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A day like today I realize what I have told you a hundred different
times, that there is nothing wrong with the world. What is wrong is
our way of looking at it.

Henry Miller, “A Devil in Paradise”
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el punto de vista tanto humano como profesional. Sin ninguna duda, la real-
ización esta tesis no habŕıa sido posible sin las personas que me han guiado y
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Abstract

Nearshore processes are highly nonlinear and they encompass a wide range of
time and spatial scales. This work deals with low-frequency phenomena induced
by the incident wave field in the surf and swash zone. In order to deal with
low-frequency motions in coastal waters, the combined use of laboratory data
and numerical simulations is carried out. Capability of the RANS-type IH-2VOF
and NLSW-type SWASH models to simulate hydrodynamic processes induced by
breaking waves is tested by means of comparison with laboratory observations.
Since numerical models provide a means to obtain high spatial and time reso-
lution information that is almost impossible to achieve in the laboratory, they
represent a powerful and complementary tool in order to investigate nearshore
hydrodynamics. The numerical simulations confirm previous work and improve
laboratory observations regarding the study of low-frequency motions on beaches.
Special attention is devoted to nonlinear interactions resulting in an enhancement
of low frequency waves in the shoaling zone as well as the release of free long waves
over a sloping bottom. The low-frequency energy damping inside the surf zone is
addressed in detail identifying the dissipation agents and its contribution along
the cross-shore profile. Finally, the last part of this work focuses on swash os-
cillations on the beach face under highly dissipative conditions when saturation
extends to surf beat frequencies.





Resumen

Introducción

El oleaje que se propaga en aguas litorales está caracterizado por procesos
altamente no lineales y una amplia gama de escalas espacio-temporales. En aguas
someras, los procesos no lineales favorecen una transferencia de enerǵıa desde
la frecuencia de pico del espectro hacia oscilaciones de corto y largo periodo.
En la zona de rompientes, la enerǵıa contenida en la banda incidente y en los
superarmónicos sufre una fuerte disipación. Por otro lado, debido a su limitado
peralte, las ondas subarmónicas suelen experimentar una débil disipación y una
fuerte reflexión en el frente de playa. Como resultado, las oscilaciones de baja
frecuencia a menudo dominan los procesos hidrodinámicos en la parte interna de
la zona de rompientes (inner surf zone) y en la zona de ascenso-descenso (swash
zone) (Huntley, 1976; Guza & Thorton, 1982).

Munk (1949) y Tucker (1950) reportaron por primera vez la presencia de os-
cilaciones de superficie libre con periodos de los grupos de ondas cortas y acuñaron
el término “surf beat” para estos tipos de movimientos (también el término “on-
das infragravitatorias” es frecuentemente usado hoy en d́ıa). Desde entonces, las
ondas en frecuencias del surf beat han atráıdo una creciente atención por parte
de los investigadores de procesos costeros, habiéndose un gran número de traba-
jos de campo, laboratorio y numéricos publicado sobre este tema. El surf beat
es relevante desde una perspectiva ingenieril ya que puede modificar el oleaje
incidente (Goda, 1975; Peregrine, 1983; Dally & Dean, 1986); incrementar las
oscilaciones de run-up causando potencialmente la erosión de dunas y daños a
estructuras (Kamphuis, 1996; de Vries et al., 2007); jugar un papel importante
en el transporte de sedimento (Carter et al., 1973; Holman & Bowen, 1982) e
inducir resonancia en puertos y arrecifes (Bowers, 1977; Pequignet et al., 2009).
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Numerosos trabajos de campo en playas naturales han reportado altos niveles de
enerǵıa en la banda infragravitatoria especialmente durante condiciones de tem-
poral (Ruessink, 1998; Ruggiero et al., 2004; Senechal et al., 2011). La demon-
strada importancia de las ondas con frecuencia de surf beat pone de manifiesto la
necesidad de desarrollar metodoloǵıas que incorporen las ondas largas con el fin
de predecir la evolución de la costa y las oscilaciones de run-up.

Estado del arte

El fenómeno del surf-beat denota movimientos de baja frecuencia inducidos
por las ondas cortas. En la naturaleza, las ondas cortas tienen un periodo t́ıpico
del orden de 10 s, mientras que el movimiento infragravitatorio evoluciona lenta-
mente con una escala temporal del orden de 100 s. Munk (1949) y Tucker (1950)
fueron los primeros en obtener medidas de campo de oscilaciones de superficie del
agua en zonas costeras con periodos de algunos minutos. Observaron un máximo
negativo de correlación entre ondas de baja frecuencia y la envolvente del oleaje
incidente de alta frecuencia, con un desfase temporal correspondiente al tiempo
requerido por los grupos de ondas para llegar a la orilla y propagarse al punto de
medida como ondas libres. Este fenómeno fue inicialmente atribuido al trasporte
de masa asociado a grupos de ondas grandes y pequeñas propagándose hacia la
costa.

Longuet-Higgins & Stewart (1962) propusieron que el forzamiento del surf-
beat está representado por la tensión de radiación que puede ser concebida como
el exceso de flujo de cantidad de movimiento debido a las ondas cortas. Dos
mecanismos principales de generación de este tipo de ondas largas han sido iden-
tificados. El primer mecanismo contempla las ondas infragravitatorias ligadas
forzadas por el gradiente de la tensión de radiación asociado con los grupos de
ondas cortas fuera de la zona de rompientes (Longuet-Higgins & Stewart, 1962).
Se asume que dentro de la zona de rompientes, donde la tensión de radiación
decae y el agrupamiento es fuertemente reducido, las ondas largas ligadas a los
grupos no son destruidas siendo, más probablemente, liberadas como ondas largas
libres. Otro mecanismo de generación diferente y complementario fue propuesto
por Symonds et al. (1982). De acuerdo con esa teoŕıa el forzamiento es producido
por el gradiente de la tensión de radiación asociado a la rotura de las ondas cortas
en esa parte de la zona litoral que se halla en la zona de rompientes de manera
intermitente dependiendo de las oscilaciones del punto de rotura. Después de
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reflejarse en la playa, las ondas largas son radiadas hacia el océano dando lugar
a un oleaje estacionario o parcialmente estacionario en dirección perpendicular a
la costa. Sin embargo, una fracción considerable de la enerǵıa de baja frecuen-
cia puede quedar atrapada como ondas de borde dentro de una franja de pocos
centenares de metros de la orilla.

Los dos mecanismos de generación son complementarios y suelen coexistir en
playas naturales. La importancia relativa de las ondas largas incidentes forzadas y
generadas en el punto de rotura depende de las condiciones del oleaje incidente y
del perfil del fondo. Ensayos de laboratorio realizados en playas de gran pendiente
(Baldock et al., 2000; Baldock & Huntley, 2002) han indicado la dominancia de
las ondas largas generadas por variación del punto de rotura sobre las ondas
incidentes forzadas. Por otro lado, la liberación de las ondas largas incidentes
parece ser el principal mecanismo de generación de surf-beat en playas tendidas
(Sheremet et al., 2002; Janssen et al., 2003; Battjes et al., 2004).
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Figure 1: Espectros verticales de run-up para 3 casos de laboratorio. La ĺınea recta
continua muestra la dependencia de f−3 de la enerǵıa a lo largo de la parte saturada.

En la zona más interior de la zona litoral, los procesos hidrodinámicos suelen
estar dominados por movimientos con frecuencia del surf-beat y la relevancia de
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las ondas largas es evidente. Se suele separar el run-up en playas naturales entre
componentes de surf-beat o infragravitatoria (f < 0.05 Hz) e incidente (f > 0.05
Hz). Los oleajes irregulares que rompen en playas con pendiente suave llevan a
oscilaciones de swash dominadas por movimientos con frecuencias de surf-beat.
Bajo condiciones disipativas, el run-up a frecuencias incidentes está saturado,
mientras que el run-up a frecuencias del surf-beat no está saturado y entonces
se incrementa con la altura de ola incidente en profundidades indefinidas (Guza
& Thorton, 1982). Como resultado de ello, los máximos del espectro del run-up
caen en frecuencias mucho menores que las del oleaje incidente. Huntley et al.
(1977) sugirieron que los espectros tienen un decaimiento de f−4 en la banda de
frecuencias saturadas. Observaciones de laboratorio y de campo han confirmado
cualitativamente las hipótesis de Huntley et al. (1977) con unas pendientes de la
zona saturada comprendidas entre -3 y -4 (Guza & Thorton, 1982; Raubenheimer
& Guza, 1996; Ruessink et al., 1998). Guza & Thorton (1982) asumieron que las
diferencias observadas en la región saturada del espectro son debidas a diferentes
morfoloǵıas de playas y a diferentes métodos de detección del run-up.

Objetivos de la investigación

El objetivo principal de este trabajo es mejorar el estado de conocimiento de
los procesos hidrodinámicos de baja frecuencia inducidos por el oleaje en playas.
Concretamente, se hace énefasis en el estudio de los procesos de asomeramiento,
disipación, oscilación y reflexión de ondas infragravitatorias.

Con el fin de llegar a la consecución de este objetivo general, se han formulado
los siguientes objetivos espećıficos:

• Estudiar las transformaciones de las ondas largas ligadas inducidas por el
asomeramiento y rotura de las ondas cortas sobre un fondo con pendiente.

• Investigar la generación y propagación de las ondas largas libres radiadas
desde el punto de rotura.

• Realizar una descripción cuantitativa de la evolución espacial y temporal
de la tension de radiación con el fin de evaluar la transferencia de enerǵıa
onda corta-onda larga en la zona de rompientes.
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• Analizar la disipación de la enerǵıa de las onda largas en la zona de rompi-
entes e identificar los papeles que juegan los diferentes mecanismos de disi-
pación

• Focalizar parte de investigación en la hidrodinámica de la zona de swash. De
hecho es en la parte más interna de la zona de rompientes donde los procesos
hidrodinámicos suelen estar dominados por ondas de largo periodo.

• Estudiar las oscilaciones de swash durante condiciones disipativas mediante
el uso de datos de laboratorio y numéricos.

Metodoloǵıa utilizada

Con el fin de investigar las oscilaciones de baja frecuencia en la zona litoral,
se han usado datos procedentes de simulaciones numéricas en combinación con
datos obtenidos mediante ensayos de laboratorio. Los modelos numéricos per-
miten obtener una información con una alta resolución espacial y temporal que
es imposible obtener con medidas experimentales de manera reaĺısta. Suponen
por tanto, una herramienta complementaria y alternativa para el estudio de la
hidrodinámica litoral.

En investigaciones enfocadas en el surf beat, tanto los ensayos de laboratorio
como las simulaciones numéricas requieren una generación reaĺısta de las ondas
no lineales. De hecho, la correcta generación de las ondas largas inducidas por
grupos de ondas cortas evita la contaminación de los ensayos por la generación de
ondas largas espurias. Además, las ondas largas reflejadas por la playa necesitan
ser absorbidas en el contorno mar adentro. El caṕıtulo 4 introduce y describe
los problemas de generación y absorción que constituyen dos temas cruciales en
ensayos de laboratorio y numéricos.

La generación de ondas largas resultante de diferentes forzamientos se inves-
tiga en el caṕıtulo 5 donde se describen los enfoques experimental y numérico.
Los datos de laboratorio han sido obtenidos durante los ensayos realizados en el
canal de oleaje de la Universidad de Cantabria. El modelo numérico usado en este
trabajo es el IH-2VOF, basado en las ecuaciones promediadas de Navier-Stokes
(RANS) restringidas a flujos bidimensionales en vertical (2DV). Se comprueba
la capacidad del modelo de simular procesos hidrodinámicos de baja frecuencia
generados por un grupo de ondas mediante la comparación con las observaciones
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de laboratorio.

El caṕıtulo 6 aborda el importante tema de la disipación de la enerǵıa de baja
frecuencia en la zona de rompientes. La información proporcionada por el mod-
elo numérico IH-2VOF es usada para realizar un estudio detallado del balance
energético tanto fuera como dentro de la zona de rompientes. Una evaluación
cuantitativa de la evolución de la tensión de radiación es llevada a cabo para de-
terminar la transferencia de enerǵıa entre ondas cortas y largas en aguas litorales.

El caṕıtulo 7 trata las oscilaciones de swash bajo condiciones disipativas
cuando la saturación se extiende hacia las frecuencias de surf beat. Se utilizan
tanto datos de laboratorio come datos numéricos. Los datos de laboratorio cor-
responden a los experimentos llevados a cabo en Scheldt Flume (Holanda) para
oleajes irregulares sobre una playa de pendiente suave. La habilidad de simular
procesos hidrodinámicos del modelo numérico SWASH basado en las ecuaciones
no-lineales de aguas someras (NLSW) ha sido comprobada mediante una detal-
lada validación. Además, se ahn realizado nuevas simulaciones numéricas extendi-
endo el rango de alturas de ola incidente con respecto a los ensayos de laboratorio,
con el fin de tratar la influencia del oleaje incidente en las oscilaciones de swash.

Resumiendo, esta tesis aborda algunos de los más importante procesos
hidrodinámicos de baja frecuencia en gran parte de la zona costera. El caṕıtulo 5
está enfocado al estudio de la generación de ondas infragravitatorias y su transfor-
mación al aproximarse a la playa. Sucesivamente, la atención se focaliza hacia la
costa en el caṕıtulo 6 que trata los procesos hidrodinámicos en la zona de rompi-
entes. Finalmente, las oscilaciones de swash en el frente de playa bajo condiciones
disipativas son analizadas en el caṕıtulo 7.

Generación y absorción de ondas largas

Ensayos experimentales y numéricos en los cuales los procesos no lineales de
baja frecuencia son importantes requieren un cuidadoso tratamiento de las ondas
largas en el contorno. En particular, el problema concierne la correcta generación
de las ondas largas inducidas por los grupos de ondas cortas y al mismo tiempo
la absorción de las ondas largas libres procedentes de la playa.

En este trabajo, se ha implementado la generación de oleaje de segundo orden,
tanto en laboratorio como en las simulaciones numéricas, con el fin de reproducir
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las ondas largas ligadas y suprimir las ondas largas espurias. Si se genera un oleaje
irregular usando una señal de control de primer orden, no se satisface la condición
de contorno para la onda larga ligada que inevitablemente aparecerá generada por
interacciones nolineales entre componentes de onda primarias. Como consecuen-
cia, el contorno vertical producirá una onda larga libre (Ottensen-Hansen et al.,
1980; Barthel et al., 1983). Esta onda larga generada involuntariamente posee
la misma enerǵıa cinética de la onda ligada y, siendo una onda libre, un nivel
de enerǵıa potencial reducido. Con el fin de obtener un campo de onda larga
incidente compuesto solamente por ondas largas ligadas, la señal de control de
segundo orden introduce ondas que son el espejo de las ondas espurias eliminando
estas ondas indeseadas.

La señal de control de primer orden X(1)(t) que reproduce un oleaje irregular
compuesto por N componentes está determinado por:

X(1)(t) =
N∑

n=1

an
sinh(2knh) + 2knh

4sinh2(knh)
sin(ωnt+ φn) (1)

donde a es la amplitud de onda, h es la profundidad y kn,ωn y φnson el número de
onda, frecuencia y fase de la n-ésima componente. La ecuación (4.1) representa
la señal de primer orden de una pala de tipo pistón para obtener la superficie
libre η(1)(t) en la posición de la pala (xp = 0):

η(1)(t) =
N∑

n=1

ancos(−ωnt− φn) (2)

Para la correcta reproducción de las ondas largas incidentes, la señal de segundo
orden tiene que ser superpuesta sobre la señal de control de primer orden:

X(tot)(t) = X(1)(t) +X(2)(t) (3)

donde X(2)(t) representa la señal de segundo orden que para un sistema de ondas
cortas constituido por solo 2 frecuencias ωm y ωn es:

X(2)
mn(t) = (anbm − ambn)F1cos(∆ωt) + (anam + bnbm)F1sin(∆ωt) (4)

donde an y bn son los coeficientes de Fourier de la elevación de superficie libre
η(1) en la pala, y

∆ω = ωn − ωm

F1 es la función de transferencia constituida por dos partes, F11 y F12. La señal de
segundo orden para la reproducción de un tren de olas irregular constituido por N
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componentes primarias se obtiene como la suma de las interacciones resultantes
de cada par de componentes.

X(2)(t) =
N−1∑
m=1

N∑
n=m+1

X(2)
mn(t) (5)

La superfie libre de segundo orden de la onda larga ligada en un sistema consti-
tuido por solo dos frecuencias ωm es

η(2)mn(t) = Gmn[(anam + bnbm)cos(∆ωt) + (bnam + anbm)sin(∆ωt)] (6)

donde Gmn es la función de transferencia dada por Ottensen-Hansen et al. (1980).
Entonces, para un tren de olas irregular constituido por N componentes, la de-
scripción de segundo orden de la superficie libre en la posición de la pala se
determina como:

η(2)(t) =
N−1∑
m=1

N∑
n=m+1

η(2)mn(t) (7)

Finalmente, la solución de segundo orden de la superfice libre se superpone a la
de primer orden:

η(tot)(t) = η(1)(t) + η(2)(t) (8)

Resumiendo, la teoŕıa de primer orden proporciona la elevación de la superficie
libre en la posición de la pala generada por la señal de primer orden; mientras
que, la teoŕıa de segundo orden proporciona el desplazamiento de la superficie
libre en la posición de la pala generado por la señal de segundo orden:

X(1)(t) 7−→ η(1)(t) (9)

X(tot)(t) 7−→ η(tot)(t) (10)

La figura 4.2 muestra la comparación entre la señal de primer y segundo
orden para un ensayo de focalización de oleaje. Además, la absorción activa ha
permitido minimizar la reflexión en los contornos de las ondas largas que viajan
hacia aguas profundas evitando la formación de ondas largas estacionarias en el
canal y un aumento no reaĺısta de enerǵıa en el sistema.

La reflexión de las ondas en los contornos de un modelo f́ısico es un importante
efecto de laboratorio que da lugar a exagerados niveles de enerǵıa especialmente
en las bandas de baja frecuencia. En ensayos de laboratorio que tratan de simular
el surf beat, se construye una playa en el lado opuesto del contorno de generación.
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Figure 2: Comparación entre señal de control de primero y segundo orden en un exper-
imento de focalización de oleaje. a) señal de primer orden; b) señal de segundo orden;
c) señal total.

La enerǵıa de onda corta se disipa a causa de la rotura, mientras que las ondas
de baja frecuencia experimentan una debil disipación y una fuerte reflexión en
la costa. La falta de absorción de la onda larga reflejada causa una re-reflexión
poco realista con la siguiente generación de una onda larga con un periodo igual
a periodo de oscilación del canal.

Las instalaciones de laboratorio más modernas están equipadas con un sistema
de control para prevenir la re-reflexión de las ondas que viajan hacia la pala. El
uso de una pala como elemento movil controlado para absorber ondas se denomina
un sistema de absorción activa. La excursión teórica de la pala, X(t), se corrige
en el tiempo para absorber las ondas que viajan hacia la pala y evitar reflexiones
en el contorno. La onda reflejada se estima comparando la elevación teórica de
la superficie libre con la elevación de superfice libre medida en frente de la pala.
La superficie libre reflejada se evalúa como:

ηr = ηt − ηm (11)

donde ηr es la onda reflejada, ηt es la superficie teórica y ηm es la onda medida
en frente de la pala. La velocidad de la pala (U(t) = dX(t)/dt) tiene que ser
modificada para corresponder con la velocidad inducida por la onda reflejada.
En nuestro caso se propone la teoŕıa lineal, y la corrección de velocidad puede
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escribirse como sigue:

Ur =

√
g

h
ηr (12)

Para obtener la posición deseada de la pala, la velocidad tiene que ser integrada
considerando tanto la velocidad teórica Ut como la correción debida a la absorción
Ur:

X(t) = X(0) +

∫ t

0

(Ut + Ur)dt (13)

Análogamente a los ensayos de laboratorio, las simulaciones numéricas que
tratan con ondas infragravitatorias requieren tanto de una generación de segundo
orden como de la absorción en el contorno exterior. Si se implementa un cuerpo
en movimiento en el modelo numérico (Lara et al., 2011), las mismas considera-
ciones y procedimientos mencionadas para los ensayos de laboratorio son válidas
para las simulaciones numéricas. Sin embargo, en la mayoŕıa de los modelos
numéricos, las ondas se generan imponiendo los campos teóricos de superficie
libre y velocidades en el contorno abierto. En este caso, la teoŕıa de Longuet-
Higgins & Stewart (1960) proporciona el oleaje de segundo orden. Como alter-
nativa, la solución integrada en vertical de Longuet-Higgins & Stewart (1962)
puede ser usada si los grupos son mucho más largo que la profundidad. La figura
4.4 muestra la comparación entre las dos teoŕıas para una simulación numérica
de un oleaje irregular que se propaga sobre un fondo horizontal en un canal. La
condición de aguas someras (kh < π/10) se verifica para las ondas largas induci-
das por la interacciones no lineales entre componentes principales, cumpliendo
entonces los requerimientos de la solución de Longuet-Higgins & Stewart (1962).
Bajo estas condiciones, las soluciones de Longuet-Higgins & Stewart (1960) y
Longuet-Higgins & Stewart (1962) proporcionan, como se puede ver en la figura
4.4 resultados equivalentes indicando la eficacia de las condiciones de contorno
basadas en ambas teoŕıas.

El problema de la absorción de ondas en el contorno de un modelo numérico
involucra tanto las ondas incidentes como las reflejadas. Dos objetivos principales
han sido identificados para garantizar el correcto funcionamento de los modelos: el
primero es la absorción de la onda reflejada que se propaga hacia el contorno, y el
segundo, es evitar un aumento de masa en el dominio computacional. El primero
es análogo a los problemas ya descritos de absorción en los ensayos de laboratorio,
mientras que el segundo es inherente solo a estudios numéricos. Para resolverlo,
se necesita una rutina de absorción para conseguir una mejora en la generación
de ondas en el contorno. El balance de masa puede lograrse introduciendo un
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Figure 3: Simulación numérica de oleaje irregular sobre fondo horizontal. a) desplaza-
miento total de superficie libre. b) ĺınea roja: elevación de la onda larga ligada cal-
culada a partir de la formulación de Longuet-Higgins & Stewart (1962); ĺınea negra
discontinua: elevación de la onda larga ligada calculada a partir de la formulación de
Longuet-Higgins & Stewart (1960). c) ĺınea roja: velocidad de onda larga ligada cal-
culada a partir de la formulación de Longuet-Higgins & Stewart (1962); ĺınea negra:
velocidad de onda larga ligada calculada a partir de la formulación de Longuet-Higgins
& Stewart (1960).

flujo Ur calculado usando la superficie libre incidente y su correspondiente perfil de
velocidad. La onda larga reflejada que alcanza el contorno se detecta comparando
la superficie libre teórica con la superficie libre registrada en una posición cercana
al contorno. Entonces, el campo de velocidad se modifica para corresponderse con
la velocidad inducida por la onda que tiene que ser absorbida. Como resultado,
la masa total en el dominio numérico oscila alrededor de un valor medio que no
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vaŕıa en el tiempo.

Ondas largas inducidas por un grupo de ondas

cortas

La propagación de las ondas largas inducidas por un grupo transitorio de
ondas cortas se ha estudiado mediante experimentos de laboratorio y modelado
numérico. Los datos de laboratorio han sido obtenidos durante los ensayos real-
izados en el canal de oleaje de la Universidad de Cantabria. El canal mide 22 m
de largo, 0.5 m de ancho y tiene 0.8 m de altura. El oleaje se genera mediente
una pala de tipo pistón situada en un extremo del canal. Trece sensores resistivos
de superficie libre montados a lo largo de un carril por encima del canal se han
usado para medir el desplazamiento de la superficie libre en posiciones fijas del
espacio. La señal de generación de la pala ha sido determinada de acuerdo con la
teoŕıa del segundo orden con el fin de generar una sola depresión de baja frecuen-
cia de la superficie libre inducida por un grupo transitorio de ondas cortas. La
generación del grupo de ondas se ha obtenido mediante la superposición de com-
ponentes de onda de la misma amplitud uniformemente distribuidos a lo largo de
una banda estrecha en el dominio de la frecuencia. La fase de cada componente
ha sido especificada con el fin de focalizar la enerǵıa del oleaje cerca del punto
de rotura. Las ondas largas incidentes y reflejadas inducidas por un solo grupo
están claramente separadas en el dominio del tiempo, excepto muy cerca de la
playa. Por tanto, los ensayos de focalización de oleaje han sido elegidos como los
más apropriados ya que permiten la observación directa de la propagación de las
ondas largas ligadas y libres.

El modelo numérico usado en este trabajo es el IH-2VOF, basado en las ecua-
ciones promediadas de Navier-Stokes (RANS) restringidas a flujos bidimension-
ales en vertical (2DV). La disipación de enerǵıa se simula a través de un modelo
de cierre turbulento de tipo k− ϵ, mientras que la técnica de Volumen de Fluido
(VOF) se usa para capturar la superficie libre. Se comprueba la capacidad del
modelo de simular procesos hidrodinámicos de baja frecuencia generados por un
grupo de ondas mediante la comparación con las observaciones de laboratorio
descritas anteriormente. Ya que las simulaciones numéricas son capaces de pro-
porcionar datos espaciales y temporales de alta resolución que es prácticamente
imposible de obtener en un laboratorio, el modelo se puede considerar como una
herramienta complementaria y alternativa en la investigación de la hidrodinámica
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de la zona de rompientes. En este caso concreto, la alta resolución de los resul-
tados numéricos permite un detallado estudio de la estructura de los flujos de
baja frecuencia como, por ejemplo, la tensión de radiación y el flujo de enerǵıa
transportado por las ondas largas.
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Figure 4: Serie temporal de superficie libre, caso B2. Ĺınea continua: observaciones de
laboratorio; ĺınea discontinua: predicciones del modelo.
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Figure 5: Evolución de la componente de baja frecuencia de superficie libre, caso A2. La
ĺınea discontinua representa el patrón de propagación según la teoria lineal. Las ĺıneas
negras horizontales indican los cambios de pendiente del fondo. Las ĺıneas blancas
muestran la posición de los sensores de superfice libre. La ĺınea continua en la parte
superior indica la componente de baja frecuencia del run-up. Elevaciones en m.

Bajo un régimen de elevada pendiente, una depresión de largo periodo se radia
directamente desde el punto de rotura como resultado del gradiente de la tensión
de radiación debido a la rotura del oleaje. Esto es consistente con el mecanismo
de generación de ondas largas por variación del punto de rotura (Symonds et al.,
1982). El modelo se explota cambiando la batimetŕıa para estudiar los patrones
de transformación de onda larga gobernados por las caracteŕısticas del perfil del
fondo. Se han introducido diferentes pendientes del fondo con el fin de estudiar
la influencia del número de Iribarren y del parámetro de pendiente normalizada
β (Battjes et al., 2004) en la generación de ondas largas en el punto de rotura.
Los datos muestran que, especialmente para grupos transitorios que rompen en
profundidades intermedias, la generación de la onda larga radiada desde el punto
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de rotura es controlada por el parámetro de pendiente normalizada y el número
de Iribarren. Además, se ha realizado una nueva simulación para estudiar la
influencia de un largo fondo plano en los patrones de propagación de las ondas
largas incidentes. Se observa que, como el grupo se propaga sobre el fondo plano
situado fuera de la zona de rompientes, se genera una marcada cresta de largo
periodo. El fondo plano parece ser responsable del desarrollo del forzamiento
de la tensión de radiación y al mismo tiempo permite una separación parcial de
ondas largas libres en frente del grupo. La observación de la evolución espacial
de la componente de baja frecuencia y de la envolvente de la onda corta sugiere
que el pulso positivo en frente del grupo está constituido por la superposición de
la parte positiva de la onda larga ligada y ondas largas libres radiadas en la zona
de asomeramiento. La importancia de esta cresta de onda larga es evidente en la
zona de swash donde puede incrementar el run-up significativamente.

Balance de enerǵıa en la zona de rompientes

Numerosas investigaciones de campo y de laboratorio han informado de signi-
ficativos niveles de disipación de enerǵıa de baja frecuencia en la zona de rompi-
entes. La procesos que rigen la disipación de onda larga son poco conocidos a
d́ıa de hoy y suponen un importante tema de estudio en la ingenieŕıa costera.
Este trabajo presenta un análisis detallado de las interacciones no lineales en la
zona de asomeramiento y de rompientes con el fin de evaluar la transferencia de
enerǵıa entre ondas largas y cortas.

En este estudio, se hace frente al problema de las ondas infragravitatorias
separando los campos de superficie libre y velocidad horizontal en las compo-
nentes de onda corta y onda larga (o corriente) mediante un filtro paso banda.
Considerando el caso de oleaje incidente perpendicular a la costa, la separación
de la superficie libre η y de la velocidad horizontal u entre alta y baja frecuencia
lleva a:

η = ∥η∥(lf) + ηw = ηc + ηw (14)

u =
1

h+ ηc

∥∥∥∥∫ η

−h

udz

∥∥∥∥
(lf)

+ uw = U + uw (15)

donde h es el nivel del agua en reposo, ηc y ηw denotan las componentes de
baja y alta frecuencia del desplazamiento de superficie libre, uw es la velocidad
horizontal de la onda corta y U es la corriente horizontal. La componente de
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onda larga ∥·∥lf es obtenida mediante un filtro paso banda de Fourier con una
frecuencia ĺımite igual a la mitad de la frecuencia de pico. Hay que resaltar que la
compoenente de onda corta de la velocidad horizontal, uw, es obtenida restando la
componente de baja frecuencia del flujo de volumen dividido por la profundidad
desde la velocidad horizontal total de acuerdo con Mei (1989). La separación
de Mei (1989) es preferida a la propuesta por Phillips (1977), ya que la primera
evita la extrapolación, con las correspondientes incertidumbres, de la corriente,
U , y de las velocidades de la onda corta, uw, por encima del nivel del seno de la
onda donde el agua está presente solo de manera intermitente y ni el operador
media ni el filtro están definidos de forma única. Además, es necesario mencionar
que la adopción de la técnica de separación propuesta por Mei (1989) lleva a una
definición de la tensión de radiación que es equivalente a la propuesta por Phillips
(1977), como fue demonstrado por Svendsen (2005).

La ecuación de la enerǵıa integrada en vertical para ondas de baja frecuencia
esdad́ısticamente estacionarias enuncia que, si los procesos disipativos son des-
preciables, la tasa del trabajo hecho por la tensión de radiación está en equilibrio
con el gradiente del flujo de enerǵıa de onda larga:

∂W

∂x
+ U

∂Sxx

∂x
= 0 (16)

donde la ĺınea denota la integración sobre un periodo de tiempo suficientemente
largo para asegurar la estacionariedad del movimiento de baja frecuencia. W y
Sxx son, respectivamente, el flujo de enerǵıa de baja frecuencia y la tensión de
radiación, definidos como (Schaffer, 1993):

W = U(h+ ηc)(
1

2
ρU2 + ρgηc) (17)

Sxx =

∥∥∥∥∫ η

−h

ρ(u2w − w2
w)dz

∥∥∥∥
(lf)

+
1

2
ρg

∥∥η2w∥∥(lf)
(18)

donde g es la aceleración de gravedad y ρ es la densidad del flujo.

Los experimentos numéricos muestran un incremento del flujo de enerǵıa in-
fragravitatoria en la zona de asomeramiento y en la parte exterior de la zona de
rompientes. En la figura 6.9 la transferencia no lineal de enerǵıa está avalada
por la tasa de trabajo hecho por la tensión de radiación que iguala los gradiente
positivos de enerǵıa. El máximo flujo de enerǵıa se detecta en la zona de rompi-
entes donde la disipación de enerǵıa infragravitatoria empieza. El término de
transferencia de enerǵıa sigue en equilibrio con los gradientes del flujo de enerǵıa
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Figure 6: Evolución de a) flujo medio de enerǵıa y b) ĺınea sólida: gradiente del flujo
medio de enerǵıa, ĺınea discontinua: tasa del trabajo hecho por la tensión de radiación.

en el medio de la zona de rompientes. En la zona más interna de la zona de
rompientes, la interacción de la onda larga con el oleaje incidente es pequeña y
la disipación del flujo de enerǵıa tiene lugar como consecuencia de interacciones
entre componentes de onda larga.

Oscilaciones de swash en una playa tendida

Experimentos de campo han respaldado la hipótesis de que la saturación,
comúnmente limitada a la banda incidente del espectro, puede extenderse a lo
largo de casi toda la banda del surf beat, limitando las amplitudes del run-up para
una altura de ola creciente en mar abierto (Senechal et al., 2011). La saturación
del run-up en frecuencias infragravitatorias parece congruente y estrictamente
relacionada con la disipación de enerǵıa de baja frecuencia en la zona de rompi-
entes de acuerdo con estudios de campo, de laboratorio y numéricos (Battjes
et al., 2004; Henderson et al., 2006; Thomson et al., 2006; Ruju et al., 2012).

Este trabajo trata de las oscilaciones de swash en una playa con pendiente
suave. Se han llevado a cabo ensayos de laboratorio en el canal de Scheldt
(Holanda) dentro del proyecto GLOBEX. Se han reproducido condiciones de
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oleaje irregular con espectro de tipo JONSWAP durante los ensayos de labo-
ratorio. Los relativamente bajos números de Iribarren del oleaje incidente dan
lugar a hidrodinámicas de swash dominadas por oscilaciones con frecuencias de
surf beat.

En este caṕıtulo, se ha probado la capacidad del modelo SWASH basado
en las ecuaciones no-lineales de aguas someras para reproducir los procesos
hidrodinámicos en la zona de rompientes y de swash. Las comparaciones de
los resultados numéricos con las observaciones de laboratorio indican que los
procesos costeros inducidos por oleajes irregulares rompiendo sobre una playa
tendida han sido reproducidos de manera satisfactoria por el modelo, ver figura
7.7. Además, las oscilaciones de run-up procedentes del modelo concuerdan con
las observaciones.

Se ha llevado a cabo un nuevo conjunto de simulaciones para estudiar las os-
cilaciones de run-up bajo condiciones muy energéticas en mar abierto. Los nuevos
casos se dividen en dos series caracterizadas por las mismas frecuencias de pico de
los casos de laboratorio. El peralte en profundidades indefinidas se ha variado en-
tre 0.01 y 0.03 para cada serie. Tanto la banda incidente como la parte superior de
la banda infragravitatoria presentan los mismos contenidos energéticos indepen-
dientemente de las condiciones de oleaje incidente implicando saturación. Para
cada serie, el run-up significante de la banda infragravitatoria muestra un incre-
mento aproximadamente lineal con la altura de ola en profundidades indefinidas
incluso para los casos más energéticos. Este proceso está relacionado con la trans-
ferencia de enerǵıa a bandas no saturadas de baja frecuencia que son fuertemente
intensificadas deplazando finalmente la frecuencia media del run-up. De hecho,
el parámetro adimensional ξs (Carrier & Greenspan, 1958) crece hasta alcanzar
valores del orden de 1.8 y entonces no experimenta ninguna variación apreciable
para condiciones más energéticas. Los datos de run-up simulados sugieren que la
variabilidad de las oscilaciones de swash se puede parametrizar de manera sat-
isfactoria usando la formulación de Stockdon et al. (2006). Entonces, teniendo
en cuenta tanto la altura de ola como el periodo, mejora significativamente la
predicción del run-up en la ĺınea de costa.
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Figure 7: Comparación entre las variación de altura de ola significante medida (ĺınea
continua gris) y simulada (ĺınea discontinua negra). Paneleles de izquierda: alta fre-
cuencia; paneles de derecha: baja frecuencia.

Conclusiones

Numerosas publicaciones aparecidas en las últimas décadas han destacado
la importancia de las oscilaciones de largo periodo en playas naturales. El
fenómeno de las ondas infragravitatoria es relevante, tanto desde un punto de
vista académico, como ingenieril. En este trabajo, el estudio de las ondas de
largo periodo ha sido llevado a cabo mediante técnicas numéricas y experimen-
tales. Se ha dedicado una atención especial a las interacciones no lineales y a
la generación y liberación de ondas largas en las zonas de asomeramiento y de
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Figure 8: Parametros de run-up, serie F. a) espectro de la enerǵıa de las oscilaciones
de swash para los casos F1 (linea continua) y F9 (linea discontinua); b) elevación
significante del run-up S contra altura de ola en profundidades indefinidas H0 para las
componentes incidentes (pluses) e infragravitatorias (ćırculos); c) frecuencia media del
run-up fc contra H0; ξs contra H0.

rotura. La disipación de enerǵıa de baja frecuencia en la zona de rompientes ha
sido estudiada identificando los diferentes mecanismos de disipación. Finalmente,
este trabajo se ha centrado en las oscilaciones de swash en playas en condiciones
altamente disipativas.

