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Resumen 

Los objetivos principales de este estudio son: (i) investigar la influencia de la variabilidad 

direccional del clima marítimo en la forma en planta de equilibrio en las playas encajadas, (ii) 

determinar la dirección representativa del flujo de energía del oleaje que determina la orientación 

de las playas en condiciones de equilibrio estático, y (iii) modelar y ajustar la forma en planta de 

equilibrio dinámico en las playas encajadas caracterizadas por tasas netas de transporte de 

sedimento. Gran parte del trabajo presentado en esta tesis se basa en el análisis de los climas 

marítimos direccionales que afectan a casos prototipos de playas en condiciones de equilibrio. En 

el estudio se emplearon datos de varias playas en España y América Latina y se utilizaron 

imágenes aéreas verticales de las playas seleccionadas. Por otra parte, se utilizó el Sistema 

Modelado Costero (SMC) como una herramienta útil para diferentes propósitos en esta tesis, 

como el modelado de la transformación del oleaje detrás de los diques, la estimación del 

transporte neto de sedimentos y el ajuste de la forma en planta de equilibrio en playas sobre 

imágenes verticales. 

En el capítulo 2, se analizó ampliamente el estado del arte del tema de esta tesis. El capítulo 3 se 

presentó el efecto del tamaño de los sedimentos de las playas y la forma de la distribución 

direccional, Shape of Directional Distribution (SDD), del flujo de energía del clima marítimo en 

la dirección que determina la orientación de playas en equilibrio. Se emplearon datos de 32 playas 

a lo largo de la costa española y bases de datos de los climas marítimos direccionales disponibles.   

1Este resumen en español es una versión reducida del contenido total de la tesis. Si bien contiene todos los argumentos, 
resultados y conclusiones fundamentales, se remite al lector a la versión de inglés para una información más detallada. 
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Por otro lado, el inicio del movimiento del sedimento debido a la acción del oleaje se tuvo en 

cuenta a fin de filtrar el clima marítimo direccional para considerar sólo las olas capaces de mover 

el sedimento. Los resultados indicaron que la dirección del flujo medio de energía de las olas 

filtradas es más apropiada para la determinación de la Static Equilibrium Beach Orientation 

(SEBO) que la de toda la serie del oleaje. Esta dirección se identificó como la dirección 

representativa morfológicamente del flujo de energía del oleaje. (Publicado en Coastal 

Engineering) 

En el capítulo 4, se investigó la metodología de la localización del punto de inicio de la forma en 

planta de equilibrio estático en las playas encajadas, explorando la influencia de la dispersión 

direccional del clima marítimo y empleando 44 playas en España y América Latina. Se 

correlacionó la forma en planta en el largo plazo con la variabilidad direccional del clima 

marítimo en el punto de difracción. Además, se realizó una serie de simulaciones numéricas 

utilizando un modelo espectral del oleaje para modelar los efectos combinados de la refracción-

difracción detrás de los diques, definiendo la parte afectada por la estructura costera en diferentes 

condiciones del oleaje. Los resultados aclararon la importancia de la dispersión direccional de las 

olas en la localización de punto (Po). Además, se derivó una fórmula nueva para localizar el punto 

de inicio (Po) de la parte parabólica de la costa en función de la varianza direccional del clima 

marítimo y la ubicación del punto de difracción desde el tramo recto de la línea costa. (Aceptado 

en Coastal Engineering con revisión). 

En el capítulo 5, se exploró la forma en planta en las playas encajadas en condiciones de equilibrio 

dinámico, proponiendo una fórmula nueva derivada para obtener la Dynamic Equilibrium 

Planform (DEP) de esas playas. El modelo representa una forma general de la ecuación parabólica 

(PBSE) Parabolic Bay Shape Equation, con coeficientes modificados como una función de la 

oblicuidad del oleaje (β) y de la tasa neta del transporte de sedimento que está pasando a través 

de la bahía. La diferencia angular (γd) entre la dirección del flujo medio de energía de las olas 

cerca del el punto de difracción y la orientación del tramo recto de la playa se utiliza en el modelo 

propuesto como el impulsor de la tasa neta de transporte de sedimentos litorales. El modelo se 

verificó con algunas playas naturales en equilibrio dinámico caracterizado por varias tasas netas 

del transporte de sedimento a lo largo de la costa brasileña, produciendo buenos resultados. 

(Aceptado en Coastal Engineering con revisión). 

Además, en el capítulo 6 se presentó un procedimiento de diseño que se utilizará para estudios de 

estabilidad y diseño de las playas encajadas en condiciones de equilibrio dinámico. La 

metodología propuesta emplea la tasa neta de transporte de sedimentos que pasa a través de la 

bahía junto con la serie temporal del clima marítimo que incide en la playa para calcular el ángulo 

(γd) para identificar la forma en plante de equilibrio dinámico (DEP). Además, la metodología de 
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diseño puede emplearse en la gestión costera y en la evaluación de los cambios en la línea costa 

en las situaciones en que la tasa de suministro de sedimentos cambia o se reduce de su fuente de 

origen (por ejemplo, los caudales fluviales y el bypassing de la arena). (Aceptado en Coastal 

Engineering con revisión) 

I. Introducción 

  I.II Motivación 

Las zonas costeras son muy dinámicas y ricas en recursos naturales. Debido a los beneficios 

económicos que se derivan del acceso a la navegación oceánica, la pesca costera, el turismo y los 

usos lúdicos, las actividades humanas suelen estar más concentrados en la zona costera que en 

otros lugares. Actualmente, casi 40% de la población mundial vive a menos de 100 kilómetros de 

la costa. Las presiones sobre los ecosistemas costeros aumentan porque la densidad de población 

y las actividades económicas en la zona costera aumentan. Esta alta presión humana sobre las 

zonas costeras casi siempre está acompañada de cambios en los ecosistemas costeros, cambio de 

cobertura de la tierra y aumento de la vulnerabilidad de la zona litoral frente a peligros costeros 

como el aumento del nivel del mar y la marea meteorológica. La erosión costera inducida por los 

impactos antropogénicos y el cambio climático constituye un problema para la seguridad de los 

habitantes de la zona costera. La costa necesita un espacio para permitir que la dinámica natural 

ocurra para tener una costa resistente que pueda soportar tales peligros costeros y eventos 

extremos. 

La evolución morfológica de los sistemas costeros, como las playas y las desembocaduras, está 

inducida por la interacción continua de la hidrodinámica activa (viento, oleaje y mareas), los 

procesos de transporte de sedimentos y las intervenciones humanas.  

Los depósitos sedimentarios costeros, como las playas, están a menudo en un estado de cuasi-

equilibrio, reaccionando constantemente a condiciones de forzamientos variables en diferentes 

escalas temporales y espaciales (Daly, 2013).  

Las playas encajadas representan uno de las características fisiográficas más prominente en los 

márgenes oceánicos de muchos países por todo el mundo. Esas playas ocupan casi 50% de la 

costa del mundo (Inman y Nordstorm, 1971; Short y Masselink, 1999). Cuando las olas llegan a 

este tipo de playas entre cabos marinos o estructuras costeras, forman una línea de costa curvada 

específica en la planta como resultado del patrón de refracción-difracción del oleaje. Es decir, los 

procesos naturales esculpen las costas detrás de los cabos mientras que la reacción natural de la 

playa es adaptarse al clima marítimo local manteniendo su forma curvada estable. 



Resumen en Castellano 

 

xxxii 
 

La playa encajada está estable si la tasa neta de transporte de sedimento es cero o constante en 

todas partes a lo largo de la playa, estando en equilibrio estático o dinámico, respectivamente. El 

equilibrio estático se define como un estado donde las olas predominantes se rompen 

simultáneamente alrededor de toda la bahía. Entonces la tasa neta del transporte de sedimento 

producida por las corrientes costeras es casi inexistente y no se requiere sedimento adicional para 

mantener la estabilidad en el largo plazo (Hsu et al., 2010; González et al., 2010). Por otro lado, 

la playa encajada se considera en equilibrio dinámico cuando el sedimento pasa a través de la 

bahía y las tasas de transporte de sedimentos entrantes y salientes son iguales. En esta condición 

dinámica, la línea de costa no es tan cóncava como la de la condición de equilibrio estático. Si el 

suministro de sedimentos disminuye, la línea de costa mueve hacia la posición definida por el 

equilibrio estático. 

Se han derivado varias fórmulas empíricas para describir esta forma en planta de equilibrio 

estático de las playas encajadas. Por ejemplo, el modelo espiral logarítmica (Krumbein, 1944; 

Yasso, 1965), el modelo tangente hiperbólica (Moreno y Kraus, 1999) y la ecuación parabólica 

propuesