantly smaller
amplitudes. Hence, five modes are spanning the bed perturbation in the dynamic phase and
the apparent wavelength of the bed forms on the inner bar is about 1000 m.
Although the bed forms are highly variable throughout the whole considered period, they
can be characterized as crescentic and undulating features. Figure G.3 gives as an example the
bed forms at t = 70 and 110 hrs. The overall wavelength of the bed forms at t = 80 hrs is smaller
than at t = 130 hrs, corresponding to the fact that larger modes are evolving throughout time.
The bed perturbations on the inner bar migrate with a celerity of approximately 50 md−1 . The
maximum amplitude of the bed perturbation on the inner bar is about 1 m.
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Figure G.1: Results of experiment NL5
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Figure G.2: Inner bar of experiment NL5: amplitude vs. time of all modes with wavelengths larger
than 400 m

G.2 Experiment NL6
The temporal developments of the five most energetic modes of experiment NL6 on the inner
and outer bar are depicted in Figures G.4(a) and G.4(b), respectively. A complete overview of
the temporal amplitude evolutions of the individual modes on the inner and outer bar with
wavelengths larger than 400 m are depicted in Figures G.5 and G.6, respectively.
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Figure G.3: Bed perturbations of experiment NL5 at t = 70 hrs (left) and at t = 110 hrs (right).
Amplitude of the bed perturbation is in meters.

Ten modes grow significantly on the inner bar in the phase of exponential growth, whereas
the mode associated with λ = 667 m is the fastest growing one. This occurs until approximately
t = 50 hrs. Between t = 50 and 60 hrs the amplitudes of a number of these modes decrease.
Between t = 90 and 120 hrs, the mode with a wavelength of 857 m has a significantly larger
amplitude than all other modes, see Figure G.5, with a maximum amplitude of 0.17 m at
t = 100 hrs. After t = 120 hrs five modes span the bed perturbations, of which the mode with
a wavelength of 2000 has an amplitude three times as large as the amplitude of the other four
modes. All other modes have amplitudes that at most half as large as the amplitude of mode
associated with λ = 1000 m.
In first 50 hours of the phase of exponential growth, four modes are significantly growing
on the outer bar, whereas the mode with a wavelength is of 2000 m is fastest growing one. This
mode is the dominant one until t = 93 hrs. At t = 100 the amplitudes of all modes significant
modes have decreased somewhat explaining the local minimum in ARMS at that moment. After
a period of increasing amplitude, the amplitude of some of the dominant modes has decreased
again at t = 120 hrs, but since many other modes obtain a (local) maximum, ARMS at that
moment is much larger than at t = 100 hrs. From t = 120 hrs on, many of the small-scale
modes decay and three modes obtain an amplitude much larger than the rest. Besides these
three modes, i.e. the ones associated with λ = 3000, 6000 and 2000 m, the modes with a
wavelength of 857, 750, 1200, 1000, 545, 667 and 1500 m have amplitudes larger than 0.1 m.
The bed perturbations are, like in experiment NL5, highly dynamic, but they can be char-
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Figure G.5: Inner bar of experiment NL6: amplitude vs. time of all modes with wavelengths larger
than 400 m

acterized as crescentic and undulating patterns nonetheless. The bed perturbations at t = 60
and 100 hrs are depicted as an example in the left and right panel of Figure G.7, respectively.
At t = 60 hrs, the bed perturbation on the inner bar is very similar to the one on the inner
bar of experiment NL5, except for the amplitude, and can therefore also be characterized as a
crescentic feature. On the outer bar, the 3D features are elongated and can therefore be charac-

G.2. Experiment NL6

157

140

1
120

0.8

100

80

t [hrs]

0.6

60

0.4
40

0.2
20

0
400

429

462

500

545

600

667

750

857

1000 1200 1500 2000 3000 6000

0

λ [m]

Figure G.6: Outer bar of experiment NL6: amplitude vs. time of all modes with wavelengths larger
than 400 m

terized as an undulating pattern. The bed perturbation on the inner bar 40 hrs later can still be
described as a crescentic features although its apparent wavelength has increased. On the outer
bar the bed perturbations are even more elongated and hardly any crescentic characteristics
can be discerned.
On the inner bar of experiment NL6, the bed perturbation, mainly constructed by five
modes, has an overall wavelength of 1000 m and an amplitude of 0.3 m. The migration is
approximately 50 md−1 . The bed perturbation on the outer bar is mainly constructed by 4
modes, although six more modes have a significant amplitude as well. The apparent wavelength
of the bed forms is 2000 m and the migration celerity is about 200 md−1 . The mean amplitude
of the bed perturbations at the crest of the outer bar is about 1.5 m, whereas at the flanks of
the outer bar amplitudes up to 2 m are found.
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Figure G.7: Bed perturbations of experiment NL6 at t = 60 hrs (left) and at t = 120 hrs (right).
Amplitude of the bed perturbation is in meters.

List of Symbols
Roman Symbols
A
Ain
Aout
ARMS
C
c
cd
cg,x
cg,y
cg,θ
cp
D
Db
Dw
D0
D50
dx
dy
E
F~
Fx
Fy
fcw
g
H
Hb
Hs
h′
hb

Amplitude of (one component of) the bed perturbation
Maximum amplitude of the bed perturbation on the inner bar
Maximum amplitude of the bed perturbation on the outer bar
Root-mean-square amplitude of the bed perturbation
Chezy coefficient
Migration celerity
Drag coefficient
Cross-shore component of the wave group celerity
Longshore component of the wave group celerity
Wave group celerity in the angular space
Migration celerity of the FGM
Total water depth
Depth at the breaker line
Wave action dissipation
Equilibrium water depth
Median grain size
Cross-shore grid cell size
Longshore grid cell size
Wave energy
Wave stress vector
Cross-shore component of the wave stress
Longshore component of the wave stress
Bailard’s friction factor for waves and currents
Gravitational accelaration
Wave height
Breaker wave height
Significant wave height
Height of the bed perturbation
Bed level at the breaker line

m
m
m
m
m1/2 s−1
md−1
ms−1
ms−1
ms−1
md−1
m
m
m2 s
m
µ
m
m
Jm−2
Nm−2
Nm−2
Nm−2
ms−2
m
m
m
m
m
159

160
h0
i
k
~k
LFD
Lx
Ly
N
Nt
p
~q
~qb
~qs
R
Sxx
Syy
Sxy
Syx
s
T
t
~u
uc
~uc
u0
u0,b
~u0
vc
vc,m
v0
wb1
wb2
ws
wt1
wt2
x
xb
xr
y

List of Symbols
Equilibrium bed level
Imaginary unit
Wave number
Wave number vector
Length over which Fourier components are determined
Width of model domain
Length of model domain
Wave action
Turbulence coefficient
Bed porosity
Sediment transport vector
Bed load transport vector
Suspended load transport vector
Rayleigh quotient
Cross-shore component of the wave radiation stress
Longshore component of the wave radiation stress
Tangent component of the wave radiation stress
Tangent component of the wave radiation stress
Relative sediment density
Wave period
Time
Total current velocity vector
Cross-shore component of the mean current velocity
Mean current velocity vector
Cross-shore component of the wave orbital velocity
Wave orbital velocity at the breaker line
Wave orbital velocity vector
Longshore component of the mean current velocity
Maximum mean longshore current velocity
Longshore component of the wave orbital velocity
Horizontal position of inner bar crest
Horizontal position of outer bar crest
Sediment fall velocity
Horizontal position of inner trough
Horizontal position of outer trough
Cross-shore coordinate
Cross-shore position of breaker line
Reference location of mean profile
Longshore coordinate

m
m−1
m−1
m
m
m
m2 sHz−1
m2 s
m2 s
m2 s
Nm−1
Nm−1
Nm−1
Nm−1
s
s
ms−1
ms−1
ms−1
ms−1
ms−1
ms−1
ms−1
ms−1
ms−1
m
m
ms−1
m
m
m
m
m
m

List of Symbols
z
zb1
zb2
zt1
zt2
zr

Vertical coordinate
Vertical position of inner bar crest
Vertical position of outer bar crest
Vertical position of inner trough
Vertical position of outer trough
Reference depth of mean profile

161
m
m
m
m
m
m

Greek symbols
α
β(x)
βi (x)
βr (x)
βs
∆hmax
γ
γb
γcw
γs
ǫb
ǫs
η
η′
η0
θ
θb
Λ
λ
λp
ν
ρs
ρw
~τ
τx
τy
φ
φi
ω
ωi
ωi,p

Sediment stirring function
Complex cross-shore amplitude function
Imaginary part of the complex cross-shore amplitude function
Real part of the complex cross-shore amplitude function
Bed slope
Maximum allowable bed change per morphological loop
Breaker height coefficient
Breaker parameter
Quotient indication relative importance of mean current and waves
Bed slope parameter
Efficiency factor of bed load transport
Efficiency factor of suspended load transport
Water level
Height of perturbation in the water level
Equilibrium water level
Angle of wave incidence
Angle of wave incidence at the breaker line
Computed complex cross-shore amplitude function
Longshore wavelength of the bed perturbation
Longshore wavelength of the FGM
Turbulent eddy viscosity
Sediment density
Water density
Bed shear stress vector
Cross-shore component of the bed shear stress
Longshore component of the bed shear stress
Radial wave frequency
Angle of repose
Complex eigenvalue
Growth rate
Growth rate of the FGM

m
m
m
m
m
m
m
◦
◦

m
m
m
m2 s
kgm−3
kgm−3
Nm−2
Nm−2
Nm−2
rads−1
◦

d−1
d−1
d−1

162
ωr
ωr,p

List of Symbols
Migration rate
Migration rate of the FGM

d−1
d−1

Acknowledgements

Finally, I can write the best-read part of a thesis. So for the last time, I get myself (and Saskia)
a cup of coffee, bend my back, stretch my arms and start to write.
This research has been financially supported by the research program DIOC ‘Water’ as
project 1.4 ‘Intermediate-scale coastal evolution under soft-engineering interventions’. I am
grateful for this financing and for the fact that my contract could be extended for a considerable
period, without which I would not have been able to finish this thesis.
A number of people have contributed to the making of this thesis and therefore I would
like to express my gratitude towards them. First of all, I want to thank Marcel Stive for giving
me the opportunity to do this research, for talking me out of a number of tough periods, for
his never-ending optimism and enthusiasm, and for giving valuable comment on a number of
manuscripts and on this thesis.
Besides Marcel’s coaching, Henk Schuttelaars’ supervision, or in fact cooperation, was indispensable for the success of this research. Without him, his endless patience and his ability
to explain complicated matters in a way even I could understand them, this thesis would never
have become what it is now. So Henk, thank you very much for everything!
Next, I would like to thank Ad Reniers for his valuable comments and ideas on various
parts of this thesis. Besides, I thank him, and Ed Thornton as well, for inviting me to come on
over to the USA for a few months and making my stay there a very pleasant one, although the
project we’ve been working on needs a few more Ph.D. students before it is finished.
Other people who contributed to the contents of this thesis by reading and correcting,
looking over my shoulder to my screen, discussing my findings, providing Matlab routines,
solving IT-problems, defining the propositions, etc., etc., are Stefan Aarninkhof, Martin Baptist,
Albert Falqués, Dano Roelvink, Francesca Ribas, Huib de Swart, Jan van de Graaff, Johan van
der Molen, Howard Southgate, Mark van Koningsveld and Mark Voorendt. Thank you all very
much.
Furthermore, I want to thank my (former) colleagues of the Section of Hydraulic Engineering
for the pleasant time I had. Silly and serious talks during the coffee breaks and lunches (yes, yes,
I know, my participation during the last few months is somewhat disappointing), cycle tours,
squash tournaments, ice skating, bbq’s, to mention a few of the activities. A special thanks to
Ed and Sas, my office mates, joint thief-catchers and CPU-providers, for the enjoyable time we
had in room 3.95. I am happy that our bond was such that we could share our joys and sorrows.
163

164

Acknowledgements

Besides colleagues at the university, I am greatly indebted to a lot of people outside the
university community. I want to thank my family, family-in-law, friends, brothers and sisters in
Jesus and house mates for their support, interest in my research, layman’s questions (the ones
most difficult to answer and therefore very valuable), prayers, efforts to drag me away from
work every now and then and accepting my absence at dinner (guys, I hope to make it up in
the two months I have left in Huize Hekzicht). A special word of thanks goes to Hans and Joost
for being witnesses at my wedding, for being ‘paranimfen’ and for being such good friends for
such a long time.
I am sorry, Erna, I know that you don’t like this, but to mention all these people and not
mentioning you, is like ... uhh, is like ... uhhh, well, thinking up examples is your speciality and
not mine. Thank you for your love and support! I am looking forward to the future, with you
and without an unfinished thesis!

Mark Klein
Delft, August 2005

Curriculum Vitae

Mark Klein was born in Goudswaard on September 16, 1975. He followed secondary school
at CSG ‘Willem van Oranje’ in Oud-Beijerland from 1987 until 1993. In September 1993 he
started to study Civil Engineering at Delft University of Technology. During his study he did
a practical work in Baja, Hungary, designing and modelling a solution for the accretion of a
natural side branch of the river Danube. He finalized his study in Delft in June 1999 with the
thesis ‘Large-scale sandpits’ investigating the hydro- and morphodynamic behaviour of largescale marine sand pits. This research was performed at WL|Delft Hydraulics for the National
Institute for Coastal and Marine Management (RIKZ).
In January 2000, Mark started a Ph.D. study at the Section of Hydraulic Engineering of
Delft University of Technology with prof.dr.ir. Marcel Stive as his promotor. Mark finished it
in the Fall of 2005. Mark’s research concerned modelling of rhythmic bed patterns in the surf
zone with the final aim to identify the effects of shoreface nourishments on these rhythmic
patterns. This research was performed in the framework of the Delft University of Technology
research program DIOC ‘Water’, as project 1.4 ‘Intermediate-scale coastal evolution under softengineering interventions’. During the last part of his Ph.D. research, between February and
September 2005, Mark has been working part-time at WL|Delft Hydraulics. Since November
15 Mark is working at Svašek Hydraulics.
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