Investigaciones de laboratorio y numéricas han mejorado nuestro conocimiento
de los procesos hidrodinámicos en la zona de rompientes aśı como la habilidad
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Figure 9: Elevaciones de run-up parametrizadas usando la formulación de Stockdon
et al. (2006) (linea discontinua). Ćırculos: serie E; pluses: serie F.

de predicción de la evolución morfodinámica de las playas. El desarrollo de la
instrumentación de laboratorio ha llevado a un incremento de la precisión de
las medidas. Al mismo tiempo, las herramientas numéricas han evolucionado
extendiendo el campo de aplicación y reduciendo la demanda computacional. A
d́ıa de hoy, la investigación básica y aplicada en el campo de la ingenieŕıa costera
depende de datos de alta calidad procedentes de investigaciones de laboratorio y
numéricas.

Principales contribuciones de esta tesis

Los procesos hidrodinámicos con frecuencias del surf beat se han investigado
extensivamente a lo largo de esta tesis. Entre las aportaciones más relevantes se
menciona:

• Se ha demonstrado la capacidad del modelo numérico IH-2VOF para re-
producir los ensayos de laboratorio llevados a cabo en el canal de oleaje de
la Universidad de Cantabria. Se ha dedicado una gran atención a las ruti-
nas de generación y absorción. La generación numérica de oleaje ha sido



xxx

obtenida simulando el movimiento de la pala mediante un algoritmo de un
cuerpo en movimiento. La comparación entre datos de laboratorio y resul-
tados numéricos demuestra la precisión del modelo en la reproducción de la
transformación de las bandas gravitatorias e infragravitatorias del oleaje

• Cambiando la pendiente del fondo, se ha explotado el modelo para el estu-
dio de la influencia del número de Iribarren y del parámetro de pendiente
normalizada β (Battjes et al., 2004) en la generación de ondas largas en
el punto de rotura. Los datos numéricos sugieren que, especialmente para
grupos de ondas transitorios que rompen en profundidades intermedias, el
número de Iribarren juega un papel importante en la generación de la onda
larga el punto de rotura.

• Se ha centrado la atención en la influencia que tiene un largo fondo plano
en los patrones de propagación de las ondas largas incidentes. Las simula-
ciones númericas muestran una marcada cresta de largo periodo en frente
del grupo que se propaga sobre el fondo plano situado fuera de la zona de
rompientes. Este pulso positivo está constituido por la superposición de
la parte positiva de la onda larga ligada y ondas largas libres radiadas en
la zona de asomeramiento. Se ha observado un incremento del run-up en
el frente de playa como consecuencia de la propagación del oleaje sobre el
fondo plano.

• Se ha estudiado la disipación de onda larga en la zona de rompientes medi-
ante ensayos numéricos. Los experimentos numéricos muestran que, en el
medio de la zona de rompientes, la onda larga pierde parte de su enerǵıa
como resultado de las interacciones no lineales con la componente de onda
corta. En la parte más interior de la zona de rompientes, las interacciones
entre los campos de onda corta y onda larga son pequeñas y la disipación
de enerǵıa de baja frecuencia es debida a interacciones entre las mismas
componentes de baja frecuencia.

• Se han analizado los datos de run-up obtenidos mediante ensayos de lab-
oratorio realizados en el canal de Scheldt (Holanda) dentro del proyecto
GLOBEX. Debido a los bajos números de Iribarren, las oscilaciones de
swash están dominadas por movimientos de largo periodo relacionados con
el surf beat. Toda la banda incidente y parte de la banda infragravitatoria
están saturadas y muestran un decaimiento espectral proporcional a f−3.

• Se ha llevado a cabo el modelado de los procesos hidrodinámicos inducidos
por oleajes irregulares sobre una playa con pendiente suave utilizando el
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modelo SWASH. El modelo numérico ha sido validado con los datos de
laboratorio (GLOBEX). Las comparaciones de los resultados numéricos con
las observaciones de laboratorio indican que las hidrodinámicas de la zona
de rompientes y de swash han sido reproducidas de manera satisfactoria
por el modelo.

• Las oscilaciones de run-up bajo condiciones muy disipativas han sido estu-
diadas mediante simulaciones numéricas realizadas con el modelo SWASH.
Para un determinado periodo de pico del oleaje incidente, el run-up sig-
nificante de la banda infragravitatoria muestra un incremento aproximada-
mente lineal con la altura de ola en profundidades indefinidas incluso para
los casos más energéticos. Este proceso lleva asociado el decremento de la
frecuencia media del run-up y el incremento del parámetro adimensional ξs
(Carrier & Greenspan, 1958). Sin embargo, cabe destacar que, para la serie
con mayor periodo de pico del oleaje incidente, ξs aumenta hasta alcan-
zar valores del orden de 1.8 y entonces no experimenta ninguna variación
apreciable para condiciones más energéticas. Los datos de run-up simu-
lados sugieren que la variabilidad de las oscilaciones de swash se puede
parametrizar de manera satisfactoria teniendo en cuenta tanto la altura de
ola como el periodo del oleaje incidente.

Futuras ĺıneas de investigación

Entre las futuras ĺıneas de investigación se considera el estudio de la propa-
gación de ondas largas sobre arrecifes; una detallada investigación de los efectos
inducidos sobre las ondas largas generadas en rotura para diferentes parámetros
de onda corta como el número de Iribarren; la determinación de la sensibilidad de
las oscilaciones de run-up a elementos morfológicos de gran escala y la extensión
del modelado numérico para aplicaciones de transporte de sedimento y fenómenos
de overwash en dunas.
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Chapter 1

Introduction

Swell waves propagate across the ocean forming groups of large and small
waves as a result of the superposition of wave components with different fre-
quencies that form the irregular sea state. Nonlinear interactions between wave
components give rise to long waves, commonly termed bound long waves since
they are phase-locked to wave groups. In deep waters, nonlinear interactions are
weak and long waves are usually small. As swell waves approach the shore, they
steepen, pitch forward and eventually break in sufficiently shallow waters. The
nonlinear wave evolution in the nearshore is accompanied by a significant energy
transfer from the peak of the incident wave spectrum to both higher and lower
frequency motions. Well inside the surf zone of a natural beach, the energy con-
tained in the sea-swell and higher frequency bands is strongly damped out by
the breaking process. On the other hand, due to their low wave steepness, sub-
harmonic waves usually experience both small energy dissipation inside the surf
zone and strong reflection at the shoreline. As a result, low frequency oscillations
often dominate the wave motion in the inner surf and in the swash zone (Huntley,
1976; Guza & Thorton, 1982).

Munk (1949) and Tucker (1950) reported for the first time the presence of free
surface oscillations at short wave group periods and coined the term “surf beat”
for such low frequency motions (also the term “infragravity waves” is now widely
used). Since then, waves at surf beat frequencies have attracted an increasing
attention for coastal researchers and a large number of field, laboratory and nu-
merical works on this topic have been published. Surf beat motions are relevant
from an engineering perspective since they can modify the incident short waves
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(Goda, 1975; Peregrine, 1983; Dally & Dean, 1986), enhance the run-up oscilla-
tions potentially leading to dune erosion and damages to structures (Kamphuis,
1996; de Vries et al., 2007), play an important role in sediment transport (Carter
et al., 1973; Holman & Bowen, 1982) and induce resonance in harbors and coral
reef platforms (Bowers, 1977; Pequignet et al., 2009). Many field studies (Guza &
Thorton, 1982; Herbers et al., 1995a; Ruessink, 1998) have reported high correla-
tion levels between short wave energy in deep waters and low frequency energy in
the inner surf and in the swash zone. On gently sloping beaches under dissipative
conditions, the strong energy dissipation experienced by breaking waves inside
the surf zone leads to the saturation of the incident band of the spectrum. As a
result, long waves are strongest under severe storm events and run-up oscillations
are dominated by motions at surf beat periods (Ruessink et al., 1998; Ruggiero
et al., 2004; Senechal et al., 2011). The observed importance of surf beat motions
during adverse sea conditions makes manifest the necessity to develop approaches
including long waves in order to predict coastal evolution and run-up oscillations
during storms (Russell, 1993; Reniers et al., 2004; Roelvink et al., 2009).

This work is devoted to investigate nearshore hydrodynamic processes involv-
ing surf beat. Long waves induced by shoaling and breaking of swell wave groups
over a sloping bottom are investigated by means of numerical simulations. In ad-
dition to the numerical approach, physical experiments are carried out in different
wave flume facilities. Wave transformation analysis addresses different important
issues related to low frequency waves such as the generation mechanism, the dis-
sipation and the run-up oscillations on the beach face. These main issues are
extensively addressed through the chapters of this thesis.

Chapter 2 reviews the background information on surf beat mechanics in
the nearshore. The governing equations of nearshore circulation are introduced,
with emphasis devoted to the energy balance. The most important theories,
scientific discoveries as well as the tasks which are still open are addressed in the
chapter. In chapter 3 the general and specific objectives of this work are outlined.
Chapter 4 addresses the problem of wave generation and absorption in physical
and numerical experiments.

Chapter 5 presents the numerical modelling of the cross shore propagation of
infragravity waves induced by a transient focused short wave group over a sloping
bottom. A dataset obtained through new laboratory experiments in the wave
flume of the University of Cantabria is used to validate the Reynolds averaged
Navier-Stokes (RANS-type) model IH-2VOF. A new boundary condition based
on the wave maker movement used in the experiments is implemented in the
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model. The numerical model is used to investigate the influence that the bottom
profiles induces on the propagation pattern of long waves. The main results of
this chapter are included in Lara et al. (2011).

A detailed analysis of the radiation stress evolution with applications to the
energy transfer between short and long waves in the nearshore is presented in
chapter 6. Shoaling and breaking of irregular waves over different slopes are
investigated by means of numerical simulations with the IH-2VOF model. The
energy transfer rate is calculated directly from the energy equation for the low
frequency motion. The energy balance analysis is extended over the shoaling and
surf zone. Part of the material covered in this chapter is presented in Ruju et al.
(2012).

Chapter 7 covers the study of run-up oscillations under dissipative conditions.
For this purpose, laboratory experiments of run-up oscillations forced by break-
ing waves on a planar gently sloping beach are performed in a large scale wave
flume. The laboratory experiments are numerically reproduced using a model
based on Non Linear Shallow Water (NLSW) equations. Although NLSW mod-
els are less advanced than the RANS approach used in chapters 5 and 6, they
have a relatively low computational demand allowing large scale simulations such
those required for the simulation of the hydrodynamic processes in the physical
wave flume considered. Numerical simulations extending the range of offshore
wave conditions with respect to the laboratory experiments are carried out with
the NLSW-type model SWASH in order to investigate the dependence of swash
oscillations on incoming wave energy.

The concluding remarks of this thesis and some recommendations for future
work are outlined in chapter 8.
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Chapter 2

State of the art

2.1 Nearshore hydrodynamics

The nearshore zone is that part of the ocean where the depth is so small
that wind-generated waves are influenced by the bottom. It usual to identify the
depth where the waves start to “feel” the presence of the bottom as the depth of
approximately half the wave length. Therefore, in the nearshore the wave motion
is subject to transform according to depth variations.

Water waves entering shallower water increase in wave height and decrease
in wave length and celerity. The wave height variation is usually referred to as
shoaling, while the propagation pattern variation related to changes in phase
velocity is known as refraction. It is worth to mention that also coastal currents
can give rise a refraction which is termed current refraction. In addition to
the shoaling and refraction processes which are usually related to gradual depth
changes, diffraction is likely to take place on steep bottom variations. In fact,
waves passing around a structure or over an abrupt changing bathymetry will be
transformed by diffraction which causes a variation in amplitude along the wave
front.

While in deep waters the wave profile is nearly sinusoidal with smooth crests
and troughs, in costal waters waves adjust its shape according to the bottom
variations. In fact, as waves propagate shorewards, the decreasing depth enhances
nonlinear interactions which become important in determining the wave motion
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(Freilich & Guza, 1984). Shoaling waves steepen and pitch forward showing a
significant skewness and asymmetry. Skewness represents the asymmetry about
a horizontal axis and is associated with waves with sharp crests and flat troughs.
On the other hand, asymmetric waves are characterized by a steep forward face
and relatively gently sloping rear face.

On natural beaches, the wave front becomes increasingly steeper until the
crest tumbles forward and waves break. The breaking process has the tendency to
continue until the waves reach the shore (Svendsen, 2005). However, if the bottom
slope is not sufficiently steep with respect to the wave height, the breaking stops.
For instance, waves passing across a longshore bar system are likely to break over
the crest of the bar and eventually to stop breaking above the trough behind the
bar. Further shoreward, in very shallow waters broken waves attains a stable
form resembling a progressive periodic bore and finally run-up and oscillate on
the beach face.

Using hydrodynamic criteria it is possible identify four different regions inside
the nearshore zone:

• the shoaling zone where the waves are not yet broken

• the outer surf zone where breaking occurs and waves suffer an abrupt change
within a relatively narrow region

• the inner surf zone where the broken waves progress as a turbulent periodic
bores

• the swash zone where the water washes up and down on the shore and
reflection takes place

Nearshore hydrodynamics refers to the wind-generated wave and current mo-
tions in the vicinity of the coast. Since wind waves and currents are the main
forcing that govern sediment transport in the littoral zone, a profound knowledge
of the hydrodynamic processes in the nearshore region is needed to achieve the
capacity of predict the evolution of the beach morphology.
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2.1.1 Wave breaking

In sufficiently shallow waters, skewness and asymmetry increases, the wave
front becomes vertical and waves break. During the breaking process, the fluid
velocity at the crest exceeds the wave speed resulting in the crest curling and jet
formation (Thorton & Guza, 1983). Overturning waves inject fluid at the surface
developing a turbulent and air-entrained front, called the roller, in which water is
tumbling down toward the trough. The size of vortices generated at the surface
controls the depth of turbulent penetration and are determined by the breaker
type.

The Iribarren number ξ0 is a surf similarity parameter widely used to describe
wave breaking. It is defined as

ξ0 =
hx

(H0

L0
)0.5

(2.1)

where hx is the bed slope, H0 and L0 are the deep water wave height and wave-
length, respectively. Three main breaker types are cited in the literature: spilling,
plunging and surging (table 2.1). Spilling breakers are related to low ξ0 (ξ0 <0.45)
and thus they are likely to occur on gently beaches during high energy sea states.
Turbulence starts in a small scale and expands down the front as waves propagate
within the surf zone. Plunging breakers occur for steeper slopes (0.45< ξ0 <3.3)
and are characterized by a overturning jet in which the water on the crest curls
over and plunges down in a free fall, hitting the trough ahead. In the inner surf
zone, broken waves are likely to resemble progressive bores showing little differ-
ences between spilling and plunging (Ting & Kirby, 1994). For high steep beach
and thus high ξ0 (ξ0 >3.3), waves become instable close to the shoreline generat-
ing surging breakers (also known as shore breakers). The toe of the wave surges
up to the beach face while the crest collapses. The generation of turbulence is
limited to a horizontal narrow region leading to a small energy dissipation. The
remaining energy is converted into potential energy leading to relatively large
swash oscillations and a considerable reflection on the beach face.

The breakpoint is defined as the point where the wave energy start to dissipate
as a consequence of kinematic instabilities. The identification of the breakpoint
is not a trivial task especially for irregular waves propagating on a natural beach.
The most accepted and used definitions consider the breakpoint as the point of
maximum wave height Hmax or the point of maximum value of the ratio of wave
height to water depth γb = (H/h)max (Svendsen & Veeramony, 2001). Values of-
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Iribarren number Breaking type
ξ0 < 0.45 Spilling

0.45 < ξ0 < 3.3 Plunging
3.3 < ξ0 Surging

Table 2.1: Breaking waves

ten quoted for the breaker index γb range from about 0.7 to 1 for monochromatic
waves (Battjes, 1974; Hansen & Svendsen, 1984), mainly depending on the beach
slope and the offshore wave steepness. However, the ratio of the significant wave
height to depth γb = (Hs/h)b can be considerably smaller for irregular waves
showing typical values about 0.6 on gently sloping beaches (Thorton & Guza,
1983; Wright et al., 1982). Since the breaker index γb does not include the effects
induced by the bottom slope, other breaking criteria have been developed for
coastal engineering purposes (Lin, 2008). Widely used breaking criteria consid-
ering bottom slope effects include the CERC (1984), Goda (1970) and Kamphuis
(1991a) formulas.

The large scale vortex produced at the breakpoint are reduced in size as waves
propagates within the surf zone. A significant amount of wave energy is dissipated
and turned into turbulence causing the height of waves to decrease as water depth
decreases. In addition, frictional dissipation at the bottom boundary layer can
play a role but it is of secondary importance with respect to bore turbulent
dissipation. The energy balance for a statistically steady wave motion is given by

∂Wα

∂xα
= Dt (2.2)

where Wα is the energy flux in the horizontal direction xα and Dt denotes the
sum of bore and friction dissipation rates, see equation (2.19). Shoreward of
the breakpoint, the breaking process is maintained by a relatively large ratio γs
between wave height H and water depth h. Broken waves are subject the same
processes that govern the wave propagation in coastal waters and thus they still
experience refraction and shoaling in the surf zone. The breaker index γs is mainly
controlled by the shoaling and breaking processes which act opposingly tending,
respectively, to increase and reduce the wave height. The largest values of γs are
usually observed at the breakpoint where γs = γb. In the outer surf zone, the
breaking process usually dominates over the shoaling process and γs decreases.
For waves propagating under continued breaking, γs is likely to show a minimum
inside the surf zone and then increases again due to shoaling (Svendsen, 2005) in
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very shallow waters. Raubenheimer et al. (1996) reported an increase of γs with
increasing beach slope β and decreasing normalized water depth hk (being k the
wave number) and thus with large change in water depth over a wavelength.

Figure 2.1: Wave breaking: Goroneddu, West coast Sardinia

2.1.2 Nearshore circulation

Wave transformation in the nearshore region is related to the generation of
motions with longer periods than the peak period of the incident swell. The
shoaling and breaking processes enhance low frequency motions characterized by
oscillations of the mean water level and slowly varying currents. Nearshore cir-
culation is the term used for the currents and the long period surface oscillations
induced by short wind wave motion in the vicinity of the coast.

In this section the equations of conservation of mass and momentum are enun-
ciated without their derivation. An exhaustive analysis is given in Svendsen
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(2005). The effects of bottom friction, turbulent shear stresses as well wind stress
and surface pressure fluctuations are not taken into account. It is worth to re-
mark that those effects are not small, especially in the breaking zone and we omit
them only to simplify the algebra involved without detracting from the main re-
sults. In the following tensor notation with the usual summation convention for
double indices is used. However we adopt a special version of tensor notation to
separate the vertical coordinate from the two horizontal coordinates. α and β are
the index notation indicating the horizontal x and y directions. z is the vertical
coordinate as usual, defined from the ⟨x, y⟩ plane up. The mean water surface
MWS generally differs from the horizontal still water level SWL where the ⟨x, y⟩
plane is fixed. η is defined as the distance from MWS to the instantaneous sur-
face, ζ is defined as the distance from SWL to the instantaneous surface. Then
the elevation of the MWS above the SWL is ζ. See figure (2.2).

h

ζ
ζ

η

SWL

MWS

Bottom

Figure 2.2: Definition sketch

Following Phillips (1977) or Svendsen (2005) we have conservation of mass

∂ζ

∂t
+

∂

∂xα
[(h+ ζ)Uα] = 0 (2.3)

and the conservation of momentum

ρ
∂Uα

∂t
+ Uβ

∂Uα

∂xβ
+ g

∂ζ

∂xα
= − 1

ρ(h+ ζ)

∂Sαβ

∂xβ
(2.4)

where h is the undisturbed water depth, ζ is the low frequency water surface
elevation and Uα is the total depth integrated horizontal velocity including the
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contributions from the Stokes drift Uwα and the current Ucα:

Uα =
1

h+ ζ

∫ ζ

−h

uα dz = Uwα + Ucα (2.5)

Further Sαβ is the radiation stress which represents the additional stress induced
by the wave motion on the surrounding medium (Longuet-Higgins & Stewart,
1960):

Sαβ =

∫ ζ

−h

(ρuwαuwβ + pδαβ) dz − δαβ
1

2
ρg(h+ ζ)2 − ρUwαUwβ(h+ ζ) (2.6)

The radiation stress gradient acts as a forcing for the evolution of the currents and
the mean water surface. Therefore the radiation stress field drives the nearshore
circulation and his knowledge is needed in order to solve the circulation equa-
tions. In fact, swell waves transfer energy and momentum to the water column
generating slowly evolving motions and quasi-steady processes such as surf beat
or set-up which are particulary intense inside the surf zone. The phenomenon of
surf beat will be treated in detail in section 2.3. Some basic aspects of set-up is
given here. Wave setup has been observed under laboratory and field conditions
(Bowen et al., 1968), and it includes a static component with an increase of water
level within the surf zone. Integrating the equation of conservation of momen-
tum 2.4 over a time period much longer than the typical wave group period and
considering only the cross-shore direction we obtain

∂Sxx

∂x
= −ρg(h+ ζ)

∂ζ

∂x
(2.7)

in which the index α has been replaced by x since we are dealing to the cross-shore
direction only. The analytical developments of Longuet-Higgins & Stewart (1964)
supported the existence of wave set-up physically forced by swell waves through
the radiation stress gradient owing to wave breaking within the surf zone. Wave
setup is relevant to engineering applications especially under extreme storm events
when it can be substantial, increasing the mean water levels of about 10 − 20%
of the incident wave height.

2.2 Energy balance in the nearshore

Sea waves carry mechanical energy in the form of potential and kinetic energy.
In the deep ocean, energy transfer between wave components requires a long
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distance to develop. In the nearshore, sea waves are strongly affected by the
bottom which introduces a shear stress and marks the downward limit of the
motion. The shear stress inside the bottom boundary layer is generally small in
comparison to the inertia and pressure forces and it can cause appreciable energy
dissipation only when it acts over longer distances. The effects of the bottom
are evident for waves that adjust its propagation patterns as they pass over a
varying bathymetry. A marked and sudden energy transfer takes place between
wave components over a few wavelengths (Freilich & Guza, 1984; Herbers et al.,
2000).

Wave breaking inside the surf zone is the most visible nearshore process that
causes both a strong dissipation and redistribution of energy across the spectrum.
The total mechanical energy carried by the waves can be decomposed into orga-
nized energy and turbulent energy characterized by rapid fluctuations. During
the breaking process a large amount of energy is released and turned into motions
that have periods both shorter and longer compared with the typical short wave
period. An amount of organized energy is converted into turbulence whereas only
a small part is converted directly into heat.

Summing up the total amount of energy is the sum of different types of en-
ergy such as organized mechanical energy carried by waves and currents, random
mechanical energy related to the rapid fluctuations of the turbulent motion and
thermal energy. In the nearshore hydrodynamics only the mechanical energy is
of primary interest and therefore we introduce the concept of energy dissipation
to indicate the energy loss to heat.

The depth integrated form of the mechanical energy conservation equation in
tensor notation reads

∂E

∂t
+
∂Rα

∂xα
= D (2.8)

where E is the mechanical energy per unit area, Rα is the mechanical energy
flux in the α-direction and D is the total dissipation rate per unit area. Strictly
speaking, D denotes the conversion of mechanical energy into heat. This is con-
sistent with the principle of physics which states that the total energy, sum of
the mechanical and thermal energy, is conserved. D is allowed to take negative
values only, D < 0, since the process of conversion of mechanical energy into heat
is irreversible. E and R are defined as

E =

∫ ζ

−h

(
ρgz +

1

2
ρu2

)
dz (2.9)
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Rα =

∫ ζ

−h

(
p+ ρgz +

1

2
ρu2

)
uαdz (2.10)

where the pressure p and the velocity u include the turbulent, wave and current
contributions. The term u is the module of velocity vector:

u =
√
u2α + u2β + u2w (2.11)

in which uα, uβ and uw are the components of the velocity vector. By using the
Reynolds decomposition, it is possible to discriminate between the organized (due
to waves and currents) and turbulent contributions for both E and Rα

E = ⟨E⟩+ E ′ (2.12)

Rα = ⟨Rα⟩+R′
α (2.13)

where the square brackets and the prime stand for organized and turbulent quan-
tities, respectively. The total dissipation rate D is the sum of two contributions:
⟨D⟩ takes into account the conversion of the organized part of mechanical energy
into heat and D′ is the dissipation of turbulent energy.

D = ⟨D⟩+D′ (2.14)

Both ⟨D⟩ and D′ are negative terms and in nearshore hydrodynamic problems
D′ is likely to overcome ⟨D⟩.

Therefore equation (2.8) can be written as

∂ ⟨E⟩
∂t

+
∂E ′

∂t
+
∂⟨Rα⟩
∂xα

+
∂R′

α

∂xα
= ⟨D⟩+D′ (2.15)

The equation of conservation of turbulent energy can be obtained by introducing
the term P which represents the rate of production of turbulent energy from
the organized energy. In fact, turbulent kinetic energy is generated from the
wave-current energy and extracted from E ′ due to dissipation:

∂E ′

∂t
+
∂R′

α

∂xα
= D′ + P (2.16)

Subtracting equation (2.16) from equation (2.15) yields to the conservation equa-
tion of organized wave-current energy

∂ ⟨E⟩
∂t

+
∂⟨Rα⟩
∂xα

= ⟨D⟩ − P (2.17)
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It is worth to notice that the production term P appears in equations (2.16)
and (2.17) with the opposite sign. In most real flows, P is positive owing to the
production of turbulent energy from the organized part of the motion. However
there exist some cases in which the organized part of the motion gains energy
from the turbulent motion and P takes negative values. For breaking waves in the
nearshore, the high turbulence levels bring |P | ≫ |⟨D⟩| although the separation
between of the two dissipations contributions is not a trivial task. For many
engineering purposes, the knowledge of the organized, or wave-current, part of
the motion is sufficient and the two dissipation contributions are combined into
a new term Dt for the total dissipation of organized energy

∂ ⟨E⟩
∂t

+
∂⟨Rα⟩
∂xα

= Dt (2.18)

2.2.1 Energy balance for the wave-current motion

Up to this point we have not discriminated between wave and current energy.
Here we go into the detail of the conservation equation (2.18) of the organized
energy providing a separation between the wave and current contributions and
analyzing the interactions between those two components of the motion. Equation
(2.18) is rewritten in a simpler form omitting the square brackets

∂ξ

∂t
+
∂Wα

∂xα
= Dt (2.19)

in which ξ = ⟨E⟩ is the energy density, Wα = ⟨Rα⟩ is the energy flux and Dt is
the rate of energy dissipation. ξ and Wα are defined as

ξ =

∫ ζ

−h

1

2
ρu2 dz +

∫ ζ

0

ρgz dz (2.20)

Wα =

∫ ζ

−h

(ρgz +
1

2
ρu2 + p)uα dz (2.21)

The total velocity vector can be expressed as the sum of two parts, the first
denoting the long wave or current velocity and the second the additional velocity
due to the wave motion

uα = Ucα + uwα (2.22)
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In a similar manner, the total volume flux is the sum of the volume flux of the
short waves and the volume flux of the current, Qα = Qwα +Qcα

Qα =

∫ ζ

−h

uαdz = Uα(h+ ζ) (2.23)

Qwα =

∫ ζ

−h

uwαdz = Uwα(h+ ζ) (2.24)

Qcα =

∫ ζ

−h

Ucαdz = Ucα(h+ ζ) (2.25)

Introducing the decomposition, equations (2.20) and (2.21) read

ξ =

∫ ζ

−h

1

2
ρ (Uc + uw)

2 dz +

∫ ζ

0

ρgz dz = Ew + Ec −
1

2
ρ(h+ ζ)U2

w (2.26)

Wα =

∫ ζ

−h

(ρgz +
1

2
ρ (Uc + uw)

2 + p)(Ucα + uwα) dz

=Wwα +Wcα + UcαEw − 1

2
ρ(h+ ζ)U2

wUα + SαβUcβ (2.27)

Here Sαβ is the radiation stress due to the wave motion (Longuet-Higgins &
Stewart, 1960) and the subscripts c and w refer to to the current and the short
wave motion, respectively

Ec =
1

2
ρ(h+ ζ)U2 +

1

2
ρgζ

2
(2.28)

Ew =

∫ ζ

−h

1

2
ρu2s dz +

1

2
ρgη2 (2.29)

Wcα = Uα(h+ ζ)(
1

2
ρU2 + ρgζ) (2.30)

Wwα =

∫ ζ

−h

(
1

2
ρu2w + p+ ρg(z − ζ)

)
uwαdz (2.31)

Collecting together the various terms, we obtained the equation for the total
energy

∂

∂t

{
Ew + Ec −

1

2
ρ(h+ ζ)U2

w

}
+

∂

∂xα

{
Wwα +Wcα + UcαEw − 1

2
ρ(h+ ζ)U2

wUα + SαβUcβ

}
= Dt (2.32)
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in which the additional terms proportional to U2
w follow from the choice of defin-

ing Ec and Wcα using Uα rather then Ucα (Schaffer, 1993). This appears as a
convenient choice since it is the total velocity Uα that defines the low frequency
motion in the mass and momentum conservation equations (2.3) and (2.4). The
energy equation for the slowly varying part of the motion can be obtained by
scalar multiplying each term of depth integrated momentum equation (2.4) for
the current by the velocity vector

Uα

{
∂Uα

∂t
+ Uβ

∂Uα

∂xβ
+ g

ζ

∂xα
= − 1

ρ(h+ ζ)

∂Sαβ

xβ

}
(2.33)

After lengthy derivations we get the following energy equation for the current

∂Ec

∂t
+
∂Wcα

∂xα
+ Uα

∂Sαβ

∂xβ
= 0 (2.34)

in which the last term on the left hand side is the rate of work done on the
long waves by the radiation stress. This term covers a great importance in
the nearshore energy balance since it enables the energy transfer between short
and long waves. Equation (2.34) is written on a conservative form as a result
of neglecting all dissipative terms in the conservation of motion equation (2.4).
However, in general cases the dissipation experienced by the current should be
accounted introducing a dissipative term on the left hand side of equation (2.34).
The equation for the fluctuating part of the wave-current motion can be found by
subtracting the energy equation (2.34) for the current from the equation (2.32)
for the total energy. This yields

∂

∂t

{
Ew − 1

2
ρ(h+ ζ)U2

w

}
+

∂

∂xα

{
Wwα + UcαEw − 1

2
ρ(h+ ζ)U2

wUα

}
+Sαβ

∂Ucα

∂xα
− Uwβ

∂Sαβ

∂xα
= Dt(2.35)

The last two terms on the left hand side can be rewritten in a more convenient
form:

Sαβ
∂Ucα

∂xα
− Uwβ

∂Sαβ

∂xα
=
∂SαβUcα

∂xα
− Ucα

∂Sαβ

∂xα
− Uwβ

∂Sαβ

∂xα

=
∂SαβUcα

∂xα
− Uα

∂Sαβ

∂xα
(2.36)

The rearrangement yields to the final form of the equation for the fluctuating
part of the wave-current motion:

∂

∂t

{
Ew − 1

2
ρ(h+ ζ)U2

w

}
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+
∂

∂xα

{
Wwα + Ucα(Ew + Sαβ)−

1

2
ρ(h+ ζ)U2

wUα

}
− Uα

∂Sαβ

∂xα
= Dt (2.37)

In this equation the Ucα(Ew + Sαβ) term denote the bodily transport of wave
energy and radiations stress by the current velocity Ucα. Finally, it is important
to note that the nonlinear energy transfer term Uα

∂Sαβ

∂xα
appears in equations

(2.34) and (2.37) with opposite sign. This is consistent with the conservation
of total organized mechanical energy: nonlinear interactions between short and
long waves lead to an energy transfer between these two motions but they can
not produce a net change in the total wave-current energy.

2.3 Surf beat mechanics

The phenomenon of surf beat denotes the low-frequency motion induced by
the short wave field. In nature, typical periods of short waves are in the order of 10
s, while infragravity motion evolves slowly with a typical timescale in order of 100
s. Munk (1949) and Tucker (1950) were the first to report field measurements
of oscillations of water surface in the nearshore region with periods of several
minutes. They observed a maximum negative correlation between low-frequency
waves and the envelope of the incoming high-frequency waves, with a time lag
corresponding approximately to the time required for the groups of waves to
reach the shore at the group velocity and for long waves to be reflected and travel
back to the measurement location as a free waves. The phenomenon was initially
attributed to the varying mass transport under groups of high and low waves
propagating toward the coast.

(Longuet-Higgins & Stewart, 1962) proposed that the forcing of surf-beat is
represented by the radiation stress which can be thought as the excess of mo-
mentum flux due to the short waves only. Two main generation mechanisms
have been identified for such low-frequency waves. The first mechanism contem-
plates infragravity bound waves forced by the radiation stress gradient related
to short wave groups outside the surf zone (Longuet-Higgins & Stewart, 1962).
It is well accepted that inside the surf zone, where the radiation stress decreases
and groupiness is strongly damped out, long waves bound to wave groups are not
destroyed but they are likely to be released as free waves. Another different (and
complementary) generation mechanism of surf beat was proposed by Symonds
et al. (1982). According to that theory the forcing is represented by the radia-
tion stress gradient related to short wave breaking in that part of the nearshore



18 CHAPTER 2. STATE OF THE ART

which intermittently lies in the surf zone as a result of the oscillations of the
breakpoint. Upon reflection at the shoreline, long waves are likely to be radiated
seaward as leaky waves resulting a standing (or partially standing) wave motion
in the cross-shore direction. However, a significant fraction of the low-frequency
energy can be refractively trapped as edge waves within a few hundred meters of
the shoreline.

The two generation mechanisms are complementary and they are likely to
coexist on natural beaches. The relative importance of the incident forced and
breakpoint generated waves depends on both the incident wave conditions and
the bottom profile. Laboratory experiments conducted on steep slopes (Baldock
et al., 2000; Baldock & Huntley, 2002) have pointed out the dominance of break-
point generated long waves over the incident forced waves. On the other hand,
the release of incident forced waves at the breakpoint appears to be the main
generation mechanism of surf beat on gently sloping beaches (Sheremet et al.,
2002; Janssen et al., 2003; Battjes et al., 2004).

2.3.1 Equilibrium solution

Longuet-Higgins & Stewart (1962) derived the infragravity wave equations
from the depth-integrated and time-averaged mass and momentum conservation
equations. Assuming that the length of the groups is large compared to the mean
depth, it is reasonable to consider a vertically uniform infragravity motion and
a hydrostatic pressure field. Moreover, the amplitude of infragravity waves is
assumed small and waves are propagating on constant depth. These assumptions
bring to the linearized mass and momentum conservation equations. Considering
only the cross-shore direction xα

∂ζ

∂t
+

∂

∂xα
(hUα) = 0 (2.38)

∂Uα

∂t
+ g

∂ζ

∂xα
+

1

ρh

∂Sαα

∂xα
= 0 (2.39)

Equations (2.38) and (2.39) are equivalent to the linear shallow water equations
when a horizontal force (the third term in equation (2.39)) is applied to the fluid.
Therefore, the inertial and pressure terms (respectively first and second terms of
equation (2.39)) are not in balance as in the standard shallow water equations.
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We can now eliminate Uα by cross-differentiating equations (2.38) and (2.39).
This yields to

∂2ζ

∂t2
− ∂

∂xα

(
gh

∂ζ

∂xα

)
=

1

ρ

∂2Sαα

∂x2α
(2.40)

This represents an inhomogeneous equation on which the amplitude and fre-
quency of long waves are entirely determined by the external forcing term. The
groups are propagating with the group velocity and so is therefore the variation of
radiation stress delivered by the primary waves. Hence, in view of a quasi-steady
state assumption, ∂/∂t may be replaced by −cg∂/∂xα, so that

(c2g − gh)
∂2ζ

∂x2α
=

1

ρ

∂2Sαα

∂x2
(2.41)

Equation (2.41) can be integrating twice to give

ζ = − Sαα

ρ(gh− c2g)
+ C (2.42)

This solution provides a group-bound mean water level in antiphase with the
envelope of the primary waves. Introducing equation (2.42) into the continuity
equation (2.38) gives the infragravity velocity field

Uα =
cgζ

h
= − cgSαα

ρh(gh− c2g)
(2.43)

So that beneath a group of large waves, the high values of the radiation stress are
accompanied by both a depression in the mean surface level and a mean current
flowing in the opposite direction of wave propagation. On the other hand the
mean surface level is raised and the current takes positive values beneath a group
of low waves.

Infragravity bound waves propagate with the group velocity cg which is smaller
than the free wave velocity

√
gh in sufficiently deep waters. Hence, the velocity

field of bound waves is reduced in comparison with the velocity field of free waves
of the same amplitude. In other words, infragravity waves have a kinetic energy
amount smaller than the potential energy amount. This ensues from the nature
of infragravity bound waves which behave as forced waves. As equation (2.39)
states, the pressure term acts as a restoring force in order to balance the sum
of the inertial and forcing terms. In shallow waters, where cg tends to c, the
pressure term should take high values in order to balance the radiation stress
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term and, especially, the inertial term. The expression “resonant response” for
low-frequency waves forced by groups of short waves propagating into shallow
waters has been introduced (Longuet-Higgins & Stewart, 1962; Schaffer, 1993;
Nielsen & Baldock, 2010). However, the linearized model breaks down if the
infragravity waves reach an amplitude comparable to that of short waves.

Up to this point the depth h has been considered constant. Longuet-Higgins
& Stewart (1962) extended the bound wave solution to a gently sloping bottom
assuming that at each point the wavelength and velocity of waves correspond to
the local depth of water. In shallow water, if energy losses are negligible, short
wave amplitude increases asymptotically like h−1/4 (Green’s law), and thus the
radiation stress increases like h−1/2. Using the linear wave theory expression,
group velocity in shallow water can be expressed as:

c2g = gh
[
1− (kh)2 +O(kh)4

]
(2.44)

so that, the shallow water limit for bound wave solution is

ζ ≈ − Sxx

ρgh(kh)2
≈ − Sxx

ρσ2h2
(2.45)

which means that long wave amplitude would grow as h−5/2. The fact that the
rate of growth of long bound waves amplitude exceeds that of free waves (Green’s
law) implies an increase of the energy flux and so an energy transfer from short
to long waves.

Longuet-Higgins & Stewart (1962) made the necessary reservations with re-
spect to the applicability of the equilibrium solution to waves over a sloping
bottom. They noted that the solution must depend upon the entire form of the
bottom profile and not only on the local depth. In other words, if the depth
h experiments an appreciable change within a distance equal to the length of a
wave group, bound waves can not reach its local constant depth value at each
point as fast as the depth changes. Longuet-Higgins & Stewart (1964) suggested
that, shoaling bound waves are likely to approach the near-resonant solution of
equation (2.45) over a gentle slope where the resonant response has sufficient time
(and hence space) to build up.
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2.3.2 Generation by a time-varying breakpoint

Symonds et al. (1982) considered the generation of long waves by a moving
breakpoint. Since in a natural random sea state large waves break further seaward
than small waves, the breakpoint position oscillates with the same period of
wave groups. The radiation stress gradient associated to wave breaking in that
part of the nearshore which lies between the minimum and maximum positions
of the breakpoint provides the forcing for the generation of waves at surf beat
frequencies. Long waves are radiated from the forcing region in both shoreward
and seaward directions.

The Symonds et al. (1982) model assumes that shoreward propagating waves
are fully reflected at the shoreline. As a result a standing long wave pattern arises
inshore of the forcing region. Seaward of the forcing region the amplitude of the
outgoing progressive wave solution is dependent on the phase relationship between
the reflected wave and the wave radiated seaward directly from the forcing region.
The amplitude appears to be related to a normalized measure of the surf zone
width χ, defined as

χ =
ω2Xb

gh2α
(2.46)

where ω is the surf beat frequency, Xb is the mean position of the breakpoint,
g is the acceleration due to gravity and hα is the beach slope. The amplitude
of the total seaward propagating wave tends to zero for χ ≈ 3.7. In that case
destructive interferences occur between the reflected and radiated outgoing waves
and minimal energy is radiated seaward. On the other hand, the long wave forcing
attains maximum amplitudes for χ ≈ 1.2. This occurs when the mean breakpoint
position corresponds to a nodal point for a free standing wave at the group period,
as pointed out by Baldock et al. (2000).

Kostence (1984) provided laboratory evidence of the breakpoint forcing mech-
anism, although the quantitative agreement with the model of Symonds et al.
(1982) was not so good. Schaffer (1993) extended the Symonds et al. (1982)
model and proposed a more general theoretical model for infragravity waves. This
model accounts for some effects which were originally neglected by Symonds’ the-
ory such as the incident bound wave, a partial transmission of grouping into the
surf zone and a partial long wave reflection at the shoreline. The work of Schaffer
(1993) provided better agreement with the laboratory data of Kostence (1984).
However low frequency oscillations were over-estimated presumably due to the
assumption of no long wave dissipation inside the surf zone.
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2.4 Swash zone hydrodynamics and shoreline

oscillations

The swash zone is the most landward region of the nearshore where waves
wash up and down on the beach face. These direction-reversing flows, called
uprush and backwash, extend from the limit of run-down and the limit of run-up
defining the moving shoreline. Surf zone waves represent the direct forcing of
swash motions which are subsequently affected by hydrodynamic factors, mainly
represented by nearshore currents, wind forcing and tidal oscillations. In addition,
uprush and backwash are influenced by underlying bottom features such as beach
morphology and beach composition.

The swash zone is arguably the most dynamic part of the nearshore and is
characterized by strong and unsteady flows, high turbulence levels, large sediment
transport and rapid morphological changes (Puleo et al., 2000). In spite of its
recognized importance, the swash zone motion have traditionally received less
interest than the motion of the surf zone. This is mainly due to the complexity of
the processes involved which make difficult the achievement of reliable field and
laboratory measurements. Data analysis is further impeded by its intermittent
nature, precluding the application of conventional time series analysis techniques
such as spectral analysis, and making critical comparisons between theory and
observations difficult (Hughes & Baldock, 2004). On the other hand, the swash
zone is much more accessible than the rest of the nearshore. Instruments can be
deployed and, maintained and serviced with relative ease. Moreover, especially in
the last decade, advanced numerical models including turbulence have elucidated
some aspects of the internal flow dynamics (Puleo et al., 2007). As can be seen,
swash zone hydrodynamics currently represent a highly active research area which
is receiving an increasing attention by the coastal engineering community.

The motion in the swash zone is mainly governed by the forcing imposed
by the hydrodynamics of the inner surf zone (Elfrink & Baldock, 2002). The
dominant timescale of swash oscillations depends on the whether the surf zone is
saturated or unsaturated. On gently sloping beaches, the strong energy dissipa-
tion experienced by breaking waves leads to the saturation of the incident band
of the spectrum. As a result, the inner surf and swash zone hydrodynamics are
dominated by motions at surf beat periods. On the other hand, steep reflective
beaches usually show unsaturated surf zone conditions, with the swash motions
driven by the the collapse of short wave bores on the beachface.
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Figure 2.3: Swash on a reflective beach. Sardinero, North shore Spain

Laboratory experiments of breaking monochromatic waves on a plane beach
have shown that run-up can be saturated (Miche, 1951; Battjes, 1974; Guza &
Bowen, 1976). Considering the wave motion as having both a progressive and a
standing component, the amplitude of swash oscillations is proportional to the
amount of shoreline reflection and thus to the standing wave amplitude (Miche,
1951). A maximum swash oscillation is expected for incident waves just large
enough to break. A further increase in offshore wave height simply increases the
amplitude of the progressive component which dissipates within the surf zone.
Saturation therefore implies that run-up is independent of offshore wave height.
The transition between unsaturated and saturated surf zone conditions may be
identified using a surf similarity parameter εs

εs =
asω

2

gβ2
(2.47)

where as is the vertical swash amplitude a the shoreline, ω is the incident radian
frequency, g is the acceleration of gravity and β is the beach slope. Carrier &
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Greenspan (1958) showed analytically that on a plane beach a monochromatic
nonbreaking standing wave solution exists when εs ≤ 1. Laboratory experiments
have shown that run-up increases until εs reaches a critical value. Estimates of
this critical value range from 1.25 to 3 (Battjes, 1974; Guza & Bowen, 1976).
Combining Miche (1951) hypothesis and the analytical solution of the shallow
water wave equations proposed by Carrier & Greenspan (1958), the normalized
vertical run-up oscillation becomes:

S

Hs

=


(

π
2β

)1/2

: ξ0 > ξc : reflective
ξ20
π

: ξ0 < ξc : saturated
(2.48)

where ξc = (π3/2β)1/4. Equation 2.48 states that under dissipative conditions
run-up does not increase with increasing offshore wave height. Another concep-
tually equivalent surf similarity parameter which takes into account the breaking
wave height Hb instead of the run-up oscillation as is (Guza & Inman, 1975)

εb =
Hbω

2

2gβ2
(2.49)

Dissipative conditions occur for εb > 20, whereas values of εb lower than 2.5
denote reflective conditions (Wright & Short, 1984).

It is not clear how results obtained from monochromatic waves can be ex-
tended to random wave fields. Run-up on natural beaches is usually separated
into surf-beat or infragravity (f < 0.05 Hz) and incident (f > 0.05 Hz) compo-
nents. Random incident waves breaking on gently sloping beaches lead to swash
oscillations which are usually dominated by motions at surf-beat frequencies.
Under dissipative conditions, swash at incident frequency is typically saturated,
whereas run-up at surf-beat frequencies is unsaturated and thus increases with
the offshore wave height (Guza & Thorton, 1982). As a result, run-up spec-
tral maxima occur at frequencies much lower than the incident waves. Huntley
et al. (1977) suggested an f−4 spectral decay within the saturated incident band
frequencies

E(f) = αf−4 (2.50)

where α is a dimensional constant. Field and laboratory observations of random
wave run-up have qualitatively confirmed the saturation hypothesis of Huntley
et al. (1977) with the slope of the saturated region varying between -3 and -4
(Guza & Thorton, 1982; Raubenheimer & Guza, 1996; Ruessink et al., 1998).
Guza & Thorton (1982) speculated that the differences observed in the spectral
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Figure 2.4: Swash on a dissipative beach: Porto Ferro, West coast Sardinia

roll-off within the saturated frequency region are due to both different beach
morphology and different methods of run-up detection.

Guza & Thorton (1982) observed that the low-frequency component of run-up
varies linearly with the offshore wave height. The field dataset of Ruessink et al.
(1998) obtained under highly dissipative conditions presented similar findings but
with different values of proportionality between the significant vertical run-up Rs

and the deep water significant wave height Hs

Rs = aHs + b (2.51)

with the values of a = 0.71 and b = 0.035 suggested by Guza & Thorton (1982).
On the other hand, Ruggiero et al. (2004) reported that vertical infragravity
run-up under high-energetic conditions was dependent on the local beach slope
and can be thus parameterized with the Iribarren number in agreement with the
observations of Holman & Sallenger (1985):

Rs

Hs

= aξ0 (2.52)
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in which a = 1.12 was observed by Ruggiero et al. (2004). Using data collected
during 10 field experiments spanning a wide range of environmental conditions,
Stockdon et al. (2006) found that low frequency run-up is best parameterized
using offshore wave height Hs0 and period and shows no statistically significant
dependence on either swash or surf zone slope:

Rs = a
√
Hs0L0 (2.53)

where the constant a takes the value of 0.06 and the offshore wave length is
calculated as L0 = gT 2/(2π).

As can be seen, the study of swash oscillations on natural beaches represents
an highly active area with several unsolved questions and new publications ap-
pearing every year. A central issue is the lack of exhaustive understanding on
the relation between swash oscillations and environmental parameters (Senechal
et al., 2011). Observations obtained at a specific site provide useful relationship.
However, it should be outlined that they are valid only under the conditions
considered and their extension to other sites and conditions is subject to large
uncertainties and should be done with care.

2.5 Approaches

Three different and complementary approaches have been pursued to deal with
the complex hydro-morphodynamic processes which characterize the the surf and
swash zones. These approaches are field observations, laboratory measurements
and mathematical models. It is not possible to identify beforehand which of these
techniques performs best since, depending on the problem we are dealing with,
each of them presents some advantages and disadvantages. Therefore a correct
combination between field, laboratory and mathematical studies is needed in
order to improve the understanding of surf zone processes as well as the interaction
with the evolving beach morphology.

2.5.1 Field observations

Field investigations have contributed to most of the discoveries made in the
last decades. Many important nearshore phenomena such as set-up (Dorrestein,
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1962), surf-beat (Munk, 1949; Tucker, 1950) and longshore currents have been
first reported by field investigations. On the other hand, edge waves (Ursell,
1952) have been described theoretically before being observed in the field (Bowen
& Guza, 1978). Fields studies provide the most reliable data. The main disad-
vantage is represented by the high costs which are usually needed to carry out
field experiments. Another disadvantage is that the incoming wave conditions
can not be controlled and the interpretation of data is difficult due to the high
number of variables that are present.

Until the 1970’s, surf zone data were available from reports by single investiga-
tors working in the ocean with a few single point measurements. The Nearshore
Sediment Transport Study was the first large field experiments coordinated by a
large group of investigators from different institutions of the USA. It started at
1978 with a duration of five years and a cost of about 4 million dollars (Seymour
& Duane, 1978). Since then, many field experiments have been carried out in the
USA and around the world.

Characterizing the highly complex and nonlinear surf zone flows requires field
measurement programs with the development of necessary instruments and anal-
ysis techniques. Usually, current and surface elevation measurements are needed
in order to describe the wave motion within the surf zone. Surface elevation time
series are usually obtained from near-bottom-mounted pressure sensors using lin-
ear theory to convert bottom pressure to sea surface elevation (Elgar & Guza,
1985). Fixed electromagnetic current meters and run-up meters have been tra-
ditionally used to measure flow velocity and shoreline oscillation (Huntley, 1976;
Guza & Thorton, 1982). Technology developments have made available new de-
vices improving data acquisition and making easier instrument deployment and
retrieval. Doppler current profilers, which measure pressure and velocity over
the water column, have become customary in surf zone studies. Video systems
provide information of surf zone dynamics and run-up on the beach face. The
potential of the remote sensing approach relies on the ability to sample large
areas over extended periods with both high frequency and high spatial resolution
(Holman & Stanley, 2007). Bathymetric measurements can also be inferred from
video system. The ability to invert wave celerity to depth enables to obtain depth
information during high-wave energy conditions when traditional survey methods
fail. Due to the low cost and easy maintenance, lots of beaches over the world are
monitored by video cameras in order to obtain observations of costal processes
and shoreline evolution.
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2.5.2 Laboratory experiments

Laboratory experiments are performed in a physical model which is a repro-
duction in a specified scale of a physical system. In contrast to field studies, phys-
ical models allow approaching nearshore problems in a highly monitored system
where the input conditions can be controlled and systematically varied. For this
reason, they are simpler than nature, yet including most important aspects of the
problem (Hughes, 1993). Moreover they are (usually) smaller and less expensive
than field studies. The main disadvantages are represented by scale effects and
laboratory effects. Scale effects occur in physical model that are smaller than the
prototype when is not feasible to scale all relevant variables in correct relationship
to each other. Laboratory effects arise from the finite size of the physical model
domain which introduce artificial boundaries to the system under investigation.
Laboratory effects are somehow analogous to problems arising in numerical simu-
lations such as approximation of governing equations or truncation and roundoff
errors (Kamphuis, 1991b).

The use of physical models by coastal engineers to approach harbor design and
beach erosion problems has become customary since the beginning of the 20-th
century. One of the first facilities to study waves and wave effects was constructed
by the Beach Erosion Board in 1932. Since then, hydraulic laboratories have
played an increasing role in the design of coastal structure, beach erosion and
nearshore hydrodynamic studies.

Experimental results are useful to gain physical insight into areas where field
data are difficult to obtain or theoretical understanding is lacking. High spatial
resolution experimental results play an important role in improving the under-
standing of complex nearshore processes such as for example wave breaking and
surf beat generation. The deterministic wave motion generated by the wave maker
is highly reproducible, allowing data to be collected at multiple locations with a
limited numbers of instruments.

Laboratory experiments rely on measurement programs focused on maximiz-
ing the efficiency of the available instrumentation. Here, only a brief overview
of the most common instruments used in coastal engineering studies is given.
An exhaustive description of laboratory instruments can be found in Hughes
(1993). Measurements of sea surface elevation variations are obtained by mens
of instruments generally referred to as wave gauges (WG). Either capacitance or
resistance gauges are suitable to measure time series of free surface displacements
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at fixed points (Baldock et al., 2000; Janssen et al., 2003). Instruments devoted to
the measurement of flow velocity in physical models (usually called velocimeters,
anemometers, current meters or flow meters) can be divided into non-intrusive
and intrusive systems (Hughes, 1993). A non-intrusive system is located external
to the fluid and thus has the advantage to avoid flow disturbances. Laser Doppler
velocimeters (LDV) and Particle Image Velocimetry (PIV) are non-intrusive pro-
cedures able to provide high quality velocity measurements in the surf (Stive
& Wind, 1982; Ting & Kirby, 1994) as well as in the swash zone (O’Donoghue
et al., 2010). Acoustic Doppler (ADV) instruments allow for reliable punctual
flow measurements. On the other hand, vertical velocity profiles can be obtained
by Acoustic Doppler Velocity Profilers (ADVP) which are particularly suited for
large scale models (Longo et al., 2000). Depending on the configuration, acoustic
instruments may be somewhat intrusive. Other intrusive widely used flow meters
used in laboratory studies are Hot Wire Anemometers, Hot Film Anemometers
and Electromagnetic (EM) Current Meters (Cox et al., 1994; Rodriguez et al.,
1999).

In analogy with field experiments, developments in measurement technology
have resulted in a increase in measurement accuracy and capability. However,
even thought accurate measurements are essential for conducting reliable labo-
ratory studies, researchers should bear in mind that the success of laboratory
experiments depends on the understanding of the physical processes involved as
well as the capability and limitations of laboratory equipment. In fact, a correct
understanding of physical processes is of primary importance to achieve a careful
design of the model reducing scale and laboratory effects and thus ensuring that
physical results are indicative of prototype behavior.

2.5.3 Numerical experiments

In addition to field and laboratory studies, nearshore dynamics and long wave
transformations have been approached with mathematical models. Mathematical
models are constituted by a set of governing equations which represent a physical
system. Depending on the method adopted to solve the governing equations,
they are divided into analytical and numerical models. Analytical models have a
closed form solution which can be expressed as a mathematical analytic function.
On the other hand, the governing equations of a numerical model are discretized
and solved using a computer. Numerical wave modelling can be considered as
an extension of wave theory applied to practical and complex problems through
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the use of computer tools (Lin, 2008). The advent of fast computers in the
last decades has allowed the study of complex nearshore processes by means of
numerical models. Nowadays a wide range of numerical models which resolve the
instantaneous state of motion based on different theories have been developed.
The form of the basic equations that constitute each theory arises from different
assumptions, so the model applicability is restricted to the zone where physical
conditions assure the assumptions validity.

A wide range of different types of numerical models is available to predict wave
propagation and wave-induced currents in the nearshore (Liu & Losada, 2002; El-
frink & Baldock, 2002; Svendsen, 2005; Lin, 2008). Liu & Losada (2002) identi-
fied two main categories of nearshore hydrodynamic models: phase-averaged and
phase resolving (or time domain) models. Phase-averaged models provide wave
propagation patterns and wave height variation assuming conservation of energy.
Taking advantage of the low computational demand, they are widely employed
for engineering applications over large spatial domains. However, since the infor-
mation about the wave shape is lost by the phase-averaging procedure, they fail
to accurately reproduce strong nonlinear processes occurring in the nearshore. In
contrast with phase-averaged models, the governing equations of phase-resolving
models provide the actual shape of the waves making them suitable to study surf
and swash zone processes in detail. Nonlinear shallow waters, Boussinesq-type
and RANS-type models are phase-resolving models which have been extensively
used (especially) in the last two decades to investigate the nonlinear aspects of
nearshore hydrodynamics. The main drawback is represented by the high compu-
tational effort required and for this reason their application is usually restricted
to limited spatial domains.

The Ursell parameter U is important in distinguishing between the three dif-
ferent long wave regimes:

U =
δ

µ2
=
HL2

h3


≪ O(1) linear shallow water waves
= O(1) Boussinesq waves
≫ O(1) nonlinear shallow water waves

(2.54)

where δ = H/h is the amplitude parameter, µ = h/L is the wave length parame-
ter, L is the wave length, h is the local depth and H is the wave height.

Assuming that both nonlinear and frequency dispersion are weak (δ, µ2 ≪ 1)
and are in the same order of magnitude (U = O(1)), the so-called Boussinesq
waves have been derived. Because it is required that both frequency dispersion
and nonlinear effects are weak, the standard Boussinesq equations are not applica-
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ble to very shallow water depth, where the nonlinearity becomes more important
than the frequency dispersion, and to the deep water depth, where the frequency
dispersion is of order one (Liu & Losada, 2002). To extend the applications to
deeper water depth many modified forms of Boussinesq-type equations have been
introduced. Moreover, Boussinesq models have been extended to include the ef-
fect of wave breaking and the subsequent energy dissipation through the surf
zone. However, since the position where the breaking starts can not be exactly
predicted, an artificial empirical mechanism such as a limit on the front steepness
is needed. The capability of numerical models based on Boussinesq equations
for the simulation of nearshore hydrodynamics, including low frequency motion,
has been tested finding good agreement between observations and model results
(Madsen et al. (1997) and others).

In very shallow water, the nonlinear effects become too large (U ≫ 1) for
the Boussinesq assumption and the wave height is not small in comparison to
water depth (δ = O(1)). The Nonlinear Shallow Water (NSW) equations have
been introduced. They correspond to a hydrostatic pressure relative to the local
surface level and to constant velocity over depth, this implies that the vertical
velocity structure are not resolved. The phase velocity is independent of the
wave period so they are only amplitude dispersive. This fact reduces the model
ability to reproduce the energy transfer between short and long waves outside
the surf zone. Despite these limitations, depth averaged NSW equations models
have been employed to simulate shallow water wave dynamics finding qualitative
good agreement with observations.

Traditionally, Nonlinear ShallowWater (NSW) and Boussinesq-type equations
models have been employed for the study of infragravity waves in the nearshore
zone, providing satisfactory results. However, both approaches require setting the
triggering wave breaking mechanism and the subsequent wave energy dissipation
due to wave breaking based on empirical formulations. In recent years, models
based on Reynolds Averaged Navier-Stokes (RANS) equations have been devel-
oped to describe nearshore processes with the aim to overcome the aforementioned
limitations related with NSW and Boussineq models. Due to the fewer assump-
tions involved in the governing equations, RANS models are able to simulate the
frequency dispersive nature of gravity waves in deep waters as well as the nonlin-
ear wave transformations in shallow waters over a sloping bottom. The refined
information on the velocity, pressure and turbulence field makes them suitable to
study surf zone hydrodynamics. Wave breaking and its evolution along the surf
zone are directly solved without any imposed forcing. Although RANS models
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have focused traditionally on the study of wave and structure interaction (Lara
et al., 2008; Losada et al., 2008), they have been successfully applied to simulate
surf zone hydrodynamics on prototype (Torres-Freyermuth et al., 2007) as well
as laboratory (Torres-Freyermuth et al., 2010) gently sloping beaches. More re-
cently, Lara et al. (2011) investigated long wave forcing by a transient wave group
focused at the breakpoint of the short waves attesting the ability to reproduce
strong nonlinear processes on a steep beach.

2.6 Recent developments and open tasks

Much recent research has addressed low-frequency motions forced by the in-
cident wave field in the surf and swash zone. The understanding and predictive
ability of nearshore processes have resulted from field, laboratory and mathemat-
ical (analytical and numerical) studies. However, it still exists some gaps in our
knowledge related to how short and long waves propagate, transform and interact
in coastal waters. From the author’s point of view, four main tasks involving surf
beat transformation on natural beaches are nowadays open:

• Relative intensity of the shoaled bound long waves and the long waves
generated by the moving breakpoint

• Long wave energy dissipation inside the surf zone

• Dependence of low-frequency run-up on wave and morphological parameters

• Saturation of low-frequency run-up oscillations during extreme storm con-
ditions

These mentioned topics are intimately related (for example, the saturation of low
frequency bands of run-up is likely to ba a consequence of surf beat dissipation
within the surf zone) and a general discussion with relevant literature and some
reflections are provided here.

Several field studies have reported a linear dependence between surf beat and
short wave amplitude outside the surf zone (Tucker, 1950; Herbers et al., 1994,
1995b). It is interesting to note that, also low-frequency run-up oscillations on
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gently sloping beaches have been observed to follow a linear relationship with in-
cident offshore wave height (Guza & Thorton, 1982). This is in apparent contrast
with the (Longuet-Higgins & Stewart, 1962) theory which predicts the amplitude
of long waves proportional to the square of the envelope of the incoming swell.
Field investigations using bispectral analysis (Herbers et al., 1995b; Ruessink,
1998) have have shown that, while surf beat is linearly dependent on short wave
amplitude, the incident bound wave amplitudes follow the quadratic dependence
predicted by the Longuet-Higgins & Stewart (1962) theory. In fact, the depen-
dence may be weaker than quadratic since larger waves break further offshore.
Moreover, interference between long waves formed by different surf zone genera-
tion mechanisms, long wave energy dissipation inside the surf zone and a partial
reflection of long waves at the shoreline can play a role as well.

The cross shore propagation of infragravity waves over an uneven bottom has
been extensively investigated by means of laboratory experiments, especially in
the last decade. Kostence (1984) corroborated the breakpoint forcing model first
derived by Symonds et al. (1982). Baldock et al. (2000) and Baldock & Huntley
(2002) provided the physical conditions for which the breakpoint forcing should
become ineffective. Janssen et al. (2003) investigated the phase lag between
the short wave envelope and bound waves (firstly reported by Elgar & Guza
(1985)) using high spatial resolution laboratory data. A theoretical linear model
to predict this lag was presented, and model results showed good qualitative
agreement with observations outside the surf zone. Battjes et al. (2004) proposed
the normalized bed slope β as a control parameter of the rate of energy transfer
between primary waves and bound waves. β is defined as

β =
hx
kh

≈ hx
ω

√
g

h
(2.55)

where h and hx are representative values of depth and bottom slope in the shoaling
zone; k and ω are the long wave number and angular frequency. They differenti-
ated between mild slope regime, for which incident bound waves dominate over
breakpoint generated long waves, and steep slope regime in which the opposite
is expected. Baldock (2006) presented a laboratory dataset where a single wave
group was generated and focused close to the shoreline. The study of the transient
wave group propagation over a steep slope enabled direct observation of long wave
breakpoint generated. Moreover, in contrast with the mild slope experiments of
Janssen et al. (2003) and Battjes et al. (2004), he observed a negligible time lag
between the short wave envelope and the bound wave.



34 CHAPTER 2. STATE OF THE ART

An question frequently addressed in the literature is how much of the low fre-
quency energy in the surf zone can be attributed to the release of the bound long
wave. In fact, while the radiation stress is strongly damped out by the break-
ing process, the wave-averaged conservation of mass and momentum equations
require that incident long wave are not destroyed even though they are suscep-
tible to strong transformation once short wave breaking commences. Baldock
& O’Hare (2004) and Baldock (2006) suggested that, if the resonance condition
at the breakpoint is not satisfied and thus short waves start to break in inter-
mediate waters, long waves must adjust its form as the forcing reduces within
the surf zone. In this case, the long wave released from the breakpoint is not a
shallow water wave and a transformation of the propagation pattern (in essence
a reduction in the incident amplitude and the generation of free long waves) is
needed as the radiation stress forcing decays. This happens because of the excess
of potential energy contained by bound waves which is no more compatible with
the small surf zone radiation stress. In general terms, the normalized bed slope
parameter β proposed by Battjes et al. (2004) can be considered as a control
parameter of the fraction of total low frequency energy due to incident bound
waves. The analysis conducted by Battjes et al. (2004) confirmed and extended
previous work pointing out that the relative intensity of the shoaled bound long
waves to contributions from breakpoint generated waves increases with decreasing
bed slope and thus β. It is worth mentioning that β does not bring information
on the local characteristics of short waves. The influence of the breaking type
(and thus the Iribarren number ξ0) on the long wave release and generation at
the breakpoint has been addressed recently by Baldock (2011) but it remains not
yet completely understood.

Inside the surf zone, infragravity energy losses have been observed in field,
laboratory as well as numerical experiments (Sheremet et al., 2002; Baldock et al.,
2000; Battjes et al., 2004; Madsen et al., 1997; Torres-Freyermuth et al., 2010).
Although bottom friction acts over the entire domain to dissipate wave energy
(Henderson & Bowen, 2002), it is likely that breaking of long waves (van Dongeren
et al., 2007) and negative work done by the radiation stress (Henderson et al.,
2006) are the main agents for most of energy dissipation observed inside the surf
zone. However, a clear identification of which low frequency energy damping
agent prevails within the surf zone and under which conditions has not been
achieved yet.

There is a lack of understanding on how run-up amplitude is related to wave
and morphological parameters such as offshore wave height, peak period and
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beach slope. Recent studies (Ruggiero et al., 2004; Stockdon et al., 2006; Senechal
et al., 2011) have pointed out the lack of a clear dependence of low frequency run-
up on local morphological conditions. This may be due to the slow development of
free long waves which depend on the entire bottom profile (Herbers et al., 1995b)
and is thus affected by large scale morphology like shelf width or nearshore bar
systems. Beside long waves locally forced by short waves, low frequency waves
from remote sources and edge waves should play a role as well.

Even though the low frequency band of run-up is typically dependent on off-
shore wave height, the studies of Ruessink et al. (1998) and Ruggiero et al. (2004)
conducted under highly energetic storm conditions have shown that saturation
can extend to surf beat frequencies. In those investigations, the lowest satu-
rated frequency of the run-up spectrum lies in the infragravity band and shift to
lower frequencies under more energetic conditions. Recently, the data collected
by Senechal et al. (2011) under extreme values of offshore wave eight and peak
period support the saturation for almost all the subharmonic frequencies. Run-
up saturation at surf beat frequencies appears consistent with a low frequency
energy dissipation within the surf zone in agreement with laboratory and field
studies (Battjes et al., 2004; Henderson et al., 2006; van Dongeren et al., 2007).
Further research is required to assess the generality of the findings of Senechal
et al. (2011) and to investigate the role of other variables such as large-scale
morphology and directional wave dispersion.
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Chapter 3

Objectives and methodology

3.1 Objectives

The main purpose of this work is to improve the understanding of low-
frequency motions forced by swell waves on beaches. A detailed analysis of surf
and swash zone hydrodynamic processes at surf beat frequencies is presented.
Emphasis is given to nearshore processes involving long waves such as shoaling,
dissipation, swash oscillations and reflection at the shoreline.

In order to accomplish these general objectives, further specific objectives are
proposed. Attention is firstly focused on the generation of long waves by nonlinear
interactions with the swell wave field. Some specific objectives are suggested here:

• To study the transformation of incident long bound waves induced by shoal-
ing and breaking of short waves over a sloping bottom. Nonlinear interac-
tions between short and long waves yield a growth rate of the forced long
waves potentially exceeding the rate predicted by the Green’s law leading to
an increasing importance of low-frequency motion as water depth decreases.

• To investigate the generation and propagation of free long waves from the
breaking region. Free waves radiated from the breakpoint can dominate
over the incident forced long waves (Baldock & Huntley, 2002) and a special
attention is dedicated to them. In particular the influence of the short wave
breaking and the Iribarren number on the breakpoint long wave generation
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is addressed.

Inside the surf zone low-frequency waves interact with swell waves as they propa-
gate in shallower waters. Dissipative processes involving broken waves represent
a challenging topic which is addressed in this work proposing the following goals:

• To perform a quantitative description of the cross-shore evolution of the
radiation stress in order to evaluate the energy transfer between short and
long waves in the nearshore. Since short waves force low frequency motions
by means of the radiation stress gradient, an correct understanding of mean
fluxes induced by short waves within the nearshore region is essential to
achieve the capacity of predict the interactions with infragravity waves.

• The low-frequency energy dissipation observed inside the surf zone during
numerous field studies is addressed in this work. This processes represent
an important and open issue in costal engineering. The role played by
the different low frequency energy damping agents is analyzed in order to
identify which of them prevails within the surf zone.

In the inner part of the nearshore region, hydrodynamic processes are usually
dominated by motions at surf beat frequencies and the significance of long waves
becomes evident. Special attention is focused on inner surf and swash zone hy-
drodynamics coming up with the next objectives:

• To address the modification of the incident short wave propagation paths
by long wave motions in the inner surf zone. In particular, attention is
focused on short wave celerity and breaking dissipation rates affected by
low frequency motions in the inner surf zone.

• To study swash oscillations under extreme dissipative conditions by means
of laboratory and numerical data. For low Iribarren numbers, swash os-
cillations are dominated by long-period motions and saturation, usually
observed at sea-swell frequencies, can extend into surf beat bands. The role
played by saturation of low-frequency bands and the dependence of swash
oscillations on the offshore wave conditions are addressed.



3.2 Methodology 39

3.2 Methodology

In order to investigate low-frequency motions in the nearshore zone, the com-
bined use of laboratory data and numerical modelling is carried out. Numerical
models provide a means to obtain high spatial and time resolution information
that is almost impossible to achieve in the laboratory, thus representing a comple-
mentary and alternative tool in order to investigate nearshore hydrodynamics. In
particular, the very high spatial resolution of numerical results enables a detailed
study of the cross-shore structure of low frequency fluxes such as the radiation
stress and the energy flux carried by long waves.

Since this work deals with surf beat, both laboratory and numerical ap-
proaches require the generation of realistic non linear waves. In fact, the correct
generation of group-induced long waves prevents spurious long waves from con-
taminating the experiments. Moreover, outgoing long waves radiated from the
beach need to be absorbed at the offshore boundary. Chapter 4 introduces and
describes the generation and absorption problems which constitute two crucial
issues for numerical and laboratory experiments sensitive to surf beat motions.

As swells propagate into shallower waters, energy is nonlinearly transferred
from the incident band of the wave spectrum to lower-frequency waves. As a
result, incident long waves shoal exceeding the rate predicted by the Green’s
law (conservative shoaling). Inside the surf zone, groupiness is strongly damped
out and long waves bound to wave groups are are likely to be released as free
waves. Moreover, the presence of large and small waves in an irregular sea state
cause the oscillation of the breakpoint position which forces free long waves at
the group period. The generation of long waves as a result of the different forcing
mechanisms is investigated in chapter 5 where both laboratory and numerical
approaches are used. The laboratory dataset corresponds to the experiments
performed in the wave flume of the University of Cantabria. The numerical
model employed is the IH2-VOF, based on the RANS equations restricted to two
dimensional (2DV) flows. A new generation method reproducing the movement of
a piston-type wave maker of a laboratory wave flume is introduced in the model.
Model capability to simulating hydrodynamic processes generated by a focused
wave group is tested by means of comparison with laboratory observations of
short waves and low frequency wave transformation over a sloping bottom.

Inside the surf zone, incident long waves dissipate as a result of bottom drag,
nonlinear interactions between surf beat components and nonlinear interactions
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with the swell field. Chapter 6 addresses the important topics of low frequency
energy damping inside the surf zone and long wave reflection at the shoreline.
The refined information provided by the numerical model IH-2VOF is used to
carry out a detailed energy balance both outside and inside the surf zone. A
quantitative description of the cross-shore evolution of the radiation stress is
conducted in order to evaluate the energy transfer between short and long waves
in the nearshore. Furthermore, in this chapter the role played by the different low
frequency energy damping agents are analyzed in order to identify which damping
mechanism prevails within the surf zone.

Surf zone hydrodynamic processes govern the swash motion at the beach face.
On gently sloping beaches, the strong energy dissipation experienced by breaking
waves leads to the saturation of the incident band of the spectrum. As a result,
inner surf and swash zone hydrodynamics are dominated by motions at surf beat
periods. Chapter 7 deals with swash oscillation under highly dissipative condi-
tions when saturation extends towards surf beat frequencies. Both laboratory
and numerical data are used. The Laboratory data correspond the GLOBEX
experiments carried out in the Scheldt flume (The Netherlands) involving irreg-
ular wave conditions over a gently sloping beach. Model validation has been
conducted to test the ability of the NLSW-type model SWASH to study low-
frequency processes induced by breaking waves on a mild beach. Moreover, new
numerical simulation extending the range of incoming wave height with respect
to the laboratory experiments are performed in order to address the dependence
of swash oscillations on the offshore wave conditions. In this chapter, a NLSW-
type model is preferred among the RANS approach adopted in chapters 5 and 6
because of the less computational demand which allows relatively fast simulations
of the entire spatial domain considered in the experiments.

Summing up, this thesis deals with surf beat hydrodynamics in the entire
nearshore environment. Chapter 5 focuses on the generation of infragravity waves
and their transformations as swells approach the shore. Then, attention moves
shoreward in chapter 6 which deals with surf beat processes inside the surf zone
providing a detailed energy balance involving breaking waves. Finally, swash
oscillations on the beach face under dissipative conditions are analyzed in chapter
7.



Chapter 4

Simulation of infragravity waves

Laboratory and numerical experiments sensitive to energy at surf beat fre-
quencies require a correct generation of group-induced bound long waves. In
fact, generation of irregular wave trains using a first order theory gives rise to
unexpected free waves as a result of nonlinear interactions not predicted by any
linear theory. Barthel et al. (1983) and Sand & Mansard (1986) highlighted the
effect of low and high frequency bound waves on beach run-up and breaking
pattern in model studies of structures in shallow waters.

The first rigorous evaluation of the wave motion owing to nonlinear interac-
tions between primary wave components unidirectionally propagating in water of
finite depth was proposed by Longuet-Higgins & Stewart (1960). They adopted
the method of Stokes as far as the second order approximation. The water sur-
face elevation and the velocity potential describe the resulting wave motion. The
interactions between wave components produce both high frequency terms that
alter the local characteristic of the wave motion and low frequency terms which
are responsible for slow changes of the mean currents and the mean water level.
The wave components resulting from nonlinear interaction are phase coherent and
hence bound to the primary components. Hasselmann (1962) derived a more gen-
eral solution than that proposed by Longuet-Higgins & Stewart (1960), (correct
to second order) accounting for two-directional waves.

In a successive paper, Longuet-Higgins & Stewart (1962) provided the evalu-
ation of the long wave field as a result of nonlinear interactions between primary
wave components. This solution proceeds from the conservation of mass and mo-
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mentum equations integrated in the vertical and assumes that the wave groups
are long compared to the depth. The long wave motion is forced by the excess
of momentum flux due to the short waves only, the radiation stress. If the wave
groups are much larger then the water depth, as required by the Longuet-Higgins
& Stewart (1962) solution, the two methods of evaluation of the long wave motion
(obviously) provide consistent results.

This chapter addresses the problem of the correct reproduction of infragravity
waves in laboratory and numerical studies.

4.1 Infragravity waves in laboratory experi-

ments

Generation of irregular wave trains using a first order theory to drive the wave
maker creates a number of long waves not present in the original signal (Ottensen-
Hansen et al., 1980; Barthel et al., 1983; Hughes, 1993). These unwanted free
long waves, termed spurious long waves, arise since the first order boundary
conditions at the wave maker do not meet the requirements for the bound long
waves. In order to eliminate the spurious long waves, the first order signal must
be superposed by a second order signal that leads to the boundary condition
fulfillment for the bound long waves.

Other important issue when dealing with surf beat in a laboratory wave flume
is the wave absorption at the wavemaker. In fact, the incoming long waves are
likely to experience a considerable reflection at the shoreline and head back out
to the wave maker. In order to avoid the re-reflection at the wave maker, an
active wave absorption is needed to detect and absorb outgoing long waves.

4.1.1 Second order irregular wave generation

The first order method is not suitable for the correct generation of second
order subharmonics and superharmonics that exist in irregular wave train. Bound
long waves occur naturally induced by nonlinear interactions, and this is the one
incident long wave we want to observe in the flume. The unwanted long waves that
appear in a wave flume with a traditionally first order controlled wave generator
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have been termed spurious long waves, and they are free waves traveling at their
own celerity (Hughes, 1993). The purpose of the second order control signal is to
suppress all free long wave components and thereby ensure that only the correct,
group induced, bounded long wave is generated at the wavemaker.

If an irregular wave train is generated by a simple first order control signal,
the boundary condition is not satisfied for the bound long wave which inevitably
will arise generated by nonlinear interactions between primary wave components.
As a consequence, the vertical boundary will produce a free long wave called
parasitic wave (Ottensen-Hansen et al., 1980; Barthel et al., 1983). This unin-
tentionally generated long wave has the same kinetic energy of the bound one
and, being a free wave, a reduced potential energy level. The absolute value of
the ratio of parasitic to bound wave amplitude (or potential energy) tends to the
unity only for shallow waters, where the group celerity tends to the free wave
celerity. Another free long wave, called free displacement long wave, arises from
the wavemaker displacement away from the mean position. Of course, the first
order wave board boundary condition assumed small displacements. The maxi-
mum ratio of displacement to bound long wave amplitude is expected near the
traditional deep water limit. The importance of parasitic and displacement waves
is a function of the parameter f

√
h/g (Barthel et al., 1983), with the former over-

coming the second for intermediate and shallow waters. Finally, since the vertical
velocity profile of the wave motion is not compatible with that of the wavemaker,
local disturbances arise both in first and second order generation. The magni-
tude of these waves is small relative to that of the other long waves and they are
normally neglected. It is only for deep water cases that free disturbance waves
become significant (Barthel et al., 1983).

Therefore, the long waves observed in a wave flume equipped with a wave
maker controlled by a first order generation signal are:

• bound long waves forced by nonlinear interactions and traveling at the group
velocity

• free parasitic waves generated by the paddle displacements that do not
satisfy the boundary condition for the bound wave. Bound wave velocity
field is compensated by an identical velocity field of opposite sign

• free displacement waves caused by finite wavemaker displacement away from
mean position
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• free local disturbance waves due to the inability of piston type wavemaker
to reproduce the vertical velocity profile of the wave motion

In order to obtain an incident long wave field composed by bound waves only,
the second order control signal introduces waves that are mirror of the spurious
long waves, thus damping out these unwanted waves. A concise description of
the second order wave generation procedure is provided here.
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Figure 4.1: Long waves generated by a first order wave maker signal. Solid line: bound
wave; dashed line: free parasitic wave; dotted line: free displacement wave; dotted-
dashed line: free local disturbance wave.

The first order control signal X(1)(t) that reproduces an irregular short wave
train composed by N wave components is determined as:

X(1)(t) =
N∑

n=1

an
sinh(2knh) + 2knh

4sinh2(knh)
sin(ωnt+ φn) (4.1)

where a is the wave amplitude, h is the water depth and kn,ωn and φn are the
wave number, radian frequency and phase of n-th wave component. Equation
(4.1) represents the first order signal for a piston type wavemaker required to
obtain the surface elevation η(1)(t) at the paddle location (xp = 0):

η(1)(t) =
N∑

n=1

ancos(−ωnt− φn) (4.2)
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For the correct reproduction of incident long waves, the second order signal must
be superposed upon the first order control signal:

X(tot)(t) = X(1)(t) +X(2)(t) (4.3)

where X(2)(t) represents the second order signal that for a for a short wave system
constituted by only 2 frequencies ωm and ωn is:

X(2)
mn(t) = (anbm − ambn)F1cos(∆ωt) + (anam + bnbm)F1sin(∆ωt) (4.4)

where an and bn are the Fourier coefficients of free surface elevation η(1) at the
wave paddle, and

∆ω = ωn − ωm

F1 is the transfer function constituted by two parts, F11 and F12, of which F11

eliminates the parasitic wave and F12 the displacement wave. In the original
formulation of Ottensen-Hansen et al. (1980) also F23 which eliminates local dis-
turbance waves was considered. Since local disturbance waves are really small in
intermediate and shallow water (Barthel et al., 1983), F23 is neglected here. The
second order signal for the reproduction of an irregular wave train constituted
by N primary wave components is given by the sum of the interactions resulting
from each pair of wave components

X(2)(t) =
N−1∑
m=1

N∑
n=m+1

X(2)
mn(t) (4.5)

The second order low frequency free surface elevation of bound wave under a
regular system constituted by only two frequencies ωm is

η(2)mn(t) = Gmn[(anam + bnbm)cos(∆ωt) + (bnam + anbm)sin(∆ωt)] (4.6)

whereGmn is the transfer function given by Ottensen-Hansen et al. (1980). There-
fore, for an irregular wave train constituted by N components, the second order
description of the surface elevation at the wave paddle location is determined as:

η(2)(t) =
N−1∑
m=1

N∑
n=m+1

η(2)mn(t) (4.7)

Finally the second order surface elevation is superposed upon the first order free
surface elevation:

η(tot)(t) = η(1)(t) + η(2)(t) (4.8)
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Summing up, the first order theory provides the free surface elevation at the wave
paddle position generated by the first order control signal. Whereas, the second
order theory provides the free surface displacement at the wave paddle position
generated by the second order control signal:

X(1)(t) 7−→ η(1)(t) (4.9)

X(tot)(t) 7−→ η(tot)(t) (4.10)

Figure 4.2 shows the first and second order control signal for a wave focusing
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Figure 4.2: Comparisons between first and second order control signal in a wave focusing
experiment. a) first order signal; b) second order signal; c) total signal

experiment. The second order order signal X(2) has a marked low frequency
component with the objective to suppress parasitic and displacement free long
waves. This ensures the reproduction of the bound long wave constituted in this
case by the set-down wave beneath the short wave group. The free surface dis-
placements measured by a wave gauge located at 5.6 m downward to the wave
maker controlled respectively by a first (figure 4.2a) and second order signal (fig-
ure 4.2c) are represented in figure 4.3. The wave group structure (determined by
the primary wave components) remains almost unchanged, whereas the low fre-
quency component is strongly dependent on the generation procedure used. With
the second order generation (figure 4.3a), the trough of the low frequency wave
appears beneath the short wave group consistent with the equilibrium solution
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of Longuet-Higgins & Stewart (1962). On the other hand, the first order signal
(figure 4.3b) leads to the generation of spurious low frequency waves, sum of
parasitic and displacement waves, which are superposed to the long bound wave
thus contaminating the low frequency incident field. In particular, in this case
the parasitic waves overcome the displacement wave leading to reduction of the
long wave trough behind the wave group. The spurious long wave is plotted in
figure 4.3c and is obtained by subtracting the low-frequency signal corresponding
to second order generation from the low-frequency signal corresponding to first
order generation.
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Figure 4.3: Free surface displacement measured at 5.6 m from the wave paddle. Thin
grey line: total free surface; thick black line: low frequency surface elevation. a) second
order control signal; b) first order control signal; c) spurious long wave.
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4.1.2 Wave absorption

Wave reflection at the physical model domain boundaries is an important
laboratory effect that give rise to unrealistic high energy levels especially at low
frequencies bands. In typical laboratory experiments dealing with surf beat,
a beach is built on the opposite side of the generation boundary. Short wave
energy is strongly dissipated by the breaking process, whereas low frequency
waves experience both a weak energy dissipation and a considerable reflection at
the shoreline. Failure to absorb reflected long waves at the wavemaker results in
a unrealistic re-reflection and the generation of a seiche with a period equal to
the oscillation period of the physical domain and its superharmonics.

Modern laboratory facilities are equipped with a control system in order to
prevent re-reflections of outgoing waves first reflected from, for instance, a beach.
The use of a wavemaker as a moving boundary controlled to absorb waves is
usually referred to as active absorption systems. The central problem of active
wave absorption is that it requires a procedure that translates some measure of
the waves into the required paddle motion (Schaffer & Klopman, 2000). The most
common configuration for detecting the wave field consists in a wave elevation
gauge mounted on the front of the wavemaker or placed at some distance from
it. The measured wave signal is usually converted into a control signal for the
wavemaker according to the linear wave generation theory (Dean & Dalrymple,
1984).

The target wave maker excursion, X(t), is corrected in time in order to absorb
outgoing waves and to avoid reflection at the wave maker. The reflected wave
is estimated comparing the target free surface with the free surface measured in
front of the wave maker. The reflected free surface is then evaluated as:

ηr = ηt − ηm (4.11)

where ηr is the reflected wave, ηt is the target free surface and ηm is the measured
wave in front of the wave maker. The wave maker velocity (U(t) = dX(t)/dt) has
to be modified in order to match the velocity induced by the wave to be absorbed.
In this case linear wave theory is proposed, and the velocity correction due to
absorption can be written as follows:

Ur =

√
g

h
ηr (4.12)

To obtain the desired wave maker position, velocity has to be integrated consid-
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ering both the target velocity Ut and the correction by absorption Ur:

X(t) = X(0) +

∫ t

0

(Ut + Ur)dt (4.13)

It is important to note that the effectiveness of energy absorption is a func-
tion of frequency. Typical values of absorption coefficient ranges between 0.6 and
0.9, see for example Baldock & Huntley (2002) or Baldock (2006), with higher
values usually achieved for infragravity frequencies. Moreover, during the de-
sign of laboratory experiments it is fundamental to consider the stroke expected
to absorb outgoing long waves. Larger strokes are needed to damp out longer
reflected waves. In addition, in contrast to the bound long wave generation pro-
cedure in which the required stroke is known beforehand, the excess stroke to
absorb reflected waves can not be calculated with any wave theory. In laboratory
experiments dealing with surf beat, free outgoing long waves may be much more
energetic than incident bound long waves when energy gains from the swell field
overcome energy losses along the entire domain. Since nowadays a quantitative
method for calculate beforehand outgoing free waves is not available, a heuristic
approach appears the more suitable choice for estimate the required absorbing
stroke.

4.2 Infragravity waves in numerical studies

Numerical simulations of nearshore hydrodynamics are carried out for a com-
putational domain that is usually limited by fictitious boundaries. Therefore,
boundary conditions need to be specified along these open boundaries in order to
simulate the effect induced on hydrodynamics inside the computational domain
by processes occurring outside (Svendsen, 2005). Simultaneous wave generation
and absorption at the boundaries of the numerical domain is a challenging task.
The boundary condition suited for nearshore simulations should generate the in-
coming wave motion and absorb the outgoing waves. It is thus referred to as
absorbing-generating boundary condition.
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4.2.1 Second order irregular wave generation

The numerical study of low frequency motion in the nearshore requires a
wave generation algorithm able to reproduce the incoming primary wave field in
conjunction with the super-harmonics and sub-harmonics induced by nonlinear
interactions. Thus, in strict analogy to laboratory experiments, a second-order
wave generation is needed.

Longuet-Higgins & Stewart (1960) identified the one-dimensional (cross-shore)
second order solution based on the sum of wave-wave interactions resulting from
each pair of primary wave components. Hasselmann (1962) derived a more general
solution (correct to second order) accounting for two-directional waves. In a
successive paper, Longuet-Higgins & Stewart (1962) provided the evaluation of
the long wave field based on the radiation stress theory.

A common approach for wave reproduction in phase-resolving numerical
model such as Boussinesq and RANS type models is the use of a source function
in conjunction with an absorbing sponge layer. However, this technique presents
two main drawbacks. First, the sponge layer is required to be at least 2.5 times
longer than the wave to be absorbed. This introduce a significant computational
domain increase especially for long waves, leading to large time computation. In
addition, the source function is not well suited for the generation of second order
high- and low-frequency waves yielding the generation of spurious free waves. For
instance, the approach of Lara et al. (2006) considered only the generation of the
primary wave components of the incident random wave state. For this reason,
the source function appears to be more convenient for the study of wave structure
interaction in which long waves do not play a primary role.

On the other hand, a moving boundary can been implemented in the nu-
merical model in order to replicate the wave maker movement observed during
laboratory experiments (Lara et al., 2011). Therefore, in this case (called virtual
force VBF method) the fluid is forced identically in the numerical model and
in the experiments which is of great importance in proving the model perfor-
mance. The same considerations and procedures mentioned for the laboratory
experiments are valid for numerical simulations with this kind of wave generation.
Active wave absorption must be also incorporated to the numerical wave paddle.

A convenient approach able to accurately reproduce both primary and second
order waves is based on imposing the theoretical free surface and the velocity field
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at the open boundary. An active wave absorption at the generating boundary
is required to allow the outgoing long waves to leave the computational domain
avoiding the interaction with the long wave reflected by the boundary. Recent
investigations (Torres-Freyermuth et al., 2007, 2010) showed a good reproduction
of both swell and infragravity wave transformations on gently sloping beaches.
Here the problem of one-dimensional (cross-shore) wave motion is considered and
the boundary conditions given by the Longuet-Higgins & Stewart (1960) and
Longuet-Higgins & Stewart (1962) solutions are described in the following.

4.2.1.1 Boundary conditions from the Longuet-Higgins & Stewart
(1960) solution

The second order free surface elevation and velocity potential taking into
account local and global nonlinear interaction between of two wave trains are
given by Longuet-Higgins & Stewart (1960):

η(2)mn = η(2−lf)
mn + η(2−hf)

mn =
aman
2g

[Ccos(ψm − ψn)−Dcos(ψm + ψn)] (4.14)

ϕ(2)
mn = ϕ(2−lf)

mn + ϕ(2−hf)
mn

=
Ecosh((km − kn)(z + h))sin(ψm − ψn)

g(km − kn)sinh((km − kn)h)− (ωm − ωn)2cosh((km − kn)h)

− Fcosh((km + kn)(z + h))sin(ψm + ψn)

g(km + kn)sinh((km + kn)h)− (ωm + ωn)2cosh((km + kn)h)
(4.15)

where the subscript distinguish between the two wave trains, a is the wave ampli-
tude, ψ is the phase angle, ω is the radian frequency and k is the wave number.
The constant coefficients C, D, E, F are defined by Longuet-Higgins & Stewart
(1960) (see also Baldock et al. (1996) and Torres-Freyermuth et al. (2010)). The
(ψn+ψm) terms provide a first approximation to the local nonlinearity (η(2−hf)),
whereas the (ψn−ψm) terms correspond to the low frequency or global interactions
(η(2−lf)) (Baldock et al., 1996). For irregular waves, the second order solution is
given by the sum of the interaction between each pair of wave components

η =
N∑

m=1

ηm +
N−1∑
m=1

N∑
n=m+1

η(2)mn (4.16)
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ϕ =
N∑

m=1

ϕm +
N−1∑
m=1

N∑
n=m+1

ϕ(2)
mn (4.17)

where ηm and ϕm are the first order Stokes solutions for the m-th component.

4.2.1.2 Boundary conditions from the Longuet-Higgins & Stewart
(1962) solution

Longuet-Higgins & Stewart (1962) provided the second order solution for long
waves resulting from nonlinear interactions by solving the depth integrated and
short wave averaged equations of mass and momentum conservation equations.
The forcing of long waves is represented by the radiation stress which acts as
an additional tension. The equilibrium solution of Longuet-Higgins & Stewart
(1962) is given by equations (2.42) and (2.43) which are rewritten here:

η(2) = − Sαα

ρ(gh− c2g)
+ C (4.18)

u(2)α =
cgη

(2)

h
= − cgSαα

ρh(gh− c2g)
(4.19)

The long wave surface elevation requires the calculation of the integration con-
stant C proceeding by a conservation of mass condition. The derivation of the
boundary conditions from the Longuet-Higgins & Stewart (1962) solution is pro-
vided in the following. Since we are dealing with cross-shore propagation, the
subscript α is replaced by x.

To the lowest order of approximation, the energy density E(m,n) supplied by
two wave components m,n is:

E(m,n) =
1

2
ρgA2

(m,n) (4.20)

where A2
(m,n) represents the contribution of the two wave components to the

squared modulation of a short wave system constituted by N wave components:

A2
(m,n) = a2m

(
1

N − 1
+

a2n
(N − 1)a2i

+ 2
an
am

cos(ψn − ψm)

)
(4.21)

in which a and ψ are the wave amplitude and the phase angle, respectively.
Equation (6.13) reduces to equation (2.33) of Schaffer (1993) for a short wave
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system constituted by only 2 components. The radiation stress Sxx(m,n) delivered
by two components can be written as:

Sxx(m,n) = E(m,n)

(
2cg(m,n)

c
− 1

2

)
(4.22)

where cg(m,n) and c are the group free velocity, respectively. Imposing that the
mean bound wave free surface must be zero when averaged over a time period
much longer than the group period yields to:

C(m,n) =
ga2m

2(gh− c2g(m,n))

(
1

N − 1
+

a2n
(N − 1)a2m

)(
2cg(m,n)

c
− 1

2

)
(4.23)

That yields to:

η
(2)
(m,n) = −

Sxx(m,n)

ρ(gh− c2g(m,n))
+ C(m,n) (4.24)

The horizontal velocity U of bound waves follows from continuity:

u
(2)
(m,n) =

η
(2)
(m,n)cg(m,n)

h
(4.25)

It is worth to mention that in the Longuet-Higgins & Stewart (1962) solution,
the mass transport oscillations due to the short waves only, the Stokes drift, are
already included in the long wave solution. On the contrary, the low frequency
velocity field provided by the Longuet-Higgins & Stewart (1960) solution takes
into account only the nonlinear interactions between components and the total
long wave field results as the superposition of this velocity field with the Stokes
drift. As a result, in order to use the Longuet-Higgins & Stewart (1962) solution
as boundary condition, the low frequency fluxes induced by the oscillations of the
Stokes drift must be subtracted from the long wave velocity field. The Stokes
drift M(m,n) delivered by two components m,n can be written as:

M(m,n) =
E(m,n)

c(m,n)ρh
(4.26)

The Stokes drift can be divided into two contribution: the steady Stokes driftMS

and a low frequency unsteady oscillation around the mean value MU due to wave
groups. The former is responsible for a net shoreward mass transport, whereas
the latter gives rise to a low frequency velocity field. They can be represented
by:

M(m,n) =MS(m,n) +MU(m,n) (4.27)
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MS(m,n) =
ρga2m

(
1

N−1
+ a2n

(N−1)a2i

)
2c(m,n)ρh

(4.28)

MU(m,n) =
ρgamancos(ψn − ψm)

c(m,n)ρh
(4.29)

The current velocity depurated from the unsteady part of the Stokes drift is
required to determine the boundary conditions for the low frequency motion, for
an irregular wave field composed by N components yields:

η(2) =
N∑

m=1

ηm +
N−1∑
m=1

N∑
n=m+1

η(2)mn (4.30)

u(2) =
N∑

m=1

um +
N−1∑
m=1

N∑
n=m+1

(u(2)mn −MU(m,n)) (4.31)

The Longuet-Higgins & Stewart (1962) solution is derived from the depth in-
tegrated mass and momentum equations and it is thus restricted to wave groups
much longer than the water depth. In fact, this approach provides a depth uni-
form low frequency horizontal velocity disregarding the low frequency velocity
field. If the shallow water (for long waves) condition is satisfied, equations (4.30)-
(4.31) are consistent with equations (4.16)-(4.17). The main benefit of using the
depth integrated approach is that this avoids the lengthy calculations required
to determine the two-dimensional long wave velocity profile contemplated in the
Longuet-Higgins & Stewart (1960) approach. Figure 4.4 shows the comparisons
between the two theories for a numerical simulation of irregular waves propagat-
ing over an horizontal bottom in a wave flume. The shallow water wave condition
(kh < π/10) is satisfied for long waves arising from nonlinear interactions between
primary component pairs, thus satisfying the requirements of the Longuet-Higgins
& Stewart (1962) solution. Under these conditions, the Longuet-Higgins & Stew-
art (1960) and Longuet-Higgins & Stewart (1962) solutions provide almost equiv-
alent results pointing out the effectiveness of boundary conditions based on both
theories. In figure 4.4c the low frequency velocities predicted by Longuet-Higgins
& Stewart (1960) at z = −h and z = 0 are plotted. At this representation scale,
they overlap consistent with a weak vertical structure of long waves. It can be ob-
served how bound waves behave as long progressive waves with forward horizontal
velocities underneath the crests and backward horizontal velocities underneath
the troughs. Note that, the bound long wave velocity field calculated as above
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does not satisfy the conservation of mass:

|u(2)| > |η
(2)cg
h

| (4.32)

In fact, the oscillation amplitudes of u(2) are larger than those predicted by shal-
low water wave theory since they are depurated from the unsteady part of the
Stokes drift contribution MU which oscillate opposite to u(2) (in correspondence
of a group of large waves MU > 0 whereas u(2) < 0). The total low frequency
velocity calculated as a sum of low frequency velocity due to nonlinear interac-
tions between components and low frequency velocity due to the mass transport
of primary waves does satisfy the shallow water conservation of mass equation

u(2) +MU =
η(2)cg
h

(4.33)

It is important to highlight that the determination of the bound long wave
field induced by swell waves finds application not only as a boundary condition
for a numerical model but also in more general long wave analysis as in field as
in laboratory studies. For instance, Baldock & Huntley (2002) first calculated
the the contribution of bound long waves in order to estimate the amplitude of
incident and outgoing free long waves in the constant depth region of a laboratory
wave flume. On the other hand, Herbers et al. (1994, 1995b) calculated the bound
long wave field through bispectral analysis in order to discriminate between forced
and free long waves and study surf beat motions on continental shelves.

4.2.2 Wave absorption

The problem of wave absorption at the boundary in numerical models involves
both incoming and outgoing waves. Two main goals of wave absorption can be
identified: the first is the absorption of the reflected long wave which propagate
toward the boundary and the second is the avoid of unrealistic total mass in-
crease/decrese inside the computational domain. The former is analogous to the
wave absorption problem in laboratory facilities, whereas the latter is inherent
only to numerical studies. The method of characteristic has been widely used in
order to accomplish wave absorption at the open boundary.

The active wave absorption at the generating boundary allows the the outgo-
ing long waves to leave the computational domain avoiding the interaction with
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Figure 4.4: Numerical simulation of irregular waves over an horizontal bottom. a)
total free surface elevation. b) red line: bound long wave elevation from the Longuet-
Higgins & Stewart (1962) solution; black dashed line: bound long wave elevation from
the Longuet-Higgins & Stewart (1960) solution. c) red line: bound long wave velocity
from the Longuet-Higgins & Stewart (1962) solution; black line: bound long wave
velocity from the Longuet-Higgins & Stewart (1960) solution at z = −h (dashed) and
z = 0 (dotted).

the long wave reflected by the boundary. The velocity field between the trough
and the crest levels brings to a net shoreward mass transport, the Stokes drift,
carried by short waves. Without any compensation, this additional mass is in-
troduced in the computational domain causing the water level to increase and
degrading the wave generation (Torres-Freyermuth et al., 2010). Therefore, an
absorption routine is needed to achieve a significant improvement in the wave
generation at the boundary. The mass balance can be achieved introducing a
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seaward directed mean flux Ur computed using the incident free surface time
series and its corresponding velocity profile time variation. The outgoing wave
reaching the boundary is detected comparing the target free surface with the free
surface recorded at a location close to the boundary

ηr = ηt − ηm (4.34)

where ηr is the outgoing wave, ηt is the target free surface and ηm is the measured
wave in front of the boundary. Then, the velocity field is modified in order to
match the velocity induced by the wave to be absorbed. In this case linear wave
theory is proposed, and the velocity correction due to absorption can be written
as follows:

Ur =

√
g

h
ηr (4.35)

The computed velocity Ur is finally added to the theoretical wave velocity:

u(t, z) = ut(t, z) + Ur(t) (4.36)

where ut denotes the incident velocity profile calculated from theory. As a result,
the total mass in the numerical domain is allowed to oscillate around a mean
value which does not varies with time.

4.2.3 Summary and recommendations

Laboratory and numerical studies sensitive to energy at surf beat frequencies
require the generation of a realistic nonlinear wave field. The correct generation
of group-induced long waves prevents spurious long waves from contaminating the
experiments. Furthermore, outgoing long waves radiated from the beach need to
be absorbed at the offshore boundary in order to avoid unrealistic high energy
levels at low frequency bands.

The second order wavemaker motion for the correct generation of bound long
waves in wave flumes is described in this chapter. The formulation of Barthel
et al. (1983) is reviewed in which the second order signal is given by the sum of
the interactions resulting from each pair of primary wave components. In addition
to second order wave generation, active wave absorption is needed to avoid re-
reflection at the wavemaker. It is worth mentioning that the stroke expected to
absorb outgoing long waves is not known beforehand and a heuristic approach
seems to be the more suited way to estimate it.
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In analogy with laboratory experiments, numerical simulations dealing with
infragravity waves require both second order wave generation and wave absorption
at the offshore boundary. If a moving boundary is implemented in the numerical
model (Lara et al., 2011), the same considerations and procedures mentioned for
laboratory experiments are valid for numerical simulations. However, in most nu-
merical models waves can be generated by imposing the theoretical free surface
and the velocity field at the open boundary. In this case, the Longuet-Higgins
& Stewart (1960) theory provides the wave motion correct to second order. Al-
ternatively, the depth-integrated Longuet-Higgins & Stewart (1962) solution can
be used if wave groups are much longer than the water depth. The main benefit
of using the Longuet-Higgins & Stewart (1962) solution is that this avoids the
lengthy calculations required to determine the long wave velocity profile contem-
plated in the Longuet-Higgins & Stewart (1960) approach.



Chapter 5

Long waves induced by a short
wave group

5.1 Introduction

Sea surface records show the presence of groups of high and low waves as a
result of the superposition of wave components with different frequencies. Since
in sufficiently deep water, gravity waves are frequency dispersive, the groups are
transient. Although the presence of transient groups in the wave field is the result
of merely linear processes, nonlinear effects are not negligible in the focused wave
groups. Local nonlinear interactions in conjunction with the focusing of wave
energy lead to large waves with high and narrow crests that can break even in
the deep ocean (Rapp & Melville, 1990). Moreover, global nonlinear interactions
produce low frequency changes such as slow varying currents and oscillations of
the mean water level known as infragravity waves.

In nature, typical periods of wind waves are in the order of 10 seconds, while
infragravity motion evolves slowly with a typical period of several minutes. Due
to the low wave steepness, infragravity waves oscillate over the beach face, experi-
encing a strong reflection. It is recognized that the long period surface oscillation
in the nearshore region correlated to short wave groups, called “surf beat” (Munk,
1949; Tucker, 1950), has a strong influence on coastal processes such as beach ero-
sion and bay resonance (Bowers, 1977; Holman & Bowen, 1982).
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It is the aim of this chapter to improve our understanding on the propagation
pattern for long waves induced by a transient short wave group over a sloping
bottom combining laboratory observations and numerical results. In order to
accomplish the specific objectives enumerated in chapter 3, the generation of long
waves as a result of the different forcing mechanisms is investigated. The way in
which the bottom slope and the short wave steepness influence the radiation of
free long waves from the breakpoint is addressed. Furthermore, special attention
is devoted to the transformation of the infragravity wave field as the swell shoals
over a varying bathymetry .

In order to deal with infragravity motion in the nearshore zone, a high spatial
and time resolution is required and a RANS model has been extended in order to
test the capability in simulating hydrodynamic processes generated by a focused
wave group. The use of a new laboratory dataset has been proposed to vali-
date the model. This chapter is organized as follows. Section 5.2 illustrates the
laboratory experiments. Next, the numerical model is presented and described
in section 5.3. In section 5.4 model validation is conducted by comparing the
numerical results and the laboratory measurements. Long wave transformation
analysis is carried out in section 5.5. Finally, the principal findings are provided
is section 5.6.

5.2 Laboratory experiments

The laboratory experiments were carried out in a wave flume at the University
of Cantabria. The flume is 22 m long, 0.5 m wide and 0.8 m high. The still water
depth during the experiments was set at 0.4 m at the wave maker position. Waves
were generated by a hydraulically-driven piston-type-paddle located at one side
of the flume.

The fixed bathymetry is made up of a horizontal bottom part and a slope
varying part that resembles a relatively steep beach profile. The part with a
constant depth of 0.4 m begins at the wave maker and is 8.6 m long. A beach
with three different slope regions extends up to the end of the flume. The first
region has a constant slope of 1:20 and is 4 m long; the second region with a
horizontal bottom and a depth of 0.2 m is 2 m long; finally the last region with
the same slope, 1:20, of the first one reaches the end of the flume. The origin of
the co-ordinate system is fixed at the intersection of the still water line with the
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Table 5.1: Location of surface gauges
Gauge x (m) Gauge x (m) Gauge x (m) Gauge x (m)
G1 -13.02 G5 -6.95 G9 -4.94 G13 -2.91
G2 -12.65 G6 -6.29 G10 -4.42
G3 -12.47 G7 -5.99 G11 -3.91
G4 -7.54 G8 -5.37 G12 -3.49

bottom, with the x− z axes positive shoreward and upward, respectively.

Thirteen surface piercing resistance wire wave gauges mounted on a carriage
above the flume were used to measure the fluid surface displacement at fixed
spatial locations. The first three gauges, positioned between the wave paddle and
the toe of the beach, were used as control gauges. The other ten gauges were
placed over the varying slope region. Data from the wave gauges were collected
with a sampling frequency of 60 Hz to provide a high temporal resolution. Each
experiment was 300 s long in order to achieve a high spectral resolution for
frequency domain analysis. The bottom profile with the position of the gauges
is shown in figure 7.1. The detailed gauge locations are summarized in table 5.1.
Wave gauges are identified by the acronym “G” followed by the gauge number
ordered from the paddle to the shoreline.
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Figure 5.1: Wave flume and instrumentation

Video recordings of breaking waves and run-up were carried out during the
experiments. Figure 5.2 shows a video frame in which a high nonlinear near-
breaking wave is propagating above the flat bottom region. At that time instant,
the crest of the wave is between the gauge G8 and G9 positions, although gauges
are not visible in figure 5.2 since they were removed before the recording.
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Figure 5.2: Near-breaking wave in the wave flume. Case B2, t = 100.4 s.

5.2.1 Wave characteristics

A large transient group constituted by N = 50 individual wave components
of equal amplitude was generated. The primary short wave components were
uniformly spaced over a specified band of the frequency domain in order to obtain
a “top-hat” spectral shape. Total wave group amplitude A, frequency bandwidth
∆f and central frequency fc were defined as:

A =
H

2
= anN ; ∆f = f1 − fN ; fc =

1

2
(fN + f1) (5.1)

where an is the amplitude of the n-th frequency component. Since wave compo-
nents had the same amplitude an = a, these parameters were varied in order to
obtain wave groups with different characteristics. We proposed:

• Three group heights: H = (0.06, 0.11, 0.16) m
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Table 5.2: Wave groups conditions
Case ∆f (Hz) fc (Hz) f1 (Hz) fN (Hz) H (m) Ir
A1 0.167 0.75 0.833 0.667 0.06 0.34
A2 0.167 0.583 0.667 0.5 0.06 0.44
B1 0.167 0.75 0.833 0.667 0.11 0.25
B2 0.167 0.583 0.667 0.5 0.11 0.32
C1 0.167 0.75 0.833 0.667 0.16 0.21
C2 0.167 0.583 0.667 0.5 0.16 0.27

• One frequency bandwidth: ∆f = 0.167 Hz

• Two central frequencies: fc = (0.583, 0.75) Hz

Thus 6 cases for second order wave generation were obtained; these are sum-
marized with the corresponding Iribarren number Ir in table 5.2. The Iribarren
number was determined as:

Ir =
α√
H/L0

(5.2)

where α=1:20 is the bottom slope, H = 2A is the total wave group height and
L0 = g/(2πf 2

c ) is the deep water wave length calculated with the central frequency
fc. It is worth mentioning that for the cases with H = 0.11 m (B cases) the
Iribarren number calculation is theoretically inappropriate since in these cases
the breakpoint is located above the horizontal bottom (see further description in
the following). As a general rule, a lower limit for the plunging breaker type is
defined as Ir ≈ 0.4. However, due to the strong nonlinearity occurring during
focusing events, it seems reasonable to fix the lower limit to Ir ≈ 0.3. In fact,
during the experiments, short wave plunging type breaking occurred in cases A
and a transition between spilling and plunging type was observed in cases B and
C.

The period of the wave packets that compose the surface elevation signal
decreases downstream until reaching the minimum value of Tg = 2/∆f at the focal
point (Rapp & Melville 1990). The number of waves in the group was calculated
as Nw = 2fc/∆f . Table 5.3 summarizes wave group period and number of waves
in the group for the 2 different values of ∆f/fc.

For the condition considered, the wave breaking location is controlled primar-
ily by wave height. So breaking of short waves occurs at x ≈ −6.5, x ≈ −5, x ≈
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Table 5.3: Wave groups characteristics at the focal point
Case ∆f/fc Tg (s) Nw

A1 - B1 - C1 0.222 12 9
A2 - B2 - C2 0.286 12 7

−2 m for cases C, B and A respectively. This means that wave breaking occurs
in intermediate depths (π/10 < kh < π).

Following the Rapp & Melville (1990) procedure, the phase of each wave
component at the wave paddle was determined so that, according to linear theory,
constructive interference occurs at a point down the flume. Therefore, the first
order surface elevation at the wave paddle was calculated as:

η(xp, t) =
N∑

n=1

ancos(kn(xp − xf )− ωn(t− tf )) (5.3)

in which xp is the paddle location, kn and ωn are the wave number and radian
frequency of the n-th component wave, tf is time at which wave focusing occurs
and xf is the focus position that was determined to coincide with the breakpoint
location (xf ≈ xb). Identifying the exact location of the point where the individ-
ual wave components are brought into focus is not a trivial task (Baldock et al.,
1996), since it is affected by both the bathymetry and the nonlinear interactions
between wave components. A heuristic approach was used to focus the wave
energy at x ≈ −5 m, close to the breakpoint of the short waves.

5.2.2 Wave generation

Laboratory experiments sensitive to energy at surf beat frequencies requires
a correct generation of group-induced bound long waves. Generation of irregular
wave trains using a first order theory to drive the wave maker creates a number
of long waves not present in the original signal (Ottensen-Hansen et al., 1980;
Barthel et al., 1983; Hughes, 1993). These unwanted free long waves, termed
spurious long waves, arise since the first order boundary conditions at the wave
maker do not meet the requirements for the bound long waves. In order to
eliminate the spurious long waves, the first order signal must be superposed by a
second order signal that leads to the boundary condition fulfillment for the bound
long waves.
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Figure 5.3: Theoretical control signal, case B2. Black line: first order; grey line: second
order.

According to Ottensen-Hansen et al. (1980) and Barthel et al. (1983), the
paddle movement during the experiments was controlled with a second order
signal wave generator in order to suppress spurious long waves and reproduce
long bound waves. Figure 5.3 shows the comparisons between the first and sec-
ond order control signals for case B2. The second order signal has a marked
low frequency component in order to accomplish the boundary condition for the
horizontal velocity of the bound long wave beneath the wave group.

Other important issue when dealing with surf beat in a laboratory wave flume
is the wave absorption at the wavemaker. In fact, the incoming long waves are
likely to experience a considerable reflection at the shoreline and head back out to
the wave maker. In order to avoid the re-reflection at the wave maker, an active
wave absorption is needed to detect and absorb outgoing long waves. Therefore,
second order wave maker control in conjunction with active wave absorption must
be implemented when dealing with long waves forced by irregular random waves.
The wave focusing experiments described here are a special case of irregular sea
state in which a single wave group is much more energetic than the remaining
groups in the signal. With a single wave group, the incoming and reflected long
waves are well separated in time and space (Baldock, 2006) and wave absorption
at the wave maker does not appear strictly necessary. For this reason, wave
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absorption at the wave maker was turned off during these laboratory experiments.

5.3 Model description

The use of a RANS model is motivated to study nearshore processes among
other approaches because nonlinearity and wave breaking are directly solved with
any imposed assumptions. In order to reproduce gravity and infragravity wave
hydrodynamics, a detailed treatment of the boundary conditions has to be carried
out. The simultaneous wave generation and absorption problem is of great im-
portance for a detailed study of infragravity waves. The difficulty is in specifying
incident waves through an inflow boundary with the presence of gravity wave re-
flection and offshore long wave radiation. Although several approaches has been
focused on gravity waves, combining an internal wave maker and a sponge layer,
first introduced by Lin & Liu (1999) and later enhanced by Lara et al. (2006),
infragravity waves can not be accurately generated or absorbed. More recently,
Torres-Freyermuth et al. (2010) combined a method based on imposing the free
surface and the velocity field with active absorption. Results showed a good re-
production of both gravity and infragravity wave transformations. However, the
velocity field above the trough level must be extrapolated introducing additional
uncertainties.

Since several physical wave studies (Baldock (2006) and others) have obtained
successful results dealing with infragravity wave generation, a moving boundary
is implemented in order to replicate wave maker movement during the experi-
ments. No additional assumptions have to be made to define the wave velocity
or the free surface, ensuring that the fluid is forced identically in the numerical
model and in the experiments which is of great importance in proving the model
performance. Active wave absorption is also incorporated to the numerical wave
paddle. Numerical model details, wave generation and absorption methods are
given next.

5.3.1 General description

The IH-2VOF model, an updated version of COBRAS-UC (Losada et al.,
2008), solves the 2DV Reynolds Averaged Navier-Stokes (RANS) equations based
on the decomposition of the instantaneous velocity and pressure fields into mean
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and turbulent components, and the k-ϵ equations for the turbulent kinetic energy,
k, and its dissipation rate, ϵ. The influence of turbulence fluctuations on the mean
flow field is represented by the Reynolds stresses. The governing equations for
k-ϵ are derived from the Navier-Stokes equations, and higher order correlations of
turbulence fluctuations in k and ϵ equations are replaced by closure conditions.
A nonlinear algebraic Reynolds stress model is used to relate the Reynolds stress
tensor and the strain rate of mean flow. The free surface movement is tracked by
the Volume of Fluid (VOF) method.

The RANS equations are solved in a rectangular structured mesh. Pressure,
p, and velocity, u, variables are defined in a staggered scheme. The model uses a
cutting cell method first introduced by Clarke et al. (1986) in order to consider
obstacles contained within the numerical domain. The basic idea behind this
technique is that the obstacle can be modelled as a special case of the flow with
an infinite density. This method improves the conventional approach of treating
solid bodies defined by a sawtooth-shape. In order to describe the geometry of
the mesh immersed bodies, a new set of coefficients needs to be defined, called
openness functions, θ, which represent the fraction of volume of open space in
this cell. Variables in the cell or on the cell faces are redefined by the product
of the openness coefficients times the original variables. The governing RANS
equations are redefined as follows:

∂(θui)

∂xi
= 0 (5.4)

∂(θui)

∂t
+ θuj

∂(θui)

∂xj
= −θ

ρ

∂p

∂xi
+ θgi +

θ

ρ

∂τij
∂xj

(5.5)

where θ is the openness function, ρ is the is the fluid density, gi is the i-th
component of the gravitational acceleration and τij represents the sum of the
viscous and Reynolds stresses. According to this definition, θ = 0 is a “solid cell”
(entirely body occupied), θ = 1 is a “fluid cell” and 0 < θ < 1 is a “partial cell”.
In the numerical implementation, partial cell coefficients need to be redefined at
the cell center and also at the cell boundaries, θr, θl, θb and θt, which correspond
to the openness at the right, left, bottom and top, respectively.

Among the different numerical techniques used to simulate moving bodies
within the computational domain, called “virtual force method” (see Mittal &
Iaccarino (2005) for a review), “direct forcing method” (Mohd-Yusof, 1997) is
considered in the IH-2VOF model. This technique presents an advantage above
others applied in computational fluid mechanics. The pressure field induced by
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the fluid and the moving boundary can be calculated by means of the Poisson
Pressure Equation (PPE), avoiding iteration to close the velocity-pressure cou-
pling, yielding a divergence free velocity field. Moreover, no remeshing is required;
the fluid is solved in a fixed-grid system and the method is also free of numeri-
cal diffusion (Lin, 2008). The moving body velocity, ub,i, in this method needs
to be known in advance, making this approach suitable to be applied to wave
generation as discussed later.

The momentum equation (5.5) presents an additional body force, fb, which
represents the virtual boundary force which acts only on the solid boundary of
the partial cells (0 < θ < 1):

∂(θui)

∂t
+ θuj

∂(θui)

∂xj
= −θ

ρ

∂p

∂xi
+ θgi +

θ

ρ

∂τij
∂xj

+ fb (5.6)

The two-step projection method (Chorin, 1968) is applied. The first step consists
on introducing an intermediate velocity in the momentum equation not consid-
ering the virtual boundary force:

θũi − θuni
∆t

= −θunj
∂θuni
∂xj

+ θgi +
θ

ρn
∂τnij
∂xj

(5.7)

where ũi is the intermediate velocity, the superscript indicates the time level and
∆t is the time step size corresponding to the (n + 1)-th time level. In equation
(5.7), the openness function θ is written according to its time evolution. The
second step can be written as follows:

θun+1
i − θũi
∆t

= − θ

ρn
∂pn+1

∂xi
+ fn+1

b (5.8)

Replacing un+1
i by un+1

b,i at the moving body boundaries, the virtual boundary
force, fb, can be defined as:

fn+1
b =

{
θun+1

b,i −θũi

∆t
for 0 < θ < 1

0 for θ = 0, for θ = 1
(5.9)

The pressure gradient can be evaluated at (n+1)-th time level, taking the diver-
gence of equation (5.8) and applying conservation of mass equation (5.4), yielding
the PPE:

∂

∂xi

(
θ

ρn
∂pn+1

∂xi

)
=

1

∆t

∂θũi
∂xi

+
∂fn+1

b

∂xi
(5.10)
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In the two-step projection method, the spatial derivations of the velocity
components and the pressure field need to be expressed in finite-difference forms.
The convection terms are discretized by the combination of the central difference
method and upwind method. The combination of both is aimed at preventing
their respective drawbacks of significant numerical damping and numerical in-
stability. A weighting factor is introduced in the spatial derivative discretization
expressions in order to adjust the influence of each one of the two schemes in
the computation and to obtain stable and accurate solutions. Only the central
difference method is employed to discretize the pressure gradient terms and the
stress gradient terms.

5.3.2 Wave maker implementation

Although piston-type wave maker implementation is explained in this sec-
tion for the sake of space, its extension to flap type or mixed piston-flat type is
straightforward. The wave maker movement is transferred into the model through
the openness coefficients. Since wave maker position, X(t), and velocity, Ub(t),
are known values, openness coefficients, θ, θr, θl, θb and θt, are then redefined
according to the new wave maker position at any given time step. In the partic-
ular case of a piston-type wave maker position, which generates wave from left
to right, θ = θb = θt, θl = 0 and θr = 1. A sketch of the openness functions in
a piston-type wave maker is presented in figure 5.4 for a one-dimensional flow.
According to the aforementioned classification, the left cell is a solid cell, the
right cell is a fluid cell and the middle cell is a partial cell. Figure 5.4 represents
the three adjacent cells in the wave maker front, where virtual force, fb is acting.
fb is applied only in the middle cell.

The right hand side term of equation (5.10) is then discretized for the middle
cell as:

1
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[
θrũr − θlũl

∆x
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1
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[
θru
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b,r − θlu

n+1
b,l

∆x

]
=

1

∆t

θrũr − θlu
n+1
b,l
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(5.11)

The moving wave maker appears as a source term in the momentum equation
determined by the body surface velocity. This source term takes into account the
velocity and pressure induced fields in the fluid.



70 CHAPTER 5. LONG WAVES INDUCED BY A SHORT WAVE GROUP

←→θn+1

l
= 0 θn+1

r
= 1

X (t)n+1

un+1

b

θn+1

t
= α

θn+1

b
= α

Figure 5.4: Sketch of openness function configuration in a piston-type wave paddle.

5.3.3 Active wave maker absorption

Active wave maker absorption is also included in the model using the same
procedure followed in physical flumes. The numerical wavemaker is equipped with
a control system for simultaneous wave generation and active wave absorption.
The methodology proposed by Schaffer & Klopman (2000) is followed.

The target wave maker excursion, X(t), is corrected in time in order to absorb
outgoing waves and to avoid reflection at the wave maker. The reflected wave is
estimated comparing the target free surface with the free surface recorded in front
of the wave maker. A location three cells away from the wave maker location is
chosen. The reflected free surface is then evaluated as:

ηr = ηtarget − ηm (5.12)

where ηr is the reflected wave, ηtarget is the target free surface and ηm is the mea-
sured wave in front of the wave maker. Wave maker velocity (U(t) = dX(t)/dt)
has to be modified in order to match the velocity induced by the wave to be
absorbed. In this case linear wave theory is proposed, and the velocity correction
due to absorption can be written as follows:

Ur =

√
g

h
ηr (5.13)

To obtain the desired wave maker position, velocity has to be integrated consid-
ering both the target velocity and the correction by absorption:

X(t) = X(0) +

∫ t

0

(Utarget + Ur)dt (5.14)
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5.4 Model validation

The model validation procedure is conducted by comparing the numerical
model predictions and the previously described laboratory measurements. The
purpose is to identify the capabilities and the limitations of the IH2-VOF model
in the simulation of the long period processes induced by a transient focused wave
group over a sloping bottom. Since an accurate modelling of the short waves is
required to predict infragravity wave motion, considerable attention is paid to
short wave propagation.

5.4.1 Numerical set-up

At every time step the model provides the updated dependent variables of
the governing equations. The time step is automatically adjusted during the
computation to fulfil the stability conditions. Free surface elevation at gauge
locations is sampled with a 125 Hz frequency. The frequency output for dependent
variables at every cell location is set to 25 Hz. Since a high spectral resolution is
required for frequency domain analysis, each numerical simulation is 300 s long,
the same as the laboratory experiment. The computational mesh is 21.6 m long
and 0.6 m high. This extends from x = −19.6 m up to x = 2 m with respect to
the reference system introduced in section 5.2. Therefore the zero position of the
“numerical” wave maker lies at 1 m from the start of the mesh.

The dependence of the numerical accuracy on the spatial grid resolution is
studied through a mesh sensitivity analysis. A uniform grid system in the vertical
direction is used with ∆z = 0.5 cm. In the horizontal direction, the grid cell size
∆x is allowed to vary between 0.8 cm in the swash zone and 1.2 cm close to the
wave maker. The total number of cells in the numerical domain is 2203×121. The
order of magnitude of the time step lies between 10−4 and 10−2 s in the simulated
cases. The computational time is in the order of 30 hours in a standard PC.

5.4.2 Analysis techniques

Once the time series of surface elevations from laboratory experiments and
model simulations at every gauge locations are obtained, a resampling procedure
is needed. Since the two data sources considered have different sampling fre-
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quencies, an interpolation procedure is used to homogenize them with the same
frequency equal to 25 Hz. Distribution of wave energy within the frequency
domain as well as spatial evolution can be visualized by an amplitude spectra
plotted at different locations. Amplitude spectra are obtained via a fast Fourier
transform, FFT of the surface elevation data series. The surface elevation record
is separated into long wave and short wave components, denoted by ηlf and ηhf

respectively. Long wave components are obtained from low-pass filtered surface
elevation time series with a cut-off frequency of fc/2. Then, a high-pass filter
with the same cut-off frequency is applied to the surface elevation series in order
to obtain short wave components. For the purpose of describing spatial and time
evolution of wave groups, the short wave envelope is determined by means of the
Hilbert transform operator of the surface elevation data:

A(t) =
∣∣ηhf (t) +H{ηhf (t)}

∣∣lf (5.15)

in whichH denotes the Hilbert transform operator and ||lf represents the low-pass
filter operator. Cross correlation analysis between two time series is a commonly
applied technique to find out their relationship. The normalized cross-correlation
function between two time series a(t) and b(t) is determined as:

Rab(τ) =
⟨a(t)b(t+ τ)⟩

σaσb
(5.16)

where ⟨⟩ denotes time averaging over the time series length, τ is the time shift,
σa and σb are the standard deviations of the two time series, and −1 ≤ Rab ≤ 1
due to the normalization procedure.

5.4.3 Free surface displacement

Figure 5.5 shows the measured (solid line) and predicted (dashed line) free
surface elevation time series at different cross shore locations for case B2. Growth
of wave amplitude due to the shoaling process is observed up to gauge G9 where
breaking of the 2 largest waves in the group occurs. The free surface eleva-
tion shape becomes more peaked and asymmetric as waves approach breaking.
Groupiness appears to be destroyed in the surf zone where broken waves show
a cnoidal shape which tends to a saw tooth shape in the inner surf zone (gauge
G13). The model seems to be able to reproduce at every location the propagation
features of all waves present in the time series. The changes in amplitude and
in shape due to the shoaling process are reproduced satisfactorily by the model.
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Breakpoint location as well as wave amplitude damping within the surf zone is
correctly predicted. Moreover, wave celerity along the flume appears to be well
captured.
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Figure 5.5: Free surface elevation time series, case B2. Solid line: laboratory observa-
tions; dashed line: model predictions.

Figure 5.6 shows the measured (thick solid line) and predicted (thick dashed
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line) low frequency component of the free surface time series at different cross
shore locations for case B2. In order to simplify the interpretation of the figure,
the measured (thin solid line) and predicted (thin dashed line) total free surface
elevation are also illustrated, and the scale of the low frequency motion is mag-
nified ×10. At gauge G1, the bound long wave trough appears under the peak
of the short wave group, consistent with the constant depth solution of Longuet-
Higgins & Stewart (1962). A smooth positive forward long wave is observable
ahead of the group. Further shoreward, the dynamic set-down is delayed with
respect to the short wave group. The time delay starts in the shoaling zone over
the sloping bottom (gauge G4) and increases as the waves approach the shore.
Both the long wave trough and the positive surge in advance of the group are
strongly enhanced, reaching their maximum values inside the surf zone (gauge
G13). The model appears to be capable of capturing the long wave evolution
within the nearshore region. The amplitude and phase of incident long waves,
that are the forward long wave and long wave trough behind the group, are cor-
rectly reproduced. Only a slight sub estimation of the long wave trough at gauge
G10 is noticeable.

Besides incident long waves, in figure 5.6 long waves propagating offshore can
be recognized. Focusing the attention on gauge G4, the positive pulse at t ≈ 112
s is identified as a long wave propagating offshore due to the reflection of the
positive forward long wave in front of the group at the shoreline (x = 0 m). This
long wave crest is preceded and followed by weaker long waves with negative
elevation. The long wave trough centred at t ≈ 114.5 s is the dynamic set-down
reflected from the shoreline. The negative pulse at t ≈ 108 s is identified as the
long wave radiated from the breakpoint. In the model results, the amplitude of
the long wave crest reflected from the shoreline is slightly smaller than in the
laboratory data. A possible explanation is that in the model, the beach is more
reflective with a partial reflection of the positive surge noticed before the shoreline
(x < 0 m). This hypothesis is endorsed by the fact that the amplitude of the
long positive pulse radiated from the breaking zone is slightly higher than that
measured in the laboratory (gauge G4, the crest at t ≈ 105 s). That is, part
of the energy of the incident long wave crest is reflected before the shoreline.
As a consequence, the run-up predicted by the model is slightly lower than that
observed during the experiments. In general terms, the model seems to be able to
correctly reproduce the breakpoint generation and propagation of outgoing long
waves.

The relative errors are calculated as the difference between predicted and
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Figure 5.6: Long wave elevation, case B2. Thin solid line, total free surface elevation
measured; thin dashed line, total free surface elevation calculated; thick solid line, long
wave elevation measured (right scale); thick dashed line, long wave elevation calculated
(right scale).

experimental values, divided by the experimental value:

error(%) =

∣∣∣∣vpredicted − vobserved
vobserved

∣∣∣∣ · 100 (5.17)

The errors are expressed in percentages; the modulus operator returns only pos-
itive values. The variables chosen for the model validation are the root mean
square height, Hrms, of the focused group waves and the incident bound long wave
trough. For case A1, characterized by a small wave group amplitude (A = 0.03
m) and a high wave frequency (fc = 0.75 Hz), the group induced long waves are
significantly smaller than in the other cases. Due to the scarce relevance of long
waves on the total energy balance, case A1 is not accounted for in the validation
analysis. Hence, the comparison is conducted for 65 values of each variable (13
gauges × 5 cases). Figure 5.7 shows the comparison between predicted and mea-
sured values including all the gauges both inside and outside the surf zone. Figure
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5.7a illustrates the comparison of root mean square wave height calculated from
the Nw−2 largest waves of the focused group, Nw being the number of waves per
group (Nw=7 and 9 waves for the cases with fc=0.583 and 0.75 Hz respectively).
The predicted Hrms presents a mean relative error of 5.11%. Figure 5.7b shows
the comparison between predicted and measured values of the incident bound
long wave. The predicted value of the dynamic set-down presents a mean relative
error of 9.20%.
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Figure 5.7: (a) Observed versus predicted Hrms and (b) long bound wave. Solid line,
perfect agreement; dashed line, ± error bound.

In general terms, the error of the long wave component is higher than that
of the short wave. The main reason is because the ratio between long wave
amplitude and cell size is really small. The dynamic set-down amplitude is in the
order of 1 cm (≈ 2 cells), while the short wave amplitude is in the order of 10 cm
(≈ 20 cells). Despite that, the mean relative error of the long wave component is
lower than 10%, which represents a satisfactory result, attesting the model ability
to study infragravity wave transformation over a sloping bottom.
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5.4.4 Amplitude spectra

Figure 5.8 shows the surface elevation amplitude spectra at different cross-
shore locations for case C1. The locations selected here correspond to gauges G1,
G6, G10, G13. The amplitude spectra obtained from the free surface elevation
data of the numerical model (blue dashed line) and laboratory experiments (red
solid line) are displayed. Moreover, amplitude spectra of free surface elevation
predicted at the wave paddle location by second order (black line) and first order
theory (green line) are also represented in figure 5.8. These theoretical spectra
are represented at gauges G1 and G6, G10, G13 in order to emphasize the spatial
redistribution of wave energy during the shoaling and breaking processes. Ampli-
tudes are presented on a logarithmic scale in order to visualize in the same figure
infragravity and primary bands that cover a large range of values.

At the most seaward location, the “top hat” spectral shape of measured data
for the frequency range corresponding to primary short wave components is prop-
erly reproduced by the model. The predicted amplitude of the first superharmonic
(in the frequency range 1.4 < f < 1.6 Hz for case C1) agrees well with laboratory
data. Furthermore, long wave components are satisfactorily reproduced by the
model and the additional energy not predicted by theory is attributable to long
wave reflection at the shoreline and wave maker. At shoreward locations, the
original “top hat” shape is modified and energy is redistributed between wave
components. The energy is transferred into components at frequencies slightly
higher than the upper limit of the primary wave band, consistent with the tran-
sient wave group behavior described by Rapp & Melville (1990). Moreover, am-
plitude increases in the superharmonic band due to wave shoaling is clearly visible
(gauge G6). Inside the surf zone (gauges G10 and G13) wave breaking and con-
sequent enhanced turbulence cause a decrease of primary components as well as
superharmonics. Energy dissipation of the primary components is stronger for
the frequencies close to the upper limit of the primary wave band. Low frequency
amplitudes increase across the whole nearshore region as a result of shoaling of
long waves and energy transfer from higher frequency components. Inside the
surf zone, the energy concentrated in low frequency components represents a sig-
nificant part of the total wave energy. Summarizing, we can say that at every
location and within the entire frequency domain, amplitudes from numerical re-
sults are in very good agreement with those obtained from laboratory data. Only
for the punctual frequency of 0.04 Hz (= 25 s) there is a sensible mismatch at
gauges G1, G10 and G13. At this frequency, which corresponds to the oscillation
period of the flume, numerical results are higher than laboratory data. So, while
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Figure 5.8: Amplitude spectra, case C1. Red line, observed; blue line, predicted by
the model; green line, predicted by linear theory at wave paddle location; black line,
predicted by second-order theory at wave paddle location. (a) Gauge 1; (b) gauge 6;
(c) gauge 10; (d) gauge 13.

the seiche is dissipated in the real flume by friction forces during the experiment,
in the numerical flume the dissipation is less effective. This can be a result of
neglecting friction forces on the side-walls of the flume by a 2DV model, while
the model employs a no-slip boundary condition on the bottom. Since gauge
G6 is located close to the center of the flume close to the node of the seiche, no
amplitude peak is observed at f = 0.04 Hz.

5.5 Wave transformation analysis

In the validation procedure, the active absorption at the wave maker has not
been implemented in order to correctly reproduce the laboratory conditions. In
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this section, the active absorption at the wave maker is turned on. This allows the
outgoing long waves to leave the computational domain avoiding the interaction
with the long wave reflected at the wave maker.

The analysis techniques used in this section are the same as those described in
section 5.4. Since the spatial laboratory sampling does not enable an exhaustive
plot construction in the ⟨τ, x⟩ or ⟨t, x⟩ planes, the very high spatial resolution
numerical data are used to overcome this limitation. Therefore, contour plots of
cross correlation function in the ⟨τ, x⟩ plane as well as contour plots of surface
elevation or short wave envelope in the ⟨t, x⟩ plane are constructed from numerical
data.

5.5.1 Free surface and short wave group evolution

The contour plot of surface elevation for case C1 is illustrated in figure 5.9.
Note that due to the color scale chosen, the surface elevations lower than 0 m are
colored dark. This allows a direct observation of the long wave trough reflected
from the shore at t ≈ 110 s. In the upper portion of the figure the run-up is
specified. The propagation path defined by the group velocity calculated from
linear theory using the central frequency, fc, is also illustrated by a white dashed
line, its mathematical expression being:

Finc(t, x) =

∫ x

x0

1

cg
dx− (t− t0) = 0 (5.18)

The values of x0 and t0 are chosen in order to superpose the dashed line over the
propagation path of the short wave envelope peak. Breaking of the largest waves
in the group occurs at x ≈ −6.5 m, just before the horizontal bottom region with
0.2 m depth. It is possible to note that the celerity of the short waves ahead
of the group is higher than predicted by linear theory in the inner surf zone for
x ≥ −1.5 m (linear theory predicts that in shallow water wave celerity tends
to group celerity indicated by the white dashed line). On the contrary, waves
that reach the inner surf zone, corresponding to the group peak predicted path,
interact with the long wave trough and propagate slower than expected from
theory. Swash zone motion appears to be driven by two short wave bores leading
the short wave group and enhanced by the long wave crest, a large run-up event
is generated.

The high spatial resolution of the numerical results enables the construction
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Figure 5.9: Space-time evolution of surface elevation, case C1. Dashed line illustrates
the group path propagation predicted by linear theory. Horizontal lines indicate the
bottom slope changes. Solid line in the upper portion indicates the run-up on the beach
face. Elevation in m.

of the short wave envelope in the ⟨t, x⟩ plane. Figure 5.10 shows the contour plot
of the space and time evolution of the short wave envelope A for case A2 (figure
5.10a) and C1 (figure 5.10b). The velocity propagation appears to be equal to the
group velocity as predicted by linear theory. A strong decrease in peak amplitude
due the short wave energy dissipation is observed at the breakpoint. For case C1,
the collapse of the envelope peak leads to the formation of two separated little
peaks that propagate ahead of and behind the original envelope ridge, pointing
out a weak groupiness inversion in the surf zone for x > −5 m. Total dissipation
of short wave energy in the inner surf zone cancels any leftover of wave envelope;
no reflection is observed at the shoreline.
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Figure 5.10: Space-time evolution of short wave envelope. a) case A2 and b) case
C1. The dashed line illustrates the group path propagation predicted by linear theory.
Horizontal lines indicates the bottom slope changes. Elevation in m.

5.5.2 Evolution of the low frequency component

The evolution in the spatial and time domain of the low frequency component
is shown through a contour plot in figure 5.11. The position where a slope change
occurs is indicated in the figure by a black horizontal line. The gauge location is
similarly indicated by horizontal numbered white lines. The contour plot extends
seaward from x = 0 m. On the upper portion the low frequency component of
run-up along beach face is displayed. The shoreward propagation path of the
long bound wave predicted by linear theory using group velocity of the central
primary wave (fc) is indicated by the white dashed line. In the same way, seaward
propagation of reflected long wave calculated with shallow water wave celerity
(
√
gh) is shown. The mathematical expression of the reflected predicted path is:

Fref (t, x) =

∫ 0

x0

1

cg
dx+

∫ 0

x

1√
gh
dx− (t− t0) = 0 (5.19)
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For case A2 (figure 5.11), the long wave trough appears to propagate with group
celerity until strong shoaling and breaking of short waves take place over the
sloping bottom. Then a time shift is observed and in the surf zone the bound
long wave celerity appears slower than the theoretical group velocity. The long
wave trough is amplified by the increasing radiation stress gradient in the shoaling
zone and the intensified forcing due to decreasing depth over the beach profile,
reaching a minimum value inside the surf zone. A sudden growth of the long wave
crest preceding the long wave trough is observed just offshore of the breakpoint
(x = −2 m). This positive surge drives a low frequency run-up on the beach face,
then a positive pulse radiates offshore. Interaction between the positive pulse
due to the reflection of the long wave crest at the shoreline and the incident long
wave trough generates a transient standing wave node at x ≈ −1.5 m that lasts
approximately 5 s. Seaward propagation of the long wave reflected at shoreline
seems to be well described by linear shallow water wave theory, pointing out that
outgoing waves behave as free waves. The positive pulse due to the reflection of
the long wave crest is followed by a negative pulse due to the reflection of the
bound long wave trough at the shoreline. The amplitude of the reflected negative
pulse is smaller than that of the incident bound wave trough in the inner surf
zone. The process of reduction of the negative pulse appears to be linked to
the superposition of long waves generated within the surf and the swash zone
(Baldock, 2006) rather than to the dissipation due to bottom friction (Henderson
& Bowen, 2002). Therefore, the presence of the outgoing positive pulse which
propagates from the shoreline at t ≈ 115 s can be explained as a low frequency
wave generated within the surf and swash zone.

Additionally, a long wave trough is observed to lead the positive pulse due to
the reflection of the long wave crest at the shoreline. This negative pulse appears
to be generated from the breakpoint and it propagates offshore with shallow water
wave celerity. Direct radiation of a long wave trough from the breakpoint was
observed by Baldock (2006) and is consistent with theoretical models (Symonds
et al., 1982; Schaffer, 1993). Moreover, a weak positive pulse propagating offshore
leads the negative pulse from the breakpoint. This outgoing long wave crest can
be considered as a free wave due to the reflection of the forward positive surge
over the sloping bottom for x ≥ −4 m, enhanced by a long wave radiated during
the amplification of radiation stress forcing as the short wave group shoals in
intermediate depths.
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Figure 5.11: Evolution of low-frequency surface elevation, case A2. Dashed line illus-
trates the group path propagation predicted by linear theory. Black horizontal lines
indicate the bottom slope changes. White horizontal lines show the location of wave
gauges. Solid line in the upper portion indicates the low-frequency component of the
run-up on the beach face. Elevation in m.

5.5.3 Cross correlation analysis

The relation between the short wave envelope and long wave motion is in-
vestigated through a cross correlation analysis of the numerical results. Figure
5.12 illustrates the cross correlation function RηA between low frequency motion
and squared short wave envelope for case B2, measured at the same location.
The white dashed line indicates the travel time required for the groups of waves
to reach the shore with group velocity and for long waves to travel back to the
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specified location with shallow water wave celerity:

F (τ, x) =

∫ 0

x

(
1

cg
+

1√
gh

)
dx− τ = 0 (5.20)

A strong negative correlation at zero time lag is observed near the wave gen-
eration region (x < −14 m). This is consistent with bound long wave trough
propagating under the peak of the short wave envelope. However, as the wave
group approaches the shore, the time lag tends to increase assuming small posi-
tive values indicating a time delay of the low frequency motion with respect to the
short wave group, as observed by Janssen et al. (2003). The positive correlation
at τ ≈ −6 s indicates the presence of a positive surge shoreward propagating in
front of the short wave group. Outside the surf zone, the positive surge appears
to travel at the group celerity suggesting that it is driven by local forcing of the
short waves. Due to the increasing long wave crest during shoaling the positive
correlation also increases toward the shore until the breakpoint is reached. Then
a small discontinuity between gauges G8 and G9 is observed. This can be as-
cribed to the sudden shoaling and the subsequent breaking of the greater waves
in the group that produces a displacement of the envelope peak ahead of the
group. Moving further toward decreasing depth, the positive correlation ridge
experiences a strong discontinuity and the time lag changes from τ ≈ −6 s to
τ ≈ 0 s very close to the shoreline (x ≥ −1.5 m). The positive correlation be-
tween long wave motion and short wave group at near zero time-lag is due to
the fact that in very shallow water low frequency motion strongly influences the
propagation pattern of short wave groups. Short waves above the crest of the
long wave experience a shoreward current and propagate in deeper water than
short waves just in front of them: a convergence of wave bores can take place. A
weak negative correlation is observed along the white dashed line. This indicates
that the bound wave trough propagating with the wave group is released as the
short waves break and, after reflection at the shoreline, propagates offshore with
shallow water wave celerity. Inside the surf zone (for x > −5 m), a possible super-
position of long waves generated inside the surf and the swash zone in conjunction
with the deformation of the group structure due to the short wave breaking cause
a negligible correlation along the white dashed line. The positive correlation due
to the reflection of the forward positive surge leads the negative correlation path
of long wave trough already commented. A long wave trough preceded by a long
wave crest appears to be radiated direct seaward from the breaking zone.
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Figure 5.12: Cross correlation between low-frequency motion and |A|2, case B2. Black
horizontal lines indicate the bottom slope changes. White horizontal lines indicate the
location of wave gauges. White vertical line indicates the zero time lag and dashed
white line indicates summed travel times determined from the wave celerity.

5.5.4 Radiated free waves

Here, the numerical model is applied for the study of the bottom slope and
the short wave steepness influence on the radiation of free long waves from the
breakpoint. New simulations are conducted for the cases with a relatively low
central frequency (fc = 0.583 Hz). Hence, cases A2, B2 and C2 are simulated
keeping the same wave characteristics already described but changing the beach
slope. Three different profiles with a uniform bottom slope, hx, equal to 1:20,
1:30 and 1:40 are analyzed. The toe of the slope is kept at 8.6 m from the
zero position of the wave maker. A mesh grid with the same spatial resolution
of the grid described in section 5.4 is introduced. The grid is uniform in the
vertical direction with ∆z = 0.5 cm. In the horizontal direction, grid cell size ∆x



86 CHAPTER 5. LONG WAVES INDUCED BY A SHORT WAVE GROUP

Table 5.4: New simulated cases
Case β hx Case β hx Case β hx
A2-1 0.55 1:20 A2-2 0.36 1:30 A2-3 0.27 1:40
B2-1 0.55 1:20 B2-2 0.36 1:30 B2-3 0.27 1:40
C2-1 0.55 1:20 C2-2 0.36 1:30 C2-3 0.27 1:40

varies between 0.8 cm in the swash zone and 1.2 cm close to the wave paddle.
New simulated cases with the corresponding normalized bed slope parameter are
summarized in table 5.4. The normalized bed slope parameter, β, was introduced
by Battjes et al. (2004) to differentiate between mild slope regime and steep slope
regime:

β =
hx
kh

≈ hx
ω

√
g

h
(5.21)

where h and hx are representative values of depth and bottom slope in the shoal-
ing zone; k and ω are the long wave number and angular frequency. Battjes et al.
(2004) stated that in the steep slope regime, the breakpoint generated waves rep-
resent an important fraction of the total nearshore low frequency energy. Taking
hx(eq)=1:25 and h = 0.3 m as representative bed slope and depth in the shoaling
zone, we find β ≈ 0.44 indicating a steep slope regime (we refer to an equivalent
bottom slope, hx(eq), to indicate that the slope is not constant along the pro-
file). The new simulations conducted changing the beach slope bring values of β
between 0.55 (for hx=1:20) and 0.27 (for hx=1:40).

The presence of long waves radiated directly from the breakpoint, as noticed
above and as observed by Baldock (2006), is consistent with theoretical models
(Symonds et al., 1982; Schaffer, 1993). Using the linear, constant depth solution,
Nielsen et al. (2008) suggested that a sudden growth of the radiation stress forcing
in the shoaling zone can generate a positive pulse propagating ahead of the group.
Nielsen & Baldock (2010) identified the strong long wave crest outside the surf
zone observed in previous experiments (Baldock, 2006) as a free wave propagating
onshore. Since the radiation stress growth occurs in the shoaling zone over a
sloping bottom, the constant depth solution remains only qualitative.

The negative pulse radiated offshore from the breakpoint, observed in the
present experiments and reproduced by the numerical model, can be explained
as a breakpoint generated free wave. In agreement with previous experiments of
Baldock et al. (2000) and Baldock & Huntley (2002), Battjes et al. (2004) noticed
that the relative importance of the breakpoint generated waves over the incident
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bound waves increases with increasing bed slope. They stated that breakpoint
generation is ineffective in the mild slope regime, for say βb < 0.3 (βb is calcu-
lated with depth at breaking). The amplitude of radiated long waves, for weakly
modulated bichromatic wave groups, varies due to the changing position of the
breakpoint. For a transient focused group with the breakpoint located in inter-
mediate depths, this phenomenon seems to be strictly related to the breaking
type and then to the rate of decrease of radiation stress forcing in the surf zone.
As short waves break in intermediate depths, the long wave released from the
breakpoint is not a shallow water wave and a transformation of the propagation
pattern (in essence a reduction in the incident trough amplitude and the gener-
ation of free long waves) is needed as the radiation stress forcing decays. So, it
appears that the short wave breaking type and the radiation stress dissipation
rate in the surf zone strongly influence the long wave released at the breakpoint
(Baldock & O’Hare, 2004). It is worth mentioning that the bed slope parameter
does not bring information on the local characteristics of short waves. Since the
breaking type is mainly controlled by the bed slope and the short wave steepness,
the importance of the breakpoint generated free wave is expected to increases
with the Iribarren number (Ir = hx/

√
H/L0).

The relation between the breakpoint generated outgoing wave and the in-
coming bound wave at gauge G1 location is investigated using the simulations
conducted with different beach slopes. For each simulation, gauge G1 lies at the
same distance from the wave paddle and thus the distance from the origin of the
horizontal co-ordinate increases for decreasing beach slope. Figure 5.13 shows
the low frequency free surface elevation time series at gauge G1. The negative
pulse breakpoint generated is observable at t ≈ 108 s, t ≈ 112 s and t ≈ 115 s
in figures 5.13a, 5.13b and 5.13c, respectively. No breakpoint generated wave is
noticed in figure 5.13d.

The ratio (γ = Arad/Ainc) between the breakpoint generated outgoing wave
and the incoming bound wave both at gauge G1 is related to both the Iribarren
number, Ir, and the normalized bed slope parameter, β, in table 5.5. From the
table it can be noted that for a given β the relative importance of the outgoing
radiated wave, γ, increases with Ir and as the wave steepness decreases. Fur-
thermore, for decreasing beach slope, and thus decreasing β and Ir, the relative
importance of the outgoing radiated wave also seems to decrease. Finally, for
β = 0.27 no significant breakpoint generated wave is detected. This is consistent
with Battjes et al. (2004) who stated that breakpoint generation is ineffective
under a mild slope regime.
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Figure 5.13: Long wave elevation at gauge G1. solid line, total free surface elevation;
thick line, long wave elevation (right scale). (a) case A2-1, hx =1 : 20, (b) case A2, hx
(eq)=1 : 25, (c) case A2-2, hx =1 : 30, (d) case A2-3, hx =1 : 40.

5.5.5 Influence of a flat bottom

Finally, we are mainly interested in the analysis of the effects that the presence
of a large flat bottom induces on the propagation pattern of long waves. In
particular, attention is focused on the propagation of the long wave crest in
front of the group and the subsequent run-up produced on the beach face. The
flat bottom region is introduced since it resembles a morphological feature such
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Table 5.5: Relative importance of breakpoint generated waves
β Case Ir γ Case Ir γ Case Ir γ

0.55 A2-1 0.44 0.63 B2-1 0.32 0.45 C2-1 0.27 0.29
0.44 A2 0.35 0.61 B2 0.26 0.44 C2 0.21 0.20
0.36 A2-2 0.29 0.26 B2-2 0.22 0.15 C2-2 0.18 0.06
0.27 A2-3 0.22 ≈ 0 B2-3 0.16 ≈ 0 C2-3 0.13 ≈ 0

as a submerged marine terrace, often present on continental shelves. A new
simulation, called A2-flat, is conducted for case A2 in which the bottom profile is
obtained using the same geometry of the laboratory but extending the 0.2 m deep
horizontal bottom section from 2 m to 12 m. The mesh grid resolution is similar
to that described previously: the grid is uniform in the vertical direction with
∆z = 0.5 cm, while in the horizontal direction ∆x varies between 0.8 cm in the
swash zone and 1.2 cm close to the wave maker. We chose the wave condition of
case A2 since breaking occurs at x ≈ −2 m and therefore the flat bottom part lies
in the shoaling zone. In figure 5.14, the time history of low frequency free surface
is shown at gauge G13 for the simulation A2-1, A2 and A2-flat. We recall that
for these simulations the wave characteristics at the wave maker are the same,
and the bottom profile differs only in the flat bottom part of 0.2 m depth (see
figure 5.15 where the upper part of the profile is drawn). For each simulation,
gauge G13 is kept at the same distance from the shoreline (x = −2.91 m). As
can be seen in figure 5.14 a slight increase of the incident bound long wave trough
takes place. More evident is the strong growth of the positive surge in front of
the group. At gauge G13 the positive surge amplitude is 0.8 mm, 1.4 mm and
3.4 mm in figures 5.14a, 5.14b and 5.14c, respectively. The strong increase of the
long wave crest in front of the group can be explained considering this positive
surge constituted by a superposition of the positive part of the bound long wave
(Baldock, 2006) and free waves radiated ahead of the group as short waves shoal
in intermediate depths (Nielsen & Baldock, 2010).

Figure 5.15 illustrates the spatial evolution of the low frequency component
and the short wave envelope taken at the time instant when maximum amplitude
positive surge occurs at gauge G13 (see figure 5.14). For case A2-flat (figure
5.15c), the entire group structure is propagating above the constant depth (0.2
m deep) region. As a consequence of the smaller depth, all the short waves in
the group have already shoaled and are steeper than in the case with constant
slope (figure 5.15a). The marked radiation stress gradient in conjunction with the
intensified forcing due to decreasing depth enhances the long bound wave crest
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Figure 5.14: Long wave elevation at gauge G13 (x =-2.91 m). Thin line, total free
surface elevation; thick line, long wave elevation (right scale). (a) Case A2-1, hx =1 :
20, (b) case A2, hx (eq)=1 : 25, (c) case A2-flat, hx (eq)=1 : 50.

in front of the group. Furthermore, free long waves radiated ahead of the group
from the shoaling zone can play an important role in determining the positive
surge shape. It turns out that the distance from the toe of the beach, which
corresponds to the point where the shoaling process starts, to gauge G13 is larger
for the case with a flat bottom. Along this distance, it is expected that free long
waves radiated ahead of the group during the shoaling of short waves are able to
partially separate from the bound wave trough. The long wave development is
the result of the time Tf spent by the group of length Lg over the flat bottom
in comparison to the time Ts required for complete separation (Nielsen, 2009).
With the flat bottom geometry, Tf = 9.8 s and Ts = Lg/[

√
gh − cg] = 88.7 s;

this means that although the 12 m flat section appears sufficiently long to allow
a significant positive surge enhancement by free waves, it is not long enough to
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obtain a complete separation from the long wave trough. In figure 5.15a the
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Figure 5.15: Spatial evolution of long wave elevation. Solid line, total free surface
elevation; grey dashed line, wave envelope; black dashed line, long wave elevation (right
scale). (a) Case A2- 1, hx =1 : 20, t =96.7 s; (b) case A2, hx (eq)=1 : 25, t =98.4 s;
(c) case A2-flat, hx (eq)=1 : 50 t =107 s.

envelope appears almost in anti-phase with the low frequency motion indicating
that local forcing governs the long wave propagation. While, a significant phase
lag between the envelope peak and the long wave trough is observed in figure
5.15c. This suggests that, with a long flat bed, the long wave shape is strongly
affected by free waves which play a prominent role in the enhancement of the
total positive surge observed at gauge G13.

Since short waves are allowed to propagate in very shallow water on the crest
of the low frequency motion (Janssen et al., 2003) (note the positive correlation
for x ≥ −1.5 m at near zero time lag observed in figure 5.12 for case B2), the
strong long wave crest observed with a flat bottom is expected to enhance the
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Figure 5.16: Vertical swash spectra. Solid line: case A2-1; dashed line: case A2; dashed-
dotted line: case A2-flat. The vertical dashed line at f = fc/2 is the division between
the infragravity and sea swell band.

run-up along the beach face. Vertical swash energy spectra for cases A2-1, A2
and A2-flat are shown in figure 5.16. For all cases, the higher dissipation rate
experienced by incident frequencies leads to run-up spectra dominated by surf
beat which represents the main forcing of the swash zone hydrodynamics. While
energy contained in the incident primary band is pretty the same for the cases
represented in the figure, a significant enhancement of subharmonic components
in case A2-flat is clearly observable. The peak frequency of swash oscillations
is about 0.8 Hz, thus consistent with the group period at the focal point, see
table 5.3. The maximum run-up predicted by the model is 2.5 cm for the case
A2-flat and lower than 2 cm for cases A2-1 and A2. Therefore, with the same
wave characteristics in the open sea, the flat bottom appears to be responsible
for the generation of a significant increase of the run-up on the beach face.

5.6 Summary

In this chapter, cross shore propagation of long waves induced by a transient
short wave group has been studied by means of numerical modelling. Dataset
obtained by a new laboratory experiments have been used to validate the RANS
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type model IH-2VOF. Short wave groups with different central frequency and
short wave steepness have been generated and focused at the breakpoint of the
short waves. Free surface elevation data have been measured simultaneously at
different cross shore locations both outside and inside the surf zone.

Model validation has been conducted to test the ability of a RANS type model
IH-2VOF to study low frequency processes in the nearshore zone. A great effort
has been paid to the generation and absorption procedure. Numerical wave gen-
eration has been carried out simulating the wave maker movement by means of
a moving body algorithm. Comparisons between numerical and laboratory free
surface time history have proven the high accuracy of the model in reproducing
both gravity and infragravity wave transformation. The model is able to repro-
duce shoaling and breaking of short waves. Moreover, the enhancement of long
waves and the energy transfer to low frequency motion is well addressed by the
model.

In steep slope regime, a gentle positive pulse radiated directly from the shoal-
ing region, due to a superposition of a partial reflection of the long wave crest
in front of the group and outgoing free long waves, is noticed. Moreover, a long
wave trough radiated directly from the breakpoint is detected in the laboratory
and predicted by the model. By changing the bottom profile, the model is ap-
plied to study the influence of the Iribarren number and the bed slope parameter
β (Battjes et al., 2004) on the breakpoint long wave generation. For a given β,
an increase of relative importance of breakpoint generated long wave over the
incident bound long wave as a result of the increase of the Iribarren number is
observed. For gentle slope, no significant radiated long wave is detected. This
is consistent with (Battjes et al., 2004). So, especially for transient wave groups
that break in intermediate depths, it appears that the outgoing long wave re-
leased at the breakpoint is controlled by both the bed slope parameter and the
Iribarren number.

Finally, a new simulation is conducted to study the influence of a large flat
bottom region on the propagation pattern of incident long waves. It is observed
that, as the group propagates above the flat bottom located outside the surf zone,
a strong long wave crest in front of the group is generated. The flat bottom region
seems to be responsible for the development of a strong radiation stress forcing
and at the same time enables a partial separation ahead of the group of incident
free long waves radiated from the shoaling region. Furthermore, the marked long
wave crest observed with the flat bottom significantly enhances the subsequent
run-up on the beach face.
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Chapter 6

Energy balance within the surf
zone

6.1 Introduction

Wave motions at sea and swell frequencies represent the main forcing of the
nearshore circulation. As swells approach the shore, a significative amount of
energy is nonlinearly transferred from the peak of the incident wave spectrum
to both higher- and lower-frequency waves. On natural beaches, the breaking
process causes strong dissipation of energy contained in the sea-swell and higher-
frequency bands. On the other hand, due to their low wave steepness, subhar-
monic waves usually experience both small energy dissipation inside the surf zone
and strong reflection at the shoreline. As a result, low-frequency oscillations often
dominate the wave motion in the inner surf and in the swash zone (Huntley, 1976;
Guza & Thorton, 1982).

Munk (1949) and Tucker (1950) reported for the first time the presence of free
surface oscillations at short-wave group periods and coined the term “surf beat”
for such low-frequency motions (also the term “infragravity waves” is now widely
used). Longuet-Higgins & Stewart (1962) successfully explained the mechanics of
infragravity waves identifying the forcing in the radiation stress gradient related
to short-wave groups outside the surf zone. It is well accepted that inside the
surf zone, where the radiation stress decreases and groupiness is strongly damped
out, long waves bound to wave groups are not destroyed but they are likely to
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be released as free waves. Another different (and complementary) generation
mechanism of surf beat was proposed by Symonds et al. (1982). According to
that theory, the forcing is represented by the radiation stress gradient related to
short-wave breaking in that part of the nearshore which intermittently lies in the
surf zone as a result of the oscillations of the breakpoint.

The Longuet-Higgins & Stewart (1962) and Symonds et al. (1982) theories
have revealed the importance of radiation stress in surf beat generation. Energy
transfer between short and long waves occurs as a result of the work done by
the radiation stress (Phillips, 1977; Schaffer, 1993), yielding a growth rate of
the forced long waves potentially exceeding the rate predicted by the Green’s
law (conservative shoaling). Moreover, inside the surf zone, infragravity energy
losses have been observed in field, laboratory as well as numerical experiments
(Sheremet et al., 2002; Baldock et al., 2000; Battjes et al., 2004; Madsen et al.,
1997; Torres-Freyermuth et al., 2010). Although bottom friction acts over the
entire domain to dissipate wave energy (Henderson & Bowen, 2002), it seems
that breaking of long waves (van Dongeren et al., 2007) and negative work done
by the radiation stress (Thomson et al., 2006; Henderson et al., 2006) are the
main agents for most of low-frequency energy dissipation observed inside the surf
zone.

Despite its theoretical and practical importance, only few publications deal-
ing with infragravity waves have reported a quantitative evaluation of radiation
stresses and their relation with infragravity motions. In many laboratory experi-
ments, see for example Baldock & Huntley (2002) and Janssen et al. (2003), the
forcing of infragravity motion is usually inferred from the short-wave envelope as
a consequence of the difficulty in obtaining the sufficiently detailed velocity field
measurements by means of customary instruments. In particular, Battjes et al.
(2004) provided a quantitative energy balance analysis in the shoaling zone but
they could not extend it to the surf zone due to the assumptions involved in the
radiation stress estimation.

The aim of this chapter is to perform a quantitative description of the cross-
shore evolution of the radiation stress in order to evaluate the energy transfer
between short and long waves in the nearshore. We take advantage of the refined
information provided by the numerical model IH-2VOF (Lara et al., 2011) to carry
out a detailed energy balance both outside and inside the surf zone. The results
of a set of numerical simulations for random wave cases over a sloping bottom
are presented and discussed. In particular, this chapter addresses two important
topics in nearshore hydrodynamics such as low frequency energy damping inside
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the surf zone and long wave reflection at the shoreline. These processes, in spite
of the increasing attention received in the last decade, are still not completely
understood. The role played by the different low frequency energy damping
agents are analyzed in order to identify which damping mechanism prevails within
the surf zone. With respect to chapter 5 which deals with the generation and
propagation of long waves, this chapter focuses the attention to the surf zone
where dissipative processes control the long wave transformation.

This chapter is organized as follows. Section 6.2 describes the numerical
model. The analysis techniques are provided in section 6.3. Section 6.4 illustrates
the results for the irregular wave cases. Conclusions are outlined in section 6.5.

6.2 Numerical model

6.2.1 Model description

The numerical model IH-2VOF (Lara et al., 2011), an updated version of
COBRAS-UC (Losada et al., 2008), solves the two dimensional 2DV Reynolds
Averaged Navier-Stokes (RANS) equations with a turbulence closure model. Ap-
plying the Reynolds decomposition for turbulent flows, the instantaneous velocity
and pressure fields are decomposed into mean and turbulent components. The in-
fluence of turbulence fluctuations on the mean flow is represented by the Reynolds
stress tensor which is related to the strain rate of mean flow through a nonlinear
algebraic Reynolds stress model (Rodi, 1980; Lin & Liu, 1998). The problem is
closed using a k−ϵ model (Jones & Launder, 1972) with higher-order correlations
of turbulence fluctuations in k and ϵ replaced by closure conditions (Shih et al.,
1996). The free surface movement is tracked by the Volume Of Fluid (VOF)
method.

The use of a RANS model is motivated, amongst other different numerical
approaches, because nonlinearity and wave breaking are directly solved with no
pre-imposed assumptions. Several wave generation procedures are implemented
into the IH-2VOF model. An exhaustive description of the strength and weakness
of each method can be found in previous publications (Losada et al., 2008; Torres-
Freyermuth et al., 2010; Lara et al., 2011). In this work the moving boundary
method is used in order replicate the action of a piston type wave generator.
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6.2.2 Model set-up

A new set of numerical experiments is carried out over a geometry reproducing
a physical wave flume. The working water depth h0 is fixed at 0.4 m during the
experiments. The fixed, smoothed bathymetry is made up of a horizontal bottom
part that extends up to the toe of the beach located at 10.64 m from the wave
maker and a constant slope part that reaches the end of the flume. Two plane
beaches with a slope hx of 1:20 and 1:30 are introduced in order to resemble
relatively steep profiles (the incoming wave conditions considered in section 6.4.1
lead to relative bottom slopes S = hxL0/h0, L0 being the wave length in the
generation region, ranging between 0.23 and 0.34). The origin of the co-ordinate
system is fixed at the intersection of the still water level with the bottom, with
the horizontal axis positive shoreward. The bottom profiles for the two slopes
are shown in figure 7.1.
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Figure 6.1: Numerical wave flume. a) 1-cases, bottom slope=1:20; b) 2-cases, bottom
slope=1:30

The numerical mesh is 0.6 m high extending up to 0.2 m (see the reference
system introduced). In the horizontal direction it extends from 1 m behind the
zero position of the wave maker up to the point where the vertical coordinate of
the bottom profile reaches the value of 0.1 m. The grid system provides a uniform
spatial resolution ∆z of 0.5 cm in the vertical direction while the horizontal
resolution ∆x varies from 1.2 cm in the generation region to 0.8 cm in the swash
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zone. The time step, automatically adjusted during the simulation to fulfill the
stability conditions, lies between 10−4 and 10−2 s in the simulated cases. The
time required to simulate 10 s is of the order of an hour in a standard PC.

6.2.3 Model validations

The IH-2VOF model has been mainly used in investigations addressing wave-
structure interactions (Losada et al., 2008; Lara et al., 2008; Guanche et al.,
2009). In addition, the model has been successfully applied to simulate surf zone
hydrodynamics on prototype (Torres-Freyermuth et al., 2007) as well as labora-
tory (Torres-Freyermuth et al., 2010) gently sloping beaches. More recently, Lara
et al. (2011) investigated long-wave forcing by a transient wave group focused at
the breakpoint of the short waves. The detailed validations provided by the men-
tioned studies have attested the ability of the IH-2VOF model to satisfactorily
reproduce the surf zone processes subject to different wave conditions and bot-
tom profiles for both laboratory and field cases. As a consequence, in this work,
the simulated wave cases are not contrasted with new laboratory experiments
for validation and we refer to the validation provided by Lara et al. (2011). In
particular, we present numerical experiments carried out over comparable spa-
tial domains with the same mesh resolution. Furthermore, Lara et al. (2011),
hereinafter referred to as L11, considered wave conditions characterized by an
Iribarren number Ir = hx/

√
H0/L0 (H0 and L0 being the wave height and wave

length in the generation region) ranging between 0.21 and 0.44. Referring back to
that study, in the present work we propose an analogous set of Ir varying between
0.21 and 0.43, see section 6.4.1. Table 6.1 compares the relevant geometrical pa-
rameters involved in L11 and in the present work, denoted by PW. MR refers to
“Mesh Resolution” in table 6.1.

MR MR
Study h0 [m] hx Generation Swash Ir

(∆x, ∆z) [cm] (∆x, ∆z) [cm]
L11 0.4 1:25 (1.2, 0.5) (0.8, 0.5) 0.21÷0.44
PW 0.4 1:20÷1:30 (1.2, 0.5) (0.8, 0.5) 0.21÷0.43

Table 6.1: Geometrical parameters

Summing up, the present numerical experiments are designed in strict analogy
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with the experiments carried out and validated by L11 in order to ensure the
necessary reliability of the results presented and discussed in section 6.4.

6.3 Analysis techniques

6.3.1 Decomposition techniques

In the classical approach, the depth-integrated nearshore circulation equa-
tions are averaged over a short-wave period in order to study the slowly varying
component of motion (Phillips, 1977; Mei, 1989; Svendsen, 2005). Here we ad-
dress the problem in a slightly different way and we separate the free surface and
horizontal velocity fields into a short-wave and a long-wave (or current) part by
means of a low-pass filter. The use a low-pass filter appears particularly suitable
when dealing with irregular waves.

Considering the case of normally incident waves, the separation of the free
surface η and the horizontal velocity u into low- and high-frequency components
yields:

η = ∥η∥(lf) + ηw = ηc + ηw (6.1)

u =
1

h+ ηc

∥∥∥∥∫ η

−h

udz

∥∥∥∥
(lf)

+ uw = U + uw (6.2)

where h is the still water depth, ηc and ηw denote the low-frequency and high-
frequency free surface displacement, uw is the horizontal short-wave velocity and
U is the horizontal slow-varying current. The long-wave component ∥·∥lf is ob-
tained by means of a Fourier-filtered low-pass time series with a cut-off frequency
of fp/2, in which fp denotes the peak frequency of the incident wave spectrum.
Note that the short-wave horizontal velocity component, uw, is obtained by sub-
tracting the low-frequency volume flux divided by depth from the total horizontal
velocity in accordance with Mei (1989). The separation of Mei (1989) is preferred
here to that proposed by Phillips (1977) since the former avoids the extrapolation,
with the corresponding uncertainties, of the current, U , and the short-wave ve-
locities, uw, above the trough level where water is only intermittently present and
neither the average nor the filter operator are uniquely defined there. Moreover,
it is worth mentioning that the adoption of the separation technique proposed by
Mei (1989) leads to a definition of the radiation stress that is equivalent to that
proposed by Phillips (1977), as demonstrated by Svendsen (2005).
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The depth-integrated energy equation for statistically steady low-frequency
waves states that, if the dissipative processes are negligible, the rate of work done
by the radiation stress is in balance with the long-wave energy flux gradient:

∂W

∂x
+ U

∂Sxx

∂x
= 0 (6.3)

where the overline denotes integrating over a time period sufficiently long to
ensure the steadiness of the low frequency motion. W and Sxx are, respectively,
the low frequency energy flux and the radiation stress, defined as (see Schaffer
(1993))

W = U(h+ ηc)(
1

2
ρU2 + ρgηc) (6.4)

Sxx =

∥∥∥∥∫ η

−h

ρ(u2w − w2
w)dz

∥∥∥∥
(lf)

+
1

2
ρg

∥∥η2w∥∥(lf)
(6.5)

in which g is the gravitational acceleration and ρ is the fluid density. In the
calculation of the radiation stress, the main contribution to the low frequency part
of the dynamic pressure comes from the vertical momentum flux of the organized
part of the motion. This is in accordance with the laboratory experiments of
Ting & Kirby (1994) who found that the normal turbulent stresses are small
even inside the surf zone,∥∥∥∥∫ η

−h

(p− ρg(η − z))dz

∥∥∥∥
(lf)

≈
∥∥∥∥∫ η

−h

−ρw2
wdz

∥∥∥∥
(lf)

(6.6)

The pressure, Sp, and momentum, Sm, contributions of the radiation stress are
defined as:

Sp =

∥∥∥∥∫ η

−h

−ρw2
wdz

∥∥∥∥
(lf)

+
1

2
ρg

∥∥η2w∥∥(lf)
(6.7)

Sm =

∥∥∥∥∫ η

−h

ρu2wdz

∥∥∥∥
(lf)

(6.8)

6.3.2 Separation of long waves over the horizontal bottom

Infragravity motions observed on continental shelves are a mixture of forced
waves, which are phase-coupled to swell and sea, and uncoupled free waves radi-
ated from shore or arriving from remote sources (Herbers et al., 1995a). In the
cross-shore direction, the total infragravity motion can be separated as:

ηc = ηb + η+f + η−f (6.9)
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U = Ub + U+
f + U−

f (6.10)

in which the subscripts b and f stand for bound and free waves and the super-
scripts + and - indicate shoreward- and seaward-directed components. In this
study, the separation of the total infragravity motion into bound and free waves
is conducted over the horizontal bottom region of the flume. The total bound
waves are obtained as a linear sum of the bound-wave contributions of each pos-
sible pair of primary-wave components. The surface level of the incident bound
wave ηb(i,j) generated by the difference interactions between two short-wave com-
ponents (i, j) is calculated from the formulation of Longuet-Higgins & Stewart
(1962):

ηb(i,j) = −
Sxx(i,j) − C(i,j)

ρ(gh− c2g(i,j))
(6.11)

where the subscripts distinguish between the wave components, cg denotes the
group celerity, Sxx(i,j) is the radiation stress delivered by the two components and
C(i,j) is an integration constant. To the lowest order of approximation Sxx(i,j) can
be written as:

Sxx(i,j) =
1

2
ρgA2

(i,j)

(
2cg(i,j)
c

− 1

2

)
(6.12)

where A2
(i,j) is the contribution of the two wave components to the squared mod-

ulation of a short wave system constituted by N wave components:

A2
(i,j) = a2i

(
1

N − 1
+

a2j
(N − 1)a2i

+ 2
aj
ai
cos(ψj − ψi)

)
(6.13)

in which a and ψ are the wave amplitude and the phase angle, respectively.
Equation (6.13) reduces to equation (2.33) of Schaffer (1993) for a short wave
system constituted by only 2 components. Imposing that the mean bound wave
free surface must be zero when averaged over a time period much longer than the
group period yields to:

C(i,j) =
1

2
ρga2i

(
1

N − 1
+

a2j
(N − 1)a2i

)(
2cg(i,j)
c

− 1

2

)
(6.14)

The horizontal velocity Ub of bound waves follows from continuity:

Ub(i,j) =
ηb(i,j)cg(i,j)

h
(6.15)

The total free surface level ηb and horizontal velocity Ub of bound waves related
by a primary wave system composed by N components is given by the sum of the
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interactions resulting from each pair of wave components:

ηb =
N−1∑
i=1

N∑
j=i+1

ηb(i,j) (6.16)

Ub =
N−1∑
i=1

N∑
j=i+1

Ub(i,j) (6.17)

Once the incident bound motion has been calculated, it is subtracted from the
total long waves obtaining a low frequency motion composed by free long waves
only:

ηf = ηc − ηb (6.18)

Uf = U − Ub (6.19)

The signal is then separated into incident and outgoing free long waves using the
colocated method of Guza et al. (1984):

η±f =
ηf ± Uf

√
h/g

2
(6.20)

U±
f = ±

cη±f
h

(6.21)

6.3.3 Separation of long waves over the sloping bottom

The separation between incident bound, incident free and outgoing free waves
presented in section 6.3.2 is not applicable over the sloping bottom since an ana-
lytical solution for incident bound waves is not known there. In fact, as pointed
out by Baldock (2006), no rigorous separation procedure exists for irregular waves
breaking over a sloping bottom. Nevertheless, many studies have successfully
discriminated between incident and outgoing waves in their infragravity wave
analysis demonstrating that the proposed separation procedures provide reliable
quantitative results (see for example Elgar & Guza (1985); Sheremet et al. (2002);
Battjes et al. (2004)).

In this work, the shoreward and seaward components of the low frequency
motion are decomposed applying the approach developed by Guza et al. (1984)
and successively modified by van Dongeren (1997) to account for the fact that
the incoming waves are predominantly forced and are thus propagating with the
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group celerity. The incoming and outgoing components of the low frequency of
the free surface elevations and horizontal velocity are calculated as:

η±c =
c(ηc − ηc)± (h+ ηc)U

cg + c
(6.22)

U± = ± cgη
±
c

h+ ηc
(6.23)

where the overline denotes the time integration over the entire time series, ηc
represents the steady set-up, cf =

√
g(h+ ηc) is the free long wave celerity and

cg is the group celerity set equal to the linear group celerity of the primary waves
at the peak frequency.

6.4 Results

In this section we present the analysis of ten irregular wave cases simulated
with the IH-2VOF model. Special attention is devoted to the analysis of the long-
wave component. The simulations are carried out with the wave flume geometry
and numerical mesh described in section 6.2.2. The present analysis is extended
up to the shoreward limit of the surf zone where h+ η > 0 at every time instant
coinciding with the land-most location that is always wet. Therefore, the swash
zone, defined as the region where water alternatively covers and uncovers the
beach face, is not analyzed and its effects are taken into account globally by
calculating the reflection coefficient at the shoreward limit of the surf zone (see
section 4.5).

6.4.1 Wave generation

Ten random-wave numerical simulations with varying significant wave height
Hs and bottom slope hx are carried out. The frequencies f1 and fN specify
the lower and upper limits for the primary wave band which is divided into a
high number N (in the order of 100) of equal increments ∆f . Successively, a
random selection over each increment provides the discrete frequency sequence of
the primary components. The Fourier amplitudes are specified in order to match
a JONSWAP spectrum with enhancement factor γ of 3.3. Finally, the phase
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Figure 6.2: Theoretical control signal, case 1-E. Black line: first order; grey line: second
order.

sequence is randomly selected from a uniform distribution over the range 0 and
2π.

The same phase and frequency sequences are used in order to conserve the
structure of the wave groups (Baldock & Huntley, 2002). The boundary condi-
tions for the numerical model are provided by a second order wave control signal
(Barthel et al., 1983) with active wave absorption in order to reproduce the long
bound waves minimizing the spurious free long waves generated and reflected at
the wave maker, see Lara et al. (2011). Figure 6.2 shows the comparisons be-
tween the first and second order input control signals for case 1-E. The second
order signal deviates from the first order signal to accomplish the boundary con-
dition for the horizontal velocity of the bound long wave forced by wave groups.
Each experiment is 350 s long. The data from the first 60 s are not included
in the following analyses in order to allow waves and mean currents to reach a
quasi steady state. Table 7.2 summarizes the ten cases with the corresponding
Iribarren number Ir and peak frequency fp.
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Case hx f1 [Hz] fN [Hz] fp [Hz] Hs [m] Ir
1-A 1:20 0.5 0.9 0.65 0.05 0.43
1-B 1:20 0.5 0.9 0.65 0.06 0.39
1-C 1:20 0.5 0.9 0.65 0.07 0.36
1-D 1:20 0.5 0.9 0.65 0.08 0.34
1-E 1:20 0.5 0.9 0.65 0.09 0.32
2-A 1:30 0.5 0.9 0.65 0.05 0.29
2-B 1:30 0.5 0.9 0.65 0.06 0.26
2-C 1:30 0.5 0.9 0.65 0.07 0.24
2-D 1:30 0.5 0.9 0.65 0.08 0.23
2-E 1:30 0.5 0.9 0.65 0.09 0.21

Table 6.2: Simulated wave cases

6.4.2 Nonlinear interactions in constant depth

Here we present an analysis of the nonliner interactions in the region of the nu-
merical flume characterized by a horizontal bottom with special emphasis on free
long waves in order to check the generation and absorption boundary conditions.
The energy spectra for case 1-A in the constant depth region of the flume are
plotted in figure 6.3. The spectral estimates, obtained from Fourier transforms
of a time series of 256 s sampled at 16 Hz, are smoothed by merging 3 frequency
bands leading to a final resolution of 0.0117 Hz. The dashed line denotes the
energy spectrum obtained from the numerical simulation, while the light solid
line is the theoretical second order spectrum calculated from the formulation of
Longuet-Higgins & Stewart (1960). The superharmonic (2f1 < f < 2fN) and
subharmonic (∆f < f < fN − f1) bands arise, respectively, as a result of sum
and difference interactions between the primary wave components. The simulated
data are in excellent agreement with the superharmonic band of the theoretical
spectra and the small energy excess just above the upper limit of the primary
frequency band (fN < f < 2f1) seems to be attributable to higher order inter-
actions not predicted by the second order theory (Freilich & Guza, 1984). On
the other hand, the simulated low frequency band shows significant discrepancies
from the theoretical spectra, as expected. This mismatch is more evident near
the upper limit of the subharmonic band and is likely to be due to free long waves
not predicted by the theoretical formulation.

Classical surf beat theories take into account a long-wave field outside the
surf zone composed only by incident bound waves and outgoing free long waves
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Figure 6.3: Energy spectra over the horizontal bottom, case 1-A. Solid line: second
order theory; dashed line: simulated.

generated in the surf zone and (or) reflected by the sloping bottom (Longuet-
Higgins & Stewart, 1962; Symonds et al., 1982). Therefore, minimum incident free
long-wave energy levels are desirable in the generation region of laboratory and
numerical studies, being an indicator of the high effectiveness of generation and
absorption algorithms. In this work the different long-wave modes are separated
in the constant depth region of the flume using the procedure described in section
6.3.2. It is worth mentioning that the procedure of section 6.3.2 strictly applies to
shallow water waves. In 0.4 m depth, linear theory states that the shallow water
wave condition (kh < π/10) is satisfied for waves at frequencies lower than 0.25
Hz. Therefore, the high-frequency tail (0.25 < f < 0.325 Hz) of the low-frequency
band lies outside the shallow water regime. However, due to the relatively low
values of the relative water depth (kh ≤ 1/7.5 for f ≤ 0.325 Hz) and the low
energy contained in the frequency band 0.25 < f < 0.325 Hz with respect to the
total low-frequency energy (see figure 6.4), we extend the analysis to the entire
low-frequency domain.

Figure 6.4 shows the comparisons between the incident and outgoing low-
frequency free surface energy spectra in the constant depth region of the flume.
Energy levels of both incident and outgoing free waves are much lower than those
of the bound long waves for the lower band (f < 0.08 Hz) of the subharmonic
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frequencies suggesting that the lowest frequency motion is principally dominated
by bound waves in the constant depth region of the flume. Furthermore, incident
free long waves show small energy levels over the entire low-frequency domain
consistent with a minimum free long-wave generation and a high absorption at
the wave maker.

Thus, the separation between long-wave modes in the constant depth region
points out that the excess of low-frequency energy in the numerical model with re-
spect to the theoretical formulation is almost totally attributable to free outgoing
long waves generated over the sloping bottom. The small values of low-frequency
incident free energy levels attest the high accuracy of the generation and the
absorption algorithms implemented in the model.
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Figure 6.4: Low frequency energy spectra, case 1-A. Solid line: incident bound; dashed
line: outgoing free; dotted line: incident free.

6.4.3 Radiation stress evolution

In laboratory wave flume experiments, the cross-shore evolutions of the mean
radiation stress is usually estimated from the mean water level information
(Svendsen & Putrevu, 1993). Laboratory experiments reporting a complete
derivation of the radiation stress obtained from velocity and free surface dis-
placement fields are scarce and only provide results at a limited number of loca-
tions (Stive & Wind, 1982). By means of RANS numerical simulations, Torres-
Freyermuth et al. (2007) provide a rigorous evaluation of the radiation stress. In
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that study the time average carried out within an interval of several wave periods
for irregular waves yields to the calculation only of the mean radiation stress and
thus omits the slow oscillations in time. In this work, the use of the low-pass
filter preserves the time dependence of the radiation stress and allows evaluating

the nonlinear term ∂Sxx

∂x
U involved in the energy balance equation (6.3). More-

over, the high spatial resolution provided by the model makes it possible to use
a quasi-continuous presentation of the radiation stress cross-shore evolution.
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Figure 6.5: Time series of radiation stress (grey line) and free surface elevations (black
line). a) x = 3.45 m; b) x = −2.45 m; c) x = −1.45

The free surface and radiation stress time series at different cross-shore loca-
tions for case 1-E are plotted in figure 6.5. The locations selected here correspond
to the shoaling zone (figure 6.5a), the outer breaking zone where only the largest
waves are breaking (figure 6.5b) and a point well inside the surf zone where al-
most all waves are broken (figure 6.5c). Outside the surf zone, the structure of
wave groups is well defined and clearly recognizable. Three main peaks of Sxx

with values higher than 8 N/m appear in correspondence of the groups of high
waves (Longuet-Higgins & Stewart, 1962). Inside the surf zone (figure 6.5c), the
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breaking process causes the dissipation and thus the reduction of wave height.
The modification of group structure is the result of the strong dissipation expe-
rienced by large waves which can potentially lead to a groupiness inversion. In
figure 6.5c the three peaks of Sxx identified outside the surf zone are disappeared,
while are instead recognizable many peaks in the order of 5 N/m pointing out a
wave field depth limited by breaking.
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Figure 6.6: Cross-shore evolution of Hrms and Sxx, case 1-A. a) Hrms; b) solid line:

total radiation stress Sxx, dark dashed line: momentum part Sm, light dashed line:
pressure part Sp

Figures 6.6 and 6.7 show the mean radiation stress Sxx variation over the
sloping bottom for cases 1-A and 1-E which are characterized by plunging and
spilling breaking, respectively. Moreover, the cross-shore variation of the root
mean square wave height Hrms is displayed in the upper panel of both figures. In
this work, the overline denotes time averaging over the entire time series, exclud-
ing the first 60 s in order to avoid start-up effects. The total Sxx, the pressure
contribution Sp, equation (6.7), and the momentum contribution Sm, equation
(6.8), are illustrated. The total radiation stress is enhanced in the shoaling zone
as a result of the increasing Hrms. The maximum radiation stress is located close
to the breakpoint xb, defined as the point where the higher value of Hrms is ob-
served. This is in accordance with the regular wave experiments of Stive & Wind
(1982). In the outer surf zone the radiation stress starts to decrease showing
mild negative gradients between xb and xo. Here xo is defined as the point where



6.4 Results 111

−8 −7 −6 −5 −4 −3 −2 −1 0
0

0.02

0.04

0.06

0.08
xb xoa)

H
r
m

s
[m

]

−8 −7 −6 −5 −4 −3 −2 −1 0
0

2

4

6
b)

x [m]

S
x
x

[N
/
m

]

Figure 6.7: Cross-shore evolution of Hrms and Sxx, case 1-E. a) Hrms; b) solid line:

total radiation stress Sxx, dark dashed line: momentum part Sm, light dashed line:
pressure part Sp

(Hrms/Hrms0)
2 = 0.75, Hrms0 being the offshore root mean square wave height.

Note that considering the wave energy directly proportional to H2
rms, it is possible

to state that a quarter of the offshore incident wave energy is dissipated between
xb and xo. In this work, the zone between xb and xo is what we refer to as the
outer surf zone. Shoreward of xo the largest negative radiation stress gradients
are observed. Case 1-A, see figure 6.6, shows a weak variation of the momen-
tum part seaward of xo consistent with the conversion of a significant amount
of potential energy into kinetic energy during the breaking process (Svendsen,
2005). On the other hand, the pressure part strongly decreases in conjunction
with the damping of wave amplitude. As a result of the different trends of the
two contributions, well inside the surf zone the momentum part overcomes the
pressure part and can constitute up to the 85 % of the total radiation stress.
The other simulated cases present a ratio between the momentum part and the
total radiation stress which ranges between 0.8 and 0.85 well inside the surf zone.
Linear wave theory predicts a ratio of the momentum part to the total radiation
stress equal to 2/3, while the theoretical approximation of Svendsen (2005) for
sawtooth shape waves including the roller brings a ratio of 0.8 which is in closer
agreement with these numerical results. Case 1-E, characterized by a relatively
low Iribarren number, shows similar features but with weaker gradients inside a
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broader surf zone. Analysis of cases characterized by a milder hx do not introduce
significant additional insights.

6.4.4 Energy balance

Many laboratory studies dealing with infragravity waves inferred the forcing of
the long waves from the short-wave envelope (Baldock & Huntley, 2002; Janssen
et al., 2003; Battjes et al., 2004) as a consequence of the lack of the sufficiently
detailed velocity field measurements required to calculate the radiation stress.
The calculation of the envelope is straightforward and allows direct identification
of the relationship between the wave groups and the long waves. However, signif-
icant uncertainties can arise inside the surf zone where the short-wave envelope
is poorly defined (Sobey & Liang, 1986). Battjes et al. (2004) carried out an
energy balance analysis limited to the shoaling zone since they calculated the
nonlinear energy transfer term neglecting the gradient of the amplitude of the
radiation stress considering its contribution much smaller than that of the spatial
phase variation. This assumption, as already pointed out by Battjes et al. (2004)
themselves, breaks down in the surf zone where strong radiation stress gradients
occur (see figures 6.6 and 6.7). In this work, no assumptions are involved in the
radiation stress calculation and the energy transfer analysis is extended within
the surf zone.

A cross-correlation analysis is conducted here to find out the relationship be-
tween the forcing and the low frequency motion. The normalized cross-correlation
function between two time series a(t) and b(t) is defined as:

Cab(τ) =
a(t)b(t+ τ)

σaσb
(6.24)

where τ is the time shift, σa and σb are the standard deviations of the two time
series, and the overline denotes time averaging over the time series length. Fig-
ure 6.8a illustrates the cross-correlation between the low frequency free surface
displacement ηc and the radiation stress Sxx measured at the same location for
case 1-E. In figure 6.8b we show the result of cross-correlating the low frequency
horizontal velocity U with the radiation stress Sxx measured at the same loca-
tion, for the same case. Near the toe of the beach (x =-8 m), the strong negative
correlations at zero time lag shown in figure 6.8a as well as in figure 6.8b are in
accordance with the solution of Longuet-Higgins & Stewart (1962) indicating that
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Figure 6.8: Cross-correlation between low-frequency motion and radiation stress, case
1-E. a) cross-correlation between low-frequency free surface displacement and radia-
tion stress, b) cross-correlation between low-frequency horizontal velocity and radiation
stress. The dashed white line indicates summed travel times determined from the wave
celerity.
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the local forcing drives the incident long-wave motion. As waves propagate over
the sloping bottom, shoreward increasing positive time lags reveal a delay of the
low-frequency motion with respect to the forcing suggesting that the long-wave
evolution induced by the bottom slope becomes significant. The positive correla-
tion for small negative time lags is consistent with a positive surge propagating
in front of the group constituted by the positive part of the long bound wave
(Baldock, 2006) and free long waves radiated shoreward as short waves shoal in
intermediate water (Nielsen & Baldock, 2010; Lara et al., 2011). Inside the surf
zone, for x >-1.5 m, figure 6.8a shows the positive correlation ridge passing from
negative values to zero lag as reported by previous studies (Janssen et al., 2003;
Torres-Freyermuth et al., 2010). The gradual change suggests that the short
waves in front of the group reach the positive surge and propagate above a long-
wave crest experiencing a positive current as can be inferred from figure 6.8b.
The observation of figures 6.8a and 6.8b indicates that the short-wave energy dis-
sipation is delayed as a consequence of the positive current and the temporarily
increased water depth. Thus, the highest broken waves are likely to approach the
moving shoreline when it is displaced shoreward with respect to its mean posi-
tion. This has an important effect on run-up oscillations and, consequently, on
dune erosion and damages to structures (Kamphuis, 1996). On the other hand,
the long wave trough enhances the breaking of the short waves in the rear part of
the groups which propagate with difficulty inside the surf zone. A weak negative
correlation due to the reflection at the shoreline of the long wave trough is ob-
served in figure 6.8a along the white dashed line which indicates the travel time
required for wave groups to reach the shore and for long waves to travel back to
the specified location. The mathematical expression of the predicted travel time
is:

F (τ, x) =

∫ 0

x

(
1

cg
+

1

c

)
dx− τ = 0 (6.25)

The reflection at the shoreline of the positive surge results in a weak positive
correlation for positive time lags. Moreover, figure 6.8a does not reveal a clear
presence of significant breakpoint-generated long waves whereas the positive ridge
of figure 6.8b is consistent with low-frequency currents associated with long waves
radiated directly seaward from the breaking zone. Baldock & Huntley (2002)
suggested that the breakpoint generation becomes ineffective for large values of
the normalized surf zone width parameter χ (Symonds et al., 1982). An equivalent
criterion was later provided by Battjes et al. (2004) who found that bound waves
overcome breakpoint generated waves for βs < 0.3. βs is the normalized bed slope
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parameters defined as:

βs =
hx
ω

√
g

h
(6.26)

Taking h = 0.25 m as a representative depth in the shoaling zone and ω = 2πfp/4,
we find βs ≈ 0.3 for case 1-E suggesting that breakpoint generated waves are not
negligible (Battjes et al., 2004). The fact that breakpoint-generated long waves
are hardly detectable in figure 6.8a while their significance is clear in figure 6.8b
seems to be strictly related to the transient nature of this type of waves. Fur-
thermore, interaction with long waves reflected from the shoreline can play a
role as well. In this work, we avoid going into the details of the mechanics of
breakpoint-forced long waves. In fact, the main purpose of the cross-correlation
analysis presented in this section is to study the relationship between the total
low-frequency motion and the forcing inside the surf zone and a separation be-
tween bound-released and breakpoint-generated long waves is beyond the scope
of this paper.
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Figure 6.9: Cross-shore evolution of a) mean energy flux and b) solid line: mean energy
flux gradient, dashed line: rate of work done by the radiation stress. case 1-E.

Figures 6.9 and 6.10 show the terms directly involved in the energy balance
equation (6.3) versus cross-shore distance for cases 1-E and 2-E, respectively.
The mean low frequency energy flux, W , takes positive values at the toe of
the beach (x=-8 m), as seen in figure 6.9a. Note that W is the net energy
flux constituted by the positive flux carried by incoming waves and the negative
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Figure 6.10: Cross-shore evolution of a) mean energy flux and b) solid line: mean
energy flux gradient, dashed line: rate of work done by the radiation stress. case 2-E.

flux carried by outgoing waves. Thus, positive values of W are consistent with
a long-wave motion dominated by incident waves. On the other hand, cases
characterized by lower incident swell energy show negativeW values at the toe of
the beach, suggesting that seaward-propagating long waves overcome shoreward-
propagating long waves in this region (see section 6.4.5). For case 1-E, over the
sloping bottom, the net energy flux is enhanced as waves approach breaking;
also in the outer surf zone, it continues to increase with the maximum values
observed close to the point xo. Hence, the ratio between incident and outgoing
long waves attains an absolute maximum in the outer surf zone in accordance with
the results obtained through bispectral analysis by Ruessink (1998). Well inside
the surf zone, the energy flux is damped out as a result of dissipation processes
which appear important there. In this paper, the term low-frequency energy
dissipation is used to denote both energy transfer to other frequency bands and
mechanical energy conversion into other forms. At the shoreward limit of the surf
zone for case 1-E, the energy flux tends to relatively small positive values (on the
same order of those observed at the toe of the beach). Long wave dissipation due
to swash processes thus appears weak in case 1-E. This implies a high, although
lower than unity, reflection coefficient (see section 6.4.5) for low frequency motion
at the shoreward limit of the surf zone as observed by Sheremet et al. (2002).

In order to analyze the role played by the interactions with the swell field in
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the enhancement and dissipation of the low frequency energy flux, the rate of

work done by the radiation stress (the nonlinear energy transfer term ∂Sxx

∂x
U) and

the energy flux gradient ∂W
∂x

are compared in figure 6.9b. In the shoaling zone
the nonlinear energy transfer term balances the positive energy flux gradient,
consistent with an energy transfer from short to long waves as a result of the
work done by the radiation stress. Even in the outer surf zone (xb < x < xo),
where the maximum energy transfer rate is observed, the positive energy flux
gradients are in balance with the nonlinear energy transfer term. Just shoreward
of xo the nonlinear energy transfer term roughly matches the energy flux gradient
which passes from positive to negative values. Thus, the dissipation of long-wave
energy observed in the middle surf zone appears to arise as a result of an inverted
energy transfer with infragravity waves transferring energy back to short waves.
A negative infragravity energy flux gradient balanced by the nonlinear energy
transfer term was already observed in the field experiments of Thomson et al.
(2006) and Henderson et al. (2006). However, in contrast with the present results,
Henderson et al. (2006) reported a dissipation of the infragravity waves starting
outside the surf zone. For the cases presented here, the inversion of energy transfer
occurs in the middle surf zone, just shoreward of xo where strong radiation stress
gradients due to short-wave breaking are observed (see figures 6.6 and 6.7). In
the inner surf zone the energy transfer term tends to decrease due to the strong
reduction of the radiation stress which becomes unable to drive the long-wave
motion. On the other hand, dissipation of infragravity energy is still present as
attested by the negative gradients of the energy flux. This pattern suggests that
the interaction with the swell field can hardly be responsible for the infragravity
energy loss in the most shoreward part of the surf zone. The energy balance
analysis for case 2-E (figure 6.10) and the other simulated cases (not shown)
brings analogous results.

6.4.5 Energy dissipation at the shoreline

The results shown in section 6.4.4 are obtained without the necessity to dis-
criminate between seaward and shoreward components of the low frequency mo-
tion. In this section, we present the results of the separation procedure described
in section 6.3.3 in order to quantitatively evaluate the energy dissipation in the
inner surf zone and the reflection coefficient at the shoreline.

The separation procedure allows analyzing the seaward and shoreward com-
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Figure 6.11: Cross-shore evolution of absolute values of shoreward (dark line) and
seaward (light line) low frequency energy flux. a) case 1-A; b) case 1-E.

ponents of the low-frequency energy flux, see figure 6.11 where cases 1-A and
1-E are represented. The incident energy flux is strongly enhanced up to the
breakpoint and within the outer surf zone where it reaches its maximum values.
Then, it decreases implying an infragravity energy loss inside the surf zone which
appears more marked for energetic wave cases. The seaward energy flux result-
ing from the long wave reflection at the shoreline seems to suffer an energy loss
inside the surf zone and then a gain in the outer surf zone. Determining if these
oscillations can be interpreted as a physical phenomenon or they are instead due
to the separation procedure is an open issue which has been addressed in the
literature (van Dongeren et al., 2007; Baldock, 2009, 2011). More seaward, in
the shoaling zone the energy flux remains roughly constant suggesting a minimal
energy transfer between free outgoing long waves and incident short wave groups.
Figure 6.11a shows that outgoing free waves dominate the low frequency motion
at the toe of the beach for case 1-A, while for the more energetic sea state of case
1-E (see figure 6.11b), the incident long waves overcome the outgoing free waves
in accordance with a positive net energy flux already observed in figure 6.9a.
This is in agreement with Herbers et al. (1995a) who observed an increasing
relative contribution of incident (predominantly forced) waves to the infragrav-
ity band energy with both increasing swell energy and decreasing water depth.
At a specified location, the low-frequency motion can be dominated by incident
or outgoing waves as a result of the different energy gains and losses occurring
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shoreward of the specified position and is strictly related with the development
of free long waves which depend on the entire bottom profile (Herbers et al.,
1995b). In fact, smaller short waves are allowed to propagate without breaking
into shallower waters enabling a stronger energy transfer to long waves. As a
result, the infragravity energy gain shoreward of the considered location exceeds
dissipation inside the surf zone. The opposite occurs for long waves generated
during energetic state cases which experience a relatively weak energy transfer
from short waves in the shoaling zone and a strong dissipation inside the surf
zone.

Here, we study the shoreline infragravity energy dissipation by comparing the
incident and the outgoing long wave amplitudes at the shoreward limit of the
surf zone. van Dongeren et al. (2007) found that the relationship between the
reflection coefficient, R, and the surf beat similarity parameter βH , originally
proposed by Battjes (1974) for short waves, can also be applied to long waves.
Here, we adopt an analogous procedure in order to investigate the infragravity
energy dissipation in the swash zone. The normalized slope parameter and the
reflection coefficient are defined as:

βH =
hx
ω

√
g

H+
(6.27)

R =
H−

H+
(6.28)

in which ω is the long wave radian frequency, hx is the bed slope and H+ and
H− are the root mean square height of the incoming and outgoing long waves,
respectively. In the ω definition we use the central frequency of the low frequency
range. Figure 6.12 shows the reflection coefficient plotted against the normalized
bed slope parameter βH . The solid line indicates the relationship proposed by
Battjes (1974): R = 0.2πβ2

H . For βH higher than 1.25 the reflection coefficient
tends to values in the order of 0.9, consistent with small low-frequency energy
dissipation inside the swash zone. For cases characterized by a βH < 1.25 (dashed
vertical line) the reflection coefficient seems to be well predicted by the Battjes
(1974) relationship, although with a sensible scatter, confirming the numerical
results obtained by van Dongeren et al. (2007). Therefore, for cases characterized
by low βH , it appears that the swash zone processes cause significant infragravity
energy dissipation.

Finally, we investigate the infragravity energy damping in the inner surf zone
where the negative low frequency energy flux gradients are not in balance with the
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Figure 6.12: Reflection coefficient versus normalized bed slope parameter. Solid line:
Battjes (1974) relationship, dashed line: βH = 1.25

rate of work done by the radiation stress. van Dongeren et al. (2007) estimated
the rate of energy dissipation by breaking and bottom friction using, respectively,
the formulations proposed by Battjes & Janssen (1978) and Henderson & Bowen
(2002). In agreement with the field investigations of Henderson et al. (2006), they
found that bottom friction leads to small dissipation rates and concluded that it
can not be considered the main agent for energy dissipation inside the surf zone.
On the other hand, they attributed the energy dissipation to self-self interactions
between low-frequency components leading to the steepening of the long-wave
front and eventually to long wave breaking in shallow waters. Figure 6.13 shows
the cross-shore evolution of the δ parameter, defined as the ratio between the
low-frequency incident root mean square wave height and the water depth

δ =
H+

h+ ηc
(6.29)

For the cases considered here, at the shoreward limit of the surf zone the relative
height δ ranges between 0.4 and 0.6 and is thus smaller than the classical value
of 0.8 considered for short-wave breaking. Thus, a rigorous application of the
short-wave breaking criterion to long waves would lead to the conclusion that
long-wave breaking hardly occurs. Nevertheless, values of the relative height of
the order of 0.5 point out the importance of long-wave nonlinearity. In fact, self-
self interactions between infragravity wave components appear to be sufficiently
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strong to allow a marked steepening of the long waves in conjunction with an
energy transfer to higher frequencies. The present data do not provide a clear
evidence of long-wave breaking outside the swash zone. However, the high δ values
in conjunction with R much lower than unity suggest that for cases characterized
by low βH (βH is of the order of unity for 1- cases) long-wave breaking is likely
to occur inside the swash zone.
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Figure 6.13: Cross shore evolution of the relative height parameter δ. Light line: 1-
cases; dark line: 2- cases.

6.4.6 Bispectra of shoaling and breaking waves

This section goes into details of nonlinear interactions between components
in the nearshore. To accomplish this task, a bispectral analysis is carried out for
case 1-E characterized by a relative high energetic content. In order to stabilize
the bispectral signals, case 1-E is extended to 40 minutes simulating about 1500
wave periods. The general theory of the bispectrum and the the main results for
the case considered are exposed in the following.
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6.4.6.1 General theory

Nearshore hydrodynamics are characterized by a wide range of nonlinear phe-
nomena. The second order spectral analysis provides only a partial description
of these processes and, therefore, higher order spectral techniques appear useful
to elucidate nonlinear aspects of nearshore motions. Hasselman et al. (1963) in-
troduced the bispectral analysis to investigate the energy transfer resulting from
nonlinear interactions between different wave components in intermediate waters
(11 m deep). Wave motion in the shoaling region is well suited to analysis with
bispectral techniques owing to the presence of relatively strong nonlinearities and
therefore high bispectral signal levels (Elgar & Guza, 1985). Herbers et al. (1994)
and Herbers et al. (1995b) investigated surf beat motions on the shelf with ob-
servations from Atlantic to Pacific sites. They used the bispectral analysis to
decompose the total infragravity motions into forced waves, phase coupled to
wind waves, and free waves. Ruessink (1998) applied the Herbers et al. (1995b)
procedure to wave data collected at different cross-shore positions on a gently
sloping bar system in the North Sea under breaking and nonbreaking conditions.
This section outlines the fundament of bispectral analysis (see Hasselman et al.
(1963), or Kim & Powers (1979) for a complete derivation).

The second-order spectrum E(f) and the third-order bispectrum B(fm, fn) of
a free surface elevation time series η(t) are defined as

E(f)df = 2
⟨
AfA

∗
f

⟩
(6.30)

B(fm, fn)dfmdfn = 2
⟨
AfmAfnA

∗
fm+fn

⟩
(6.31)

where ⟨⟩ denotes the expected value, A are complex Fourier coefficients and the
asterick means complex conjugation. B(fm, fn) measures the phase coupling be-
tween three spectral components at frequencies fm, fn and fm+n. For a linear
wave field in which the wave components are indipendent of each other, the bis-
pectrum is zero owing to the random phase mixing effect (Kim & Powers, 1979).
As a result of the symmetry properties, the bispectrum of a time series with
Nyquist frequency fN is determined within a triangle in the plane ⟨f1, f2⟩ with
vertices at (f1 = 0, f2 = 0), (f1 = fN/2, f2 = fN/2) and (f1 = fN , f2 = 0). It
is customary to describe the bispectrum in the form of its normalized magnitude
and phase, called bicoherence b(fm, fn) and biphase β(fm, fn), respectively:

b2(fm, fn) =
|B(fm, fn)|2

⟨|AfmAfn|2⟩⟨|Afm+fn|2⟩
(6.32)



6.4 Results 123

β(fm, fn) = arctan

[
ℑ{B(fm, fn)}
ℜ{B(fm, fn)}

]
(6.33)

in which ℜ{} and ℑ{} signifies the real and immaginary part.

6.4.6.2 Bispectral analysis

The bispectrum is subject to statistical uncertainties. For small bicoher-
ence values and limited degrees of freedom, the biphase tends to be randomly
distributes between −π and π. The combination of many degrees of freedom
(achievable from long time series) and high bispectral signal levels (associated
with high swell energy and/or small depths) leads to statistical stability of the
bispectral estimates. For this reason, in order to stabilize the bispectral signals a
long run of the case 1-E is conducted. The time series for case 1-E is extended to
40 minutes simulating thus about 100 infragravity wave periods. Estimates of the
spectra and bispectra are obtained from Fourier transforms of 40 % overlapping
data segments with a length of 256 s sampled at 8 Hz. The final bispectra are
averaged over 16 segments and smoothed over 6 × 6 squares or triangles along
the diagonals. The number of degrees of freedom in the bispectra is 108, leading
to a 95 % bicoherence significance level of 0.24.

Figure 6.14 shows the estimates of bicoherence and biphase for shoaling waves.
High bicoherence levels are observed indicating strong nonlinear interactions
within the peak b(f1/fp = 1, f2/fp = 1) ≈ 0.6 and coupling between the peak and
higher harmonics and between higher harmonics themselves. The biphase within
the peak frequency is about −0.15π according to the pitched forward shape of
shoaling waves. Moreover, significant nonlinear coupling is observed between
neighboring frequencies within the spectral peak and their difference frequency,
b(f1/fp = 1, f2/fp = df) ≈ 0.4. This is consistent with a phase-coupling between
infragravity and swell waves indicating that a considerable amount of the total
low-frequency energy can be attributable to bound long waves.

Bicoherence levels in the surf zone are plotted in figure 6.15 which reveals
a less pronounced coupling within the peak b(f1/fp = 1, f2/fp = 1) ≈ 0.4 and
between the peak and higher harmonics in the surf zone with respect to that
observed in the shoaling zone (figure 6.14). The decreased coupling is likely
to be related to the breaking process leading to a strong dissipation of compo-
nents at the peak frequency and superharmonics. Figure 6.15 brings values of
biphase within the peak frequency on the order of −0.5π reflecting the evolution
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Figure 6.14: Bispectral estimates in the shoaling zone, x -3.5 m. Upper panel: Power
spectra; middle panel: bicoherence; lower panel: biphase.

of breaking waves toward a sawtooth shape. Inside the surf zone, bicoherence
levels involving surf beat are not statically significant, consistent to a release of
long bound waves which propagate as free waves in shallow waters, and a detailed
analysis of nonlinear interactions is subject to considerable uncertainties.

Even though some aspects of nonlinear interactions involving surf beat fre-
quencies remains unsolved, the bispectral analysis helps to go deeper into the
study of nonlinear interactions of shoaling and breaking waves. In particular, the
decreasing bicoherence values between neighboring frequencies within the spec-
tral peak and their difference frequency attest the gradual release of bound waves
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within the surf zone where short-wave groupiness is strongly damped out.

Figure 6.15: Bispectral estimates in the surf zone, x -1.5 m. Upper panel: Power
spectra; middle panel: bicoherence; lower panel: biphase.

6.5 Summary

In this chapter a detailed analysis of the radiation stress evolution with appli-
cations to the energy transfer between short and long waves in the nearshore is
conducted. Overcoming existing limitations in field and laboratory experiments,
the radiation stress is obtained directly from the free surface and velocities pro-
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vided by the numerical model IH-2VOF. Since no assumptions are involved in
the radiation stress calculation, the energy balance analysis is extended over the
shoaling and surf zone. Shoaling and breaking of irregular waves over different
relatively steep slopes are considered.

Maximum values of the mean radiation stress are observed close to the break-
point. The radiation stress remains almost constant within the outer surf zone
and then experiences strong negative gradients in the middle surf zone. Well
inside the surf zone the contribution of the momentum part to the total radiation
stress is observed to overcome the contribution of the pressure part, consistent
with the theoretical model of Svendsen (2005).

The numerical experiments show an infragravity energy flux increasing in the
shoaling zone and in the outer surf zone. The rate of work done by the radiation
stress is observed to balance the positive energy flux gradients consistent with a
nonlinear energy transfer from swell to infragravity waves. The maximum low-
frequency energy flux is detected at the shoreward limit of the outer surf where
dissipation of infragravity energy starts. In the middle surf zone the energy flux
gradients take negative values which are still balanced by the energy transfer
term. Therefore, the present analysis points out that in the middle surf zone,
where strong negative mean radiation stress gradients are observed, energy is
transferred back to short waves through the work done by the radiation stress.

In the inner surf zone, the energy flux continues to decrease but minimal in-
teractions of long waves with the swell field are observed. Long wave self-self
interactions, attested by high values of the relative wave height δ, appear to play
the prominent role in low-frequency damping processes at the limit between surf
and swash zone. Furthermore, at the shoreward limit of the surf zone the normal-
ized bottom slope parameter βH appears to control the long-wave reflection at
the shoreline in agreement with the work of van Dongeren et al. (2007). For cases
characterized by a low normalized bottom slope parameter, reflection coefficients
lower than unity suggest that a considerable amount of low-frequency energy is
dissipated within the swash zone.



Chapter 7

Swash on a gently sloping beach

7.1 Introduction

Run-up is usually defined as the time-varying location of the shoreward edge of
water on a beach, resulting from the reflection of incident waves at the shoreline.
The vertical component of wave run-up consists of a super elevation of mean
water level called set-up and swash oscillations about the mean shoreline position
(Miche, 1951; Guza & Thorton, 1982; Holman & Sallenger, 1985; Ruessink, 1998).
Swash hydrodynamics are of great importance from a coastal engineering point
of view since they drive the sediment exchanges between the surf zone and the
subaerial beach (Masselink & Hughes, 1998; Masselink & Puleo, 2006) potentially
leading to dune erosion during adverse sea conditions (Ruggiero et al., 2001).
In addition, extreme run-up events can generate beach overwash and structure
overtopping.

Run-up on natural beaches is usually investigated by separating the surf beat
(f < 0.05 Hz) and incident bands (f > 0.05 Hz). The incident band of run-up is
generally more energetic in bore-dominated steep beaches, while wave breaking
on gently sloping beaches leads to swash oscillations which are usually dominated
by motions at surf-beat frequencies (Elfrink & Baldock, 2002).

Despite of the increasing attention focused on the swash zone in the last
decades, an exhaustive understanding of swash processes has not yet been
achieved. In particular, it is still unclear how environmental parameters such as
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beach slope and offshore wave characteristics govern swash oscillations on natural
beaches. The field data of Holman & Sallenger (1985) reported a linear relation-
ship between the Iribarren number ξ0 and incident run-up height for steep and
reflective beaches. On the other hand, Guza & Thorton (1982) observed a satu-
rated incident band of run-up oscillations on a gently sloping beach, whereas the
run-up amplitudes within low-frequency band corresponding to surf-beat frequen-
cies linearly increased with offshore wave height. The investigations of Ruessink
et al. (1998) and Ruggiero et al. (2004) obtained under dissipative and highly
dissipative conditions presented similar findings but with different values of pro-
portionality between the significant vertical run-up and the deep water significant
wave height. In addition, recent studies dealing with run-up oscillations under
dissipative conditions have pointed out the lack of a clear dependence of low-
frequency run-up on local morphological parameters such a swash or surf zone
slopes (Stockdon et al., 2006). This is likely to be ascribed to the slow develop-
ment of long waves which depends on the entire form of the nearshore bottom
profile is are thus affected by large scale morphology like sand bar systems or
coral reefs.

In a recent work, Senechal et al. (2011) provided run-up measurements ob-
served on a relatively steep beach under extreme storm conditions; their data
support the hypothesis that saturation, commonly limited to swell frequencies,
can extend over almost the entire surf beat frequency band thus limiting run-up
amplitude for increasing offshore wave height. Run-up saturation at surf beat
frequencies appears consistent and strictly related with a low-frequency energy
dissipation within the surf zone in agreement with laboratory, field and numerical
studies (Battjes et al., 2004; Henderson et al., 2006; Thomson et al., 2006; Ruju
et al., 2012). This chapter presents new laboratory and numerical data of run-up
elevation under dissipative conditions. The analysis of long-wave damping in the
surf zone already discussed in chapters 6 is extended here to the swash zone.
Since surf and swash zone systems are linked through feedback processes, it is
clear that the results obtained in chapter 6 are of paramount importance for the
understanding of swash hydrodynamics under dissipative conditions.

It is the objective of this chapter to study swash oscillations under extreme
dissipative conditions by means of laboratory and numerical data. In particular,
the dependence of swash oscillations on the offshore wave conditions is addressed.
The laboratory experiments are described in section 7.2. Section 7.3 introduces
the numerical model and provides the model validation. New numerical simula-
tions extending the range of incoming wave height with respect to the laboratory
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experiments are described and discussed at the end of section 7.3. Section 7.5
points out some conclusions.

7.2 Experimental set-up

7.2.1 Wave flume and instrumentation

The physical experiments, included in the GLOBEX project supported by the
EU 7-th Framework Programme through the grant to the budget of the Integrated
Infrastructure Initiative Hydralab IV, were carried out in the Scheldt flume (The
Netherlands). The overall description of the experiments is presented in Ruessink
et al. (2013).

The Scheldt flume is 110 m long, 1 m wide and 1.2 m high. Waves were
generated by a hydraulically-driven piston-type wave maker located at one side
of the flume. Glass sidewalls delimit the lateral boundaries of the flume, except
in a 7 m region located in the middle of the flume where concrete sidewalls are
present. The fixed bottom profile was made of concrete. A horizontal part of
16.57 m extends between the wave maker and the toe of the slope, then a beach
characterized by a gentle constant slope β of 1:80 starts reaching the end of the
flume. The still water depth during the experiments was set at 0.85 m in the
constant depth section; the undisturbed shoreline lies thus at 84.57 m from the
mean position of the wave maker.

Free surface displacements were measured using, respectively, 10 and 12 re-
sistance (RWG) and capacitance (RWG) wave gauges. Electromagnetic current
meters (EMC) were located at 5 different cross-shore locations in order to measure
velocities within the water column in correspondence to specified wave gauges.
A capacitance gauge parallel to the beach slope at a height of 0.8 cm above the
bottom detected the run-up oscillations on the beach face. Therefore, measured
run-up corresponds to the position on the beach face where fluid thickness exceeds
0.8 cm.

The target wave maker motion is provided by a second order wave control
signal (van Leewen & Klopman, 1996) in order to reproduce bound subharmonic
and superharmonic waves suppressing incident free waves generated at the wave
maker. Moreover, active reflection compensation was used to absorb outgoing
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waves and minimize reflection at the wave maker. Wave conditions were irregular
but deterministic and therefore reproducible allowing data to be collected at mul-
tiple cross-shore locations by means of experiment repetitions. Each experiment
was run ten times leading to a final spatial resolution of wave gauges of 0.37 m
in the most onshore part of the flume for x > 54 m. The most offshore wave
gauge, located 7 m shoreward of the wave paddle, was fixed and used as reference
control gauge. A resistive wave gauge measured the free surface displacement at
the same cross-shore location of the Laser Doppler Anemometry (LDA) which
was not displaced horizontally during the runs. As a result of the combined ten
runs, 190 and 40 locations were achieved for wave gauges and current meters,
respectively. The sampling frequency for the wave gauges, electromagnetic cur-
rent meters and run-up wire was 128 Hz providing a high temporal resolution.
Each experiment was 4500 s long, in order to achieve a proper value of degrees
of freedom for the planned bispectral analysis.
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Figure 7.1: Cross-shore bottom profile and still water level

7.2.2 Wave characteristics

Irregular wave conditions matching a JONSWAP spectrum as well as bichro-
matic and regular waves were conducted during the laboratory experiments. In
this work, only the irregular-wave cases are examined. They are characterized by
varying peak frequency (fp), significant wave height (Hs) and peak enhancement
factor (γ). Cases A1 and A3 represent moderate incoming conditions (Hs = 0.1
m), whereas the relatively high Hs of case A2 provides the most energetic con-
ditions (Hs = 0.2 m). Case A3 is characterized by narrow-banded wave spectra
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(γ = 20) and a relatively large peak period (Tp = 1/fp = 2.25 s), usually related
to clean swells generated by distant storms. Note that, considering the scale fac-
tor of 0.05, the significant wave height and peak period ranges in prototype are
2-4 m and 7-10 s, respectively. Table 7.1 summarizes the three cases with the
relative Iribarren number ξ0 defined as:

ξ0 =
β√
Hs/L0

(7.1)

where L0 stands for the wavelength in the generation region calculated with linear
theory using the peak frequency of the spectrum.

Case Hs fp γ ξ0
A1 0.1 0.63 3.3 0.08
A2 0.2 0.44 3.3 0.08
A3 0.1 0.44 20 0.11

Table 7.1: Irregular wave cases

7.2.3 Experimental results

The high spatial resolution of wave gauges throughout the flume length makes
it possible to use a quasi-continuous presentation of the space-time evolution of
free surface elevation, as illustrated by the contour plot for case A3 in figure
7.3. In the upper portion of the figure the horizontal component of the run-up
measured by the run-up wire is specified. The wave group modulation is clearly
visible over the sloping bottom outside the surf zone (x ≈ −45 m) as well as the
breaking of larger waves in the outer surf zone (x ≈ 70 m). The wave breaking
of the larger waves produces a reduction of wave modulation well inside the surf
zone. If outside the surf zone waves seem to propagate with comparable phase
speed, this is not the case in the inner surf zone. In fact, the influence of long
waves on the short-wave propagation speed increases as water depth decreases in
shallow waters. Waves traveling above the incident long wave crest experience a
positive current and at the same time they propagate in a temporarily increased
depth showing high wave velocity. On the other hand, waves approaching the
shoreline in correspondence to a long wave trough travel at lower velocities and
are likely to be catched up by following waves resulting in a convergence of wave
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crests. Moreover, long waves seem to control the dissipation mechanism of short
waves enhancing the dissipation rate of short waves propagating above a long
wave trough. Run-up on the beach face is dominated by long-period oscillations
as expected from the relatively low Iribarren number ξ0. The swash region extends
approximately 3.5 m in the horizontal direction.

Figure 7.2: Overview of the Scheldt wave flume.
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Figure 7.3: Space-time evolution of the surface elevation and horizontal run-up oscilla-
tions. Case A3. Elevation in m.

The wave breaking pattern over the sloping bottom is evident in figure 7.4a
where the cross-shore variation of the significant wave height Hs is plotted for
all random-wave cases. Hs is estimated from the corresponding free surface dis-
placement energy spectra E(f) according to

Hs = 4

√√√√ f2∑
f1

E(f)∆f (7.2)

for f1 = 0.22 Hz and f2 = 8 Hz. The mild planar beach profile leads to a pretty
smooth cross-shore evolution of wave height in the nearshore. Waves shoal up to
the breakpoint and dissipate in a relatively broad (due to the gentle slope) surf
zone. A small wave height growth is observed before breaking for case A3, whereas
cases A1 and A2, characterized by higher offshore wave steepness, show almost
no wave height increase outside the surf zone. In the inner surf zone (x > 75
m) the wave height appears depth-limited and minimal differences between cases
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characterized by varying offshore significant wave height and peak period are
detected. Figure 7.4a illustrates the cross-shore evolution of mean water level.
Shoreward of the breaking point, the mean water level is increased resulting in a
wave set-up within the surf zone. The set-up increases shoreward almost linearly
reaching its maximum value at the shoreline. Case A2 shows the largest set-up (as
expected), whereas cases A1 and A3 are characterized by comparable set-up at-
testing a small sensitivity of peak period. Figure 7.5 shows the spatial evolution
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Figure 7.4: Cross-shore variation of significant wave height (a) and mean set-up (b).
c) Bottom profile. Dotted line, case A1; dashed line, case A2; solid line, case A3.

of the amplitude spectrum for case A3. The nearshore hydrodynamic processes
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are driven by sea-swell waves in the frequency range 0.4 < f < 0.5 Hz up to
the surf zone where they dissipate by breaking. In the shoaling zone, for x > 50
m, the frequency range 0.8 < f < 0.95 HZ presents a small (but appreciable)
amount of energy corresponding to sum interactions between the primary fre-
quency components. Nor primary components neither superharmonics show any
rhythmic cross-shore amplitude variations, thus indicating a negligible reflection
at the shoreline. On the other hand, low-frequency components below 0.08 Hz
seem to fit a nodal structure with maximum amplitude antinodes located at the
shoreline. Moreover, it is worth mentioning that, while in the shoaling and outer
surf zone the primary wave components contain most of the total wave energy, in
the inner surf zone (for x > 75 m) the wave motion is dominated by oscillations
at surf beat frequencies. It is interesting to note how a given beach profile can
be considered dissipative or reflective depending on the time and spatial scales
of the motion we are investigating. For instance, the observation of 7.5 suggests
that we are dealing with a dissipative beach where incident wave components are
strongly dissipated within the surf zone and swash is dominated by surf beat. On
the other hand, the standing wave pattern for the lowest frequencies of the spec-
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trum is typical of a reflective steep beach where long waves shoal approximately
like free waves and a strong reflection takes place at the shoreline (Battjes et al.,
2004; van Dongeren et al., 2007). The low Iribarren numbers ξ0 in conjunction
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Figure 7.6: Vertical swash spectra from cases A1 (solid line), A2 (dashed line) and A3
(dotted line). The straight line shows the f−3 dependence of swash energy within the
saturated part of the spectra.

with the relatively high energy dissipation rates found in the inner surf zone lead
to swash motions at the beach face dominated by oscillations at surf beat fre-
quencies. The dominance of surf beat oscillations of swash motions is evident in
figures 7.3 and 7.6 where, respectively, the time series and energy density spectra
of the horizontal component of run-up on the beach face are illustrated. Run-up
spectra show no peaks in the correspondence of the offshore peak frequency fp
of the incoming waves. The entire sea-swell band and the higher part of the surf
beat band are independent of offshore incoming wave conditions implying that
the additional input of incoming wave energy is almost completely dissipated
inside the surf zone, these bands are saturated. The saturated region shows a
constant slope (in the log-log scale) with an f−3 spectral decay consistent with
the field experiments of Ruessink (1998).
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7.3 Numerical modelling

Numerous studies have shown that numerical approaches based on nonlinear
shallow water (NLSW) equations can successfully model swash hydrodynamic
processes (Raubenheimer & Guza, 1996; Raubenheimer et al., 1995; O’Donoghue
et al., 2010). For the present study, a NLSW-type model is used to simulate
the hydrodynamic processes occurring in the whole flume, including the constant
depth region. The NLSW approach is preferred here to that based on RANS
equations adopted in the previous chapters in order to reduce the computational
cost required to simulate the hydrodynamics of the entire wave flume. In partic-
ular, the low computational cost allows the realization of long simulations thus
increasing the statistical stability of the time series.

7.3.1 Model description and set-up

In this section, we compare model predictions of surf zone and swash zone
dynamics with measurements from the experiments. The numerical model em-
ployed is SWASH (Zijlema et al., 2011) which is based on the nonlinear shallow
water (NLSW) equations including non-hydrostatic pressure. Considering the
cross-shore direction x only, these equations can be written as

∂η

∂t
+
∂[(h+ η)u]

∂x
= 0 (7.3)

∂u

∂t
+ u

∂u

∂x
+ g

∂η

∂x
+

1

h+ η

∫ η

−h

∂q

∂x
dz + cf

u|u|
h+ η

=
1

h+ η
(
∂(h+ η)τxx

∂x
) (7.4)

where t is time, the x-axis is located at the sea water level and is positive shore-
ward, g is acceleration due to gravity, η is the free surface elevation measured from
the still water level, h is the local still water depth, u denotes the depth-averaged
horizontal velocity, q is the non-hydrostatic pressure normalized by the density, cf
is the dimensionless bottom friction coefficient and τxx is the horizontal turbulent
stress term.

The irregular wave cases carried out in the laboratory are simulated with
SWASH according to the following setting. Numerical simulations are performed
using a horizontal grid size of 2 cm and 2 equidistant layers in order to resolve the
frequency dispersion. In fact, increasing the number of layers, the model improves
its frequency dispersion due to the approximation of vertical gradient of dynamic
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pressure. It was shown by Zijlema et al. (2011) that the model exhibits accurate
wave dispersion up to kh = 3 (the error is on the order of 1%) with two equidistant
layers for progressive waves. The friction factor is estimated on the basis of
velocity measurements conducted with laser LDV within the bottom boundary
layer under regular wave motion (Ruessink et al., 2013). The measurements
provide a hydraulic roughness ks = 2.4 mm which allows the calculation of the
friction coefficient by integrating the log-law velocity profile over depth:

cf =

(
κ

ln(h/z0)− 1

)2

(7.5)

where κ = 0.4 is the von Karman constant and z0 = ks/30 is the zero-crossing
point of the log-law profile. Using a representative water depth h of 1 cm for the
swash zone yields a friction factor cf=0.01, which is the spatially uniform value
adopted here. This result is also consistent with previous studies (Raubenheimer
& Guza, 1996; Hughes et al., 1997; O’Donoghue et al., 2010) reporting friction
coefficients on the order of 0.01÷ 0.015 for natural and laboratory swash zones.

The component sequences of the primary wave band of the irregular-wave
numerical simulations are extracted by means of Fourier transforms of the first
order target free surface signal at the mean position of the wave maker. This
procedure leads to a total number of primary components in the order of 2000.
In order to reproduce the bound long wave field and minimizing the generation
of incoming free long waves, the boundary conditions for the numerical model
are provided by a second order wave signal (Longuet-Higgins & Stewart, 1960) in
which the secondary waves arise from the sum and difference interactions between
the primary wave components. A weakly reflective condition is adopted at the
generating boundary in order to avoid the reflection of outgoing waves.

7.3.2 Model validation

Figure 7.7 shows the measured and predicted cross-shore evolution of the
short- and long-wave components of the significant wave height. They are calcu-
lated as 4 times the square root of the zeroth-order spectral moment:

Hs,(lf) = 4

√√√√ f2∑
f1

E(f)∆f (7.6)
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Hs,(hf) = 4

√√√√ f3∑
f2

E(f)∆f (7.7)

for f1 = ∆f Hz, f2 = 0.22 Hz and f3 = 8 Hz. High-frequency wave height
variation due to the shoaling process are reproduced satisfactorily by the model.
The breakpoint location and the wave energy damping within the surf zone are
correctly predicted as well. A small discrepancy can be noticed close to the break-
point for case A2, where the wave height appears to be slightly overestimated and
the damping of short wave height starts more shoreward in the numerical simu-
lation. The low-frequency component of significant wave height is plotted in the
right panels of figure 7.7. The wave height growth due to shoaling and nonlinear
energy transfer from sea-swell waves to longer period waves is well simulated by
the model. In the surf zone, model predicted long-wave dissipation agrees well
with the laboratory measurements.

In order to quantitatively evaluate the model performance in reproducing the
observed evolution of significant wave height, we calculate the relative errors as
the difference between the predicted Hm and the experimental values Hl, divided
by the experimental values:

E(%) =

∣∣∣∣Hm −Hl

Hl

∣∣∣∣ · 100 (7.8)

The errors are expressed in percentages and they are strictly positive because
of the modulus operator. The predicted high-frequency and low-frequency Hs

present a mean relative error of 5.1% and 6.3%, respectively.

The comparison of measured and computed cross-shore evolution of mean set-
up is illustrated in figure 7.8. The model-predicted set-up evolution is generally
in good agreement with observations. The predicted set-up for case A2 is slightly
larger than that observed during the experiments. This is likely to be related
with the overestimation of significant wave height in the outer surf zone for the
same case. In general terms, figures 7.7 and 7.8 show an overall good agreement
between model predictions and observations of the mean parameters related to
wave motion along the flume. The strong nonlinear processes which characterize
shoaling and breaking waves over the varying bathymetry are clearly observable
in figure 7.5. The wave nonlinearity can be estimated by means of skewness
and asymmetry which are statistical parameters indicating the asymmetry of the
wave shape with respect to the horizontal and vertical axis, respectively. They
are important parameters playing a fundamental role in onshore and offshore
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Figure 7.7: Comparisons between the measures (grey solid line) and simulated (black
dashed line) cross-shore variation of significant wave height. Left panels: high-frequency
part; right panels: low-frequency part.

sediment fluxes (Nielsen, 1992). Figure 7.9 shows the cross-shore evolution of
short wave free surface skewness and asymmetry for case A3. The short wave
component of the free surface ηhf is obtained by means of a Fourier-filtered high-
pass time series with a cut-off frequency of fp/2, in which fp denotes the peak
frequency of the irregular wave case. Wave skewness Sk and asymmetry As are
calculated as (Elgar & Guza, 1985):

Sk =
ℜ(H)3

(η2hf )
1.5

=
η3hf

(η2hf )
1.5

(7.9)
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Figure 7.8: Comparisons between the measured (grey solid line) and simulated (black
dashed line) cross-shore variation of mean set-up.

As =
ℑ(H)3

(η2hf )
1.5

(7.10)

where ℜ(H) and ℑ(H) denote the real and the imaginary part of the Hilbert
transform of ηhf . These parameters represent higher-order moments which are
expected to increase for near-breaking waves. Note that skewness takes positive
values for waves with sharp crests and flat, broad troughs whereas waves with
the forward face steeper than the rear face are characterized by negative asym-
metry. Over the horizontal bottom region up to the toe of the beach (x = 16.57
m), nonlinear waves have a positive skewness and negligible asymmetry being
symmetrical about a vertical axis, as in Stokes waves. Over the sloping bottom,
the relatively small values of short wave skewness increase to reach a first local
maximum slightly shoreward of the breaking point. Here the breakpoint xb is
defined as the point where (Hs/Hs0)

2 = 0.75, Hrms0 being the offshore significant
wave height. Inside the surf zone, short waves are likely to tend to a sawtooth
shape thus reducing their skewness. The short wave asymmetry is negligible up
to the toe of the beach and then it decreases as depth decreases as a result of the
characteristic pitched-forward shape of shoaling and breaking waves. The model
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accurately reproduces the cross-shore evolution of both skewness and asymmetry.
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Figure 7.9: Cross-shore variation of measured (grey line) and simulated (black dashed
line) high-frequency wave skewness and asymmetry for case A3. Lower panel: bottom
profile.

Figure 7.10 presents the comparison of the computed run-up oscillations with
measured data. Since the run-up wire was placed at 0.8 cm above the bottom,
the model run-up toe location is defined here as the most shoreward location
where water depth exceeds 0.8 cm. Field studies have shown that run-up statis-
tics are related to the minimum water elevation chosen for the definition of the
time-varying shoreline position. Raubenheimer & Guza (1996) measured run-up
with a vertical stack of five parallel wires at different elevations between 5 and
25 cm above the beach face. They pointed out that as the minimum elevation
increases, low-frequency energy decreases and sea-swell energy increases. Time
series of predicted and measured run-up are shown in the left panels of figure 7.10
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for cases A1, A2 and A3. The agreement of computed results with laboratory
data is satisfactory. The time instants at which maximum run-up events occur
are well captured, albeit with small differences in absolute maximum run-up. The
backwash evolution is accurately predicted as well as the absolute values and the
time instants of minimum run-up when incoming bores catch and interact with
the preceding run-up. Some minor discrepancies can be noted in correspondence
of maximum run-up events for case A2; in particular during the backwash, when
water runs-down uncovering the beach face, which appears to occur faster in the
model. The right panels of figure 7.10 shows the computed and measured run-up
spectra. In agreement with laboratory observations, no significant peak is ob-
served in correspondence of the offshore frequency peak. The predicted run-up
spectra is saturated in the entire sea-swell frequency band with the saturated
region extending in the infragravity band toward lower frequencies for the most
energetic case A2. The f−3 spectral decay of the saturated region is well repro-
duced by the model with most of energy concentrated in the lowest frequencies
of the infragravity band. In general terms, the run-up is well predicted by the
model.

Despite of the commented minor discrepancies with laboratory observations,
the model has proven to satisfactorily reproduce the main hydrodynamic pro-
cesses induced by breaking waves in the surf and swash zone. The provided
validation attests the model ability to quantitatively study wave transformation
and run-up over the gently sloping beach considered in this work.

7.3.3 Numerical analysis

The numerical model is applied here for the study of run-up oscillations under
high-energetic offshore wave conditions. Data from 18 new random-wave numer-
ical simulations are examined. These cases are subdivided into two series, series
E and series F, characterized by the peak periods of laboratory cases A1 and
A2, respectively. The working depth h in the generation region is kept at 0.85 m
bringing a ratio h/L equal to 0.15 and 0.24 for series E and F, respectively (im-
plying that waves are generated in intermediate waters). Wave height and period
are not independent parameters in naturally occurring sea states and their rela-
tionship has been studied extensively. Here, the significant wave height at the
generating boundary is simply varied providing offshore wave steepness H0/L0

between 0.01 and 0.03. The offshore wavelength is calculated from linear theory
using the peak frequency fp, whereas the offshore wave height is obtained by
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Figure 7.10: Comparisons between the measured (grey solid line) and simulated (black
dashed line) swash oscillations. Left panels: time series; right panels: energy spectra.

linearly unshoaling the wave height in the generation region. The Ursell number
over the horizontal bottom part of the domain varies between 0.7 and 2.2 for
series E and between 4 and 12 for series F. The Ursell number U is defined as:

U =
HL2

h3
(7.11)

The simulated wave cases with the corresponding Ursell number U in the gen-
eration region and the offshore wave steepness H0/L0 are summarized in table
7.2.

The component sequences of the primary wave band of the irregular-wave
numerical simulations of series E and F are extracted by means of Fourier trans-
forms of the first 1500 s of the first order target free surface signal of cases A1 and
A2. The Fourier amplitudes of wave components are determined simply multiply-
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ing the target laboratory amplitudes by the ratio between the desired significant
wave height and the target significant wave height of the laboratory case. The
same phase and frequency sequences are used in order to conserve the structure
of the wave groups (Baldock & Huntley, 2002). Therefore, the first order surface
elevation η at the boundary is calculated as:

η(t) =
N∑

n=1

Hs

HsT

ancos(−ωnt− ϕn) (7.12)

where an, ωn and ϕn are the amplitude, radian frequency and phase of the n-
th wave component, Hs is the desired significant wave height and HsT is the
target significant wave height which is set to 0.1 and 0.2 m for cases A1 and A2,
respectively.

Case tp [s] Hs [m] H0/L0 U h [m]
E1 1.58 0.037 0.010 0.74 0.85
E2 1.58 0.046 0.013 0.92 0.85
E3 1.58 0.055 0.015 1.11 0.85
E4 1.58 0.064 0.018 1.29 0.85
E5 1.58 0.073 0.020 1.48 0.85
E6 1.58 0.082 0.023 1.66 0.85
E7 1.58 0.091 0.025 1.85 0.85
E8 1.58 0.100 0.028 2.03 0.85
E9 1.58 0.109 0.030 2.22 0.85
F1 2.25 0.074 0.010 4 0.85
F2 2.25 0.092 0.013 5 0.85
F3 2.25 0.111 0.015 6 0.85
F4 2.25 0.129 0.018 7 0.85
F5 2.25 0.148 0.020 8 0.85
F6 2.25 0.166 0.023 9 0.85
F7 2.25 0.185 0.025 10 0.85
F8 2.25 0.203 0.028 11 0.85
F9 2.25 0.222 0.030 12 0.85

Table 7.2: Simulated wave cases

In order to suppress incoming free long waves, the boundary conditions for
the numerical model are provided by a second order wave signal. The Longuet-
Higgins & Stewart (1960) theory is used to calculate the secondary waves arising
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from the sum and difference interactions between wave components of the pri-
mary frequency band. Moreover, active wave absorption is turned on allowing
outgoing long waves to leave the computational domain without the reflection at
the offshore boundary. Each simulation is 1400 s long.

Field studies demonstrated that run-up measurements are sensitive to the wire
elevation owing to the thin water tongue which flows below the wire (Rauben-
heimer & Guza, 1996). In the validation section, the run-up toe location has been
defined in the model according to the wire elevation. Here, the predicted run-up
statistics are compared for different minimum water level elevations. Figure 7.11
shows energy spectra of run-up for case A3 corresponding to 3 and 8 mm mini-
mum water elevations. Only minimal changes can be observed in the saturated
incident band where the spectral decay is roughly constant. On the other hand,
the low-frequency part of the spectra is clearly sensitive to the run-up toe defi-
nition. The significant run-up corresponding to 3 mm minimum water elevation
is 35% larger than that obtained with a water elevation of 8 mm. This result is
consistent with the experiments of Raubenheimer & Guza (1996) who found that
in the field the differences in significant run-up are on the order of 30% between
5 cm and 15 cm elevations. It is important to remark that, video observations
correspond closely to a 5 cm minimum elevation (Holland et al., 1995; Guza &
Feddersen, 2012). In order to compare the present numerical data with existing
field data and parameterizations, in this section the run-up location is defined
as the point where the fluid thickness exceeds 0.3 cm. Due to the geometrical
scale 1:20 adopted, this value is equivalent to 6 cm in the prototype which is
the wire elevation that brings the best comparisons with video measurements.
Figure 7.12 shows the run-up parameters for series E. The energy spectra of swash
oscillations for E1 and E9 cases is displayed in the upper panel of figure 7.12. Sat-
uration yields comparable spectral values for the incident frequency band whereas
considerable differences are observed for lower frequency bands where an energy
increase occurs for increasing offshore wave energy. The significant infragravity
run-up elevation S versus offshore wave height H0 is plotted in figure 7.12b. S is
estimated from the swash energy spectra E(f) and is divided into low-frequency
Slf and incident Shf components:

S(lf) = 4

√√√√ f2∑
f1

E(f)∆f (7.13)
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Figure 7.11: Energy spectra of swash oscillations for different minimum water depth d.
Solid line: d=8 mm; dashed line: d=3 mm.

S(hf) = 4

√√√√ f3∑
f2

E(f)∆f (7.14)

for f1 = ∆f Hz, f2 = 0.22 Hz and f3 = 1.32 Hz. Figure 7.12b shows that the high
frequency levels of run-up are approximately constant regardless of offshore wave
height, consistent with the saturation already commented for spectral estimates.
On the other hand, an almost linear dependence of significant run-up upon off-
shore wave height is observed for series E. Even for larger offshore wave steepness,
when the conditions become more energetic, the increase is still roughly linear
suggesting that low-frequency saturation does not take place for series E cases.
The slope of the best linear fit is 0.35 (the correlation coefficient r is 0.9995); this
value is in close agreement with that found by Ruggiero et al. (2004) on a natural
gently sloping beach. Figure 7.12c illustrates the dependence of fc versus offshore
significant wave height. fc is the mean frequency of run-up calculated as:

fc =

∑f2
f1
fE(f)∆f∑f2

f1
P (f)∆f

(7.15)

for f1 = ∆f Hz and f2 = 1.32 Hz, E(f) being the run-up spectral energy spectra.
In this panel it can be observed how fc drops from 0.08 to 0.05 Hz for cases
E1 and E9. The nondimensional parameter εs (Carrier & Greenspan, 1958) for
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Figure 7.12: Run-up parameters, series E. a) energy spectra of swash oscillations for
cases E1 (solid line) and E9 (dashed line); b) significant run-up elevation S versus
offshore wave height H0 for incident (pluses) and infragravity (circles) components; c)
fc versus offshore wave height H0; d) εs versus offshore wave height H0.

random wave run-up is displayed in the figure 7.12d; it is defined as:

εs =
2S(πfc)

2

β2g
(7.16)

in which S is the significant run-up including the same frequencies considered in
equation 7.15. εs varies between 1.04 and 1.30 reflecting the increase of S and
the decrease of fc for increasing H0. For series E, εs monotonically increases from
the minimum value for case E1 to the maximum for case E9.
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Figure 7.13: Run-up parameters, series F. a) energy spectra of swash oscillations for
cases F1 (solid line) and F9 (dashed line); b) significant run-up elevation S versus
offshore wave height H0 for incident (pluses) and infragravity (circles) components; c)
fc versus offshore wave height H0; d) εs versus offshore wave height H0.

Data from series F are illustrated in figure 7.13. The upper panel of figure
7.13a illustrates the run-up spectra for cases F1 and F9. As for series E, saturation
of sea-swell frequency takes place and the large variability in swash energy occurs
at infragravity frequencies. However, in contrast to figure 7.12, the saturated part
extends to much lower frequencies in series F than in series E, involving most of
the surf beat band. For energetic conditions the knickpoint between the saturated
and unsaturated part of the spectrum shifts to lower frequencies narrowing the
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bandwidth of the unsaturated part of the spectrum which is constituted by the
only frequency components able to receive additional energy. In figure 7.13b, the
significant run-up elevation S follows an almost linear increase with the offshore
wave height H0. The correlation coefficient r is relatively high (r=0.9898), for
these cases and the slope of the best linear fit is 0.32. However, in contrast with
series E in which the best linear fit has an almost negligible intercept equal to
0.01 cm, a relatively high intercept (1.7 cm) is observed for series F. The mean
frequency displayed in figure 7.13c decreases from 0.05 to 0.04 Hz. From the
observation of figure 7.13d, it can be noted that series F is characterized by a εs
ranging between 1.25 and 1.8 showing an increase from case F1 to case F6. In
contrast with series E, the monotonic increase of εs with H0 is not observable for
the most energetic cases. In fact, it appears that εs continues to increase until it
reaches a critical value which for these conditions is about 1.8.

Figure 7.14 represents the significant infragravity swash elevation S versus the
dimensional parameter

√
H0L0, the dashed line is the best-fit slope proposed by

Stockdon et al. (2006):

S = 0.06
√
H0L0 (7.17)

It is important to remark that such formulation is based on field data where large
scale offshore morphology effects (such as differences between surf and swash zone
slopes and sand bars) are likely to influence run-up variability. Moreover, run-
up oscillations on natural beaches are expected to be dependent on directional
spread and angle of incidence of the incoming swell (Guza & Feddersen, 2012).
Despite the differences between field and well-controlled numerical (or laboratory)
experiments, the simulated data collapse into a straight line indicating that swash
variability are well addressed by the the Stockdon et al. (2006) formulation. The
small scatter around the predictor suggests that formulations accounting for both
wave height and period are able to satisfactorily address the swash variability
induced by a wide range of incoming wave conditions.

7.4 Discussion

For monochromatic waves, laboratory data confirmed the Miche (1951) hy-
pothesis which states that swash saturation is expected when the incident wave
amplitude increases above the limiting amplitude for non-breaking standing waves
on a slope. The onset of swash saturation is expected for a critical value of the
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Figure 7.14: Infragravity run-up elevation parameterized using the dimensional predic-
tor proposed by Stockdon et al. (2006) (dashed line). Circles: series E; pluses: series
F.

non-dimensional parameter εs defined as (Carrier & Greenspan, 1958):

εs =
asω

2

β2g
(7.18)

where as is the vertical amplitude of the shoreline motion, ω is the angular wave
frequency, β is the beach slope and g is the gravitational acceleration. Experi-
mental estimates of the critical value for εs range from 1.25 to 3 (Battjes, 1974;
Guza & Bowen, 1976). Due to wave-wave interactions and energy transfer to
low-frequency motion as waves approach the shore, swash oscillations forced by
irregular waves are significantly different with respect to monochromatic cases.
However, the observations of random wave run-up qualitatively confirm Miche
(1951) saturation hypothesis. Field data suggest that run-up on natural beaches
is often saturated at sea-swell frequencies (Guza & Thorton, 1982; Holman &
Sallenger, 1985) with saturation potentially extending even at infragravity fre-
quencies during highly energetic storms (Ruessink et al., 1998). Ruggiero et al.
(2004) and Senechal et al. (2011) collected video measurements of wave run-up
under highly dissipative conditions pointing out that saturation is likely to extend
to almost the entire infragravity frequency band.

The results presented here showing a linear increase of run-up amplitude with
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offshore wave height are in apparent contrast with the findings of Senechal et al.
(2011). In fact, they suggested that saturation of infragravity bands prevents a
linear increase of significant run-up for extreme conditions. However, the present
analysis differs from that carried out by Senechal et al. (2011) in a main aspect. In
fact, they studied the dependence of run-up elevation on offshore wave height for
the entire dataset, whereas this dependence is evaluated here for each individual
offshore peak frequency. It is worth mentioning that they made the necessary
reservations with respect to the presence of an upper limit of wave run-up. In
fact they pointed out that observations of the largest offshore wave heights were
not associated with the largest incoming wave periods which are likely to result
in largest run-up elevations.

Moreover, it is important to remark that several field investigations (Ruessink
et al., 1998; Senechal et al., 2011) fixed a lower limit of the low-frequency band
(usually equal to f = 0.004 Hz) in order to exclude tides and other very long
waves. Since in the present cases swash motions are induced exclusively by the
incoming wave field, a lower cutoff frequency for the infragravity band is not
adopted. Even in a recent numerical work, Guza & Feddersen (2012) fixed a
lower infragravity-band limit for consistency with field investigations. They also
pointed out that their results are insensitive to that limit. In this work, due
to the long-period swash motions observed for the most energetic cases, run-up
elevations show small (but significant) sensitivity to the choice of such frequency
cutoff. In fact, the introduction of a cutoff frequency equal to 0.017 Hz (which cor-
responds to the field frequency 0.004 Hz in the geometrical scale adopted) would
reduce the run-up elevations up to 8 % for the most energetic cases characterized
by a mean frequency on the order of 0.04 Hz.

Figures 7.12b 7.13b suggests that, even thought severe sea states lead to nar-
row unsaturated low-frequency bands, a linear increase of run-up amplitudes for
increasing offshore wave heights is likely to occur even for most energetic con-
ditions. It appears that, as the offshore wave height increases, run-up energy is
transferred to lower-frequency motions which are allowed to experience a consid-
erable growth (up to reach saturation which approximately occurs following the
observed f−3 dependence). This energy transfer eventually increases the swash
periods consistent with the mean frequency decrease observed in figures 7.12c and
7.13c.
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7.5 Summary

This chapter deals with swash oscillations on a gently sloping beach. Labora-
tory experiments have been carried out in the Scheldt flume (The Netherlands)
during the GLOBEX project. Irregular wave conditions matching a JONSWAP
spectrum were conducted during the laboratory experiments. The relatively low
Iribarren numbers of the incoming waves lead to swash hydrodynamics dominated
by oscillations at surf beat frequencies.

Model validation has been conducted to test the ability of the NLSW-type
model SWASH to study low-frequency processes induced by breaking waves on a
mild beach. Comparisons between numerical and laboratory results have proven
that the model accurately simulates wave transformation on the sloping bottom.
The propagation and dissipation of both incident and low-frequency bands are
well addressed. Moreover, the run-up oscillations measured by the wire parallel
to the bottom are satisfactorily captured by the model as well.

A new set of simulations is conducted to study run-up oscillations under high-
energetic offshore wave conditions. The new cases are divided into two series
adopting the same peak frequencies of the laboratory. The offshore wave steep-
ness is varied between 0.01 and 0.03 for each series. Both the incident frequency
band and the highest part of the infragravity band of the swash spectra have
about the same energy regardless of incident wave conditions implying saturation
of these bands. For each series, the significant run-up of the infragravity band
shows an approximately linear increase with the offshore wave height even for the
most energetic cases. This is related to the energy transfer to narrow unsaturated
low-frequency bands which are strongly enhanced eventually shifting the mean
frequency of run-up. In fact, the nondimensional parameter εs grows up to reach
values on the order 1.8 and then it does not experience appreciable variations
for more energetic conditions. The simulated run-up data suggest that swash
variability is satisfactorily parameterized using the Stockdon et al. (2006) predic-
tor. Therefore, accounting for both offshore wave height and period significantly
improves the run-up prediction at the shoreline.



154 CHAPTER 7. SWASH ON A GENTLY SLOPING BEACH



Chapter 8

Conclusions

8.1 Conclusions

The increasing amount of published work dealing with coastal processes dur-
ing the last decades reflects the importance of nearshore hydrodynamics for the
development of human activities within the coastline. Nearshore processes are
highly nonlinear and they encompass a wide range of time and spatial scales.
This work deals with low-frequency phenomena induced by the incident wave
field in the surf and swash zone. Low-frequency oscillations such as surf beat
are relevant from both merely academic and practical engineering perspectives.
Classical theories, widely used parameterizations as well as recent advances have
been critically described in the literature review chapter. The approaches from
which it depends our understanding and predictive ability of nearshore processes
are enunciated and the basics of field, laboratory and numerical techniques are
reviewed. Moreover, present challenges have been identified in the state of the
art review.

In order to deal with low-frequency motions in coastal waters, the combined
use of laboratory data and numerical simulations is carried out. Capability of
the RANS-type IH-2VOF and NLSW-type SWASH models to simulate hydro-
dynamic processes induced by breaking waves is tested by means of comparison
with laboratory observations. The main advantage brought by numerical models
is that they provide a means to obtain high spatial and time resolution infor-
mation that is almost impossible to achieve in the laboratory. For this reason,
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numerical simulations represent a powerful and complementary tool in order to
investigate nearshore hydrodynamics. In particular, the reliability of numerical
results attested by accurate validation procedures in conjunction with the very
high spatial resolution enable dealing with the aforementioned challenges still
open in nearshore hydrodynamics. The numerical simulations confirm previous
work and improve numerical and laboratory observations regarding the study of
low-frequency motions on beaches.

Hydrodynamics at surf beat frequencies on a beach are investigated exten-
sively along the entire document. Special attention is devoted to nonlinear in-
teractions resulting in an enhancement of low frequency waves in the shoaling
zone as well as the release of free long waves over a sloping bottom (chapter
5). The low-frequency energy damping inside the surf zone is addressed in de-
tail identifying the dissipation agents and its contribution along the cross-shore
profile (chapter 6). Finally, chapter 7 focuses on swash oscillations on the beach
face under highly dissipative conditions when saturation extends to surf beat fre-
quencies. Therefore, the approach followed along the entire thesis is to consider
the nearshore as an interacting system in which shoaling, surf and swash zones
are linked through feedback processes and are ultimately forced by the offshore
incident wave conditions.

This section summarizes the more relevant contributions of this work. Conclu-
sions are presented with the aim to highlight important issues commented along
the thesis.

8.1.1 Model validations

A detailed model validation has been conducted to test the ability of the
RANS-type model IH-2VOF to simulate low frequency processes in a laboratory
wave flume with a sloping bottom resembling a steep beach profile. A great effort
has been paid to the generation and absorption routines. Numerical wave gener-
ation has been carried out simulating the wave maker movement achieved during
the laboratory experiments by means of a moving body algorithm. Comparisons
between numerical and laboratory free surface time history both inside and out-
side the surf zone have proven the high accuracy of the model in reproducing
both short and long wave transformation. The model is able to reproduce shoal-
ing and breaking of short waves on a sloping bottom as well as the enhancement
of incident long waves and the radiation of free long waves during the short wave
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breaking process. Moreover, nonlinear interactions resulting in energy transfer
to low frequency motions and energy dissipation inside the surf zone are well
addressed by the model.

Although the use of RANS models to simulate surf zone processes is growing
in importance, the high computational demand of such models can represent a
drawback. For this reason, less advanced depth-integrated models are still a valid
alternative especially when dealing with large spatial domains. In particular, the
low computational cost required by such models allows long-time simulations thus
increasing the statistical stability of the simulated time series. In this work, the
capability of the NLSW-type model SWASH to reproduce surf and swash hy-
drodynamic processes is tested by comparing numerical results with the observa-
tions obtained during the laboratory experiments carried out in the Scheldt flume
(The Netherlands). Nearshore processes associated with random wave breaking
on a gently sloping beach are satisfactorily reproduced by the model. Moreover,
the predicted run-up oscillations on the beach face agree well with observations
obtained by the capacitance wire parallel to the bottom deployed during the
experiments.

8.1.2 Long waves induced by a short wave group

The cross shore propagation of long waves induced by a transient short wave
group has been studied by means of numerical modelling. Short wave groups with
different central frequency and short wave steepness have been generated and fo-
cused at the breakpoint of the short waves. Under the steep slope regime, a gentle
positive pulse radiated directly from the shoaling region, due to a superposition
of a partial reflection of the long wave crest in front of the group and outgoing
free long waves, is noticed. Moreover, a long wave trough is radiated directly
from the breakpoint as a result of the radiation stress gradient due to short wave
breaking, consistent with the breakpoint forcing mechanism firstly proposed by
Symonds et al. (1982).

The model is applied by changing the bathymetry in order to study the long
wave transformation patterns governed by the bottom profile characteristics. Dif-
ferent bottom slopes are introduced to study the influence of the Iribarren num-
ber and the bed slope parameter β (Battjes et al., 2004) on the breakpoint long
wave generation. An increase of relative importance of breakpoint generated long
wave over the incident bound long wave as a result of the increase of the Irib-
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arren number is observed. Therefore, especially for transient wave groups that
break in intermediate depths, it appears that the outgoing long wave released at
the breakpoint is controlled by both the bed slope parameter and the Iribarren
number.

Moreover, additional simulations are conducted to study the influence of a
large flat bottom region on the propagation pattern of incident long waves. It is
observed that, as the group propagates above the flat bottom located outside the
surf zone, a strong long wave crest in front of the group is generated. The flat
bottom region seems to be responsible for the development of a strong radiation
stress forcing and at the same time enables a partial separation ahead of the
group of incident free long waves radiated from the shoaling region. Observations
of the spatial evolution of the low frequency component and the short wave en-
velope suggest that this positive surge is constituted by a superposition of the
positive part of the bound long wave (Longuet-Higgins & Stewart, 1962) and free
waves radiated ahead of the group as short waves shoal in intermediate depths.
The importance of this long wave crest is evident in the swash zone where it
significantly enhances the run-up on the beach face.

8.1.3 Energy balance within the surf zone

Many field and laboratory investigations have reported low frequency energy
losses inside the surf zone. The long wave dissipation is still poorly understood
and nowadays it represents an open and important issue in coastal engineering.
This work presents a detailed analysis of nonlinear interactions within the shoaling
and the surf zone in order to assess the energy transfer between long waves and
the swell wave field.

The numerical experiments show an infragravity energy flux increasing in the
shoaling zone and in the outer surf zone. The nonlinear energy transfer from
swell to infragravity waves is attested by the rate of work done by the radiation
stress matching the positive energy flux gradients. The maximum energy flux
is detected at the shoreward limit of the outer surf zone where dissipation of
infragravity energy starts. The energy transfer term still balances the energy
flux gradients in the middle surf zone. In the inner surf zone, interactions of
long waves with the swell field are small and the the energy flux dissipation is
likely to arise as a consequence of long wave self-self interactions. Therefore, the
present analysis points out that, under the conditions considered, in the middle
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surf zone energy is transferred back to short waves through the work done by the
radiation stress whereas self-self interactions appear to play the prominent role
in low frequency energy damping in the inner surf and swash zone.

8.1.4 Swash oscillations on a gently sloping beach

Field studies dealing with run-up for a wide range of natural beaches have
pointed out the lack of a clear dependence of low frequency run-up on local mor-
phological parameters, such a foreshore slope, and offshore wave parameters, such
as incident wave height. This is likely to arise as a result of the slow development
of long waves which depend on the entire form of the nearshore bottom profile
and are thus affected by large scale morphology like sand bar systems. Attempts
to link the nondimensional significant run-up and Iribarren number suggest that
the proposed relationship is likely to be site specific. Furthermore, recent investi-
gations carried out during dissipative conditions, when swash hydrodynamics are
dominated by surf beat, supported the hypothesis that the saturation commonly
limited to swell frequencies also extends to infragravity frequencies. The study
of swash oscillations during dissipative conditions by means of laboratory and
numerical data is addressed in this work. In particular, the dependence of swash
oscillations on varying offshore wave height is investigated with special attention
to signatures of swash saturation within the infragravity band.

Laboratory experiments involving irregular waves have been carried out in
the Scheldt flume (The Netherlands). The relatively low Iribarren numbers of
the incoming waves lead to swash hydrodynamics dominated by oscillations at
surf beat frequencies. The breaking wave processes observed in the laboratory
are numerically reproduced by the NSW-type model SWASH. The satisfactory
comparisons between numerical results and observations support the idea that
the model represent an reliable tool to deal with breaking waves over a gently
sloping beach.

A new set of simulations is carried out to study run-up dependence on offshore
wave conditions under highly energetic offshore sea states. The new cases are
divided into two series adopting the same peak frequencies of the laboratory
cases. The offshore wave height is varied between 0.01 and 0.03 for each series.
Both the incident frequency band and the highest part of the infragravity band
of the swash spectra have about the same energy regardless of incident wave
conditions, suggesting that saturation extends well inside the infragravity band.
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Run-up elevations shows an approximately linear increase with the offshore wave
height from moderate to energetic conditions. Furthermore, it is observed that
swash variability is satisfactorily parameterized using the Stockdon et al. (2006)
predictor. Therefore, the present dataset supports the idea that accounting for
both offshore wave height and period significantly improve the ability of run-up
prediction at the shoreline.

8.2 Future research topics

Laboratory and numerical investigations have improved the understanding of
surf zone processes as well as the predictive ability of beach morphology evolution.
Developments in laboratory instrumentation have led to an increase of measure-
ment capability and accuracy. At the same time, numerical tools have evolved
extending their application field and limiting the computational demand. Nowa-
days, fundamental and applied engineering research rely upon high-quality and
accurate data proceeding from both laboratory and numerical investigactions.

A number of interesting topics are subject to be deeply investigated through
laboratory and numerical tools. They are enunciated next:

• The study of incident long waves forced by short waves propagating over
a sloping bottom in intermediate depths, reproducing the effect of coral
reefs and natural shelves. This task is easily achievable with an adequate
numerical model and would allow the separation in time of free long waves
from bound waves.

• A deep study on the dependence of breakpoint generated long waves on
short wave parameters such as the Iribarren number. The normalized bot-
tom slope parameters β introduced by Battjes et al. (2004) is useful to
estimate the relative importance of breakpoint generated long waves over
incident bound waves. However, it takes into account only long wave pa-
rameters (beside the beach slope) and it does no include short waves.

• Surf beat energy dissipation on gently sloping beach. Most of our under-
standing of surf beat mechanics has resulted from studies on beaches with
slopes larger than about 1/40. Nearshore processes on a low-sloping beach
are characterized by a high nonlinearity with a strong low frequency energy
dissipation preventing a standing long wave pattern to develop.
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• Run-up saturation under extreme storms. Field data collected during high
energy conditions have indicated that saturation is not limited to incident
bands but it can extend over almost all the infragravity frequencies. These
findings need to be generalized at a wider range of locations.

• The study of boundary layer dynamics forced by nonlinear random waves.
In fact, wave groupiness is likely to enhance the nonlinear boundary layer
streaming playing an important role on cross-shore sediment transport.

• The development of a time-domain model able to predict a wide range of
littoral phenomena involving sediment transport such as coastal evolution
and dune overwash by coupling the hydrodynamic model with a sediment
transport model.

• The sensitivity of run-up to large scale morphology. Recent studies dealing
with run-up oscillations under dissipative conditions have pointed out the
lack of a clear dependence of low frequency run-up on local morphological
parameters. This is likely to be ascribed to the slow development of long
waves which depend on the entire form of the nearshore bottom profile and
are thus affected by, for example, sand bar systems or coral reefs.

• The investigation of the relationship between time series of offshore and
swash oscillation in order to identify potential coupling between offshore
wave grouping and surf beat motions at the shoreline.
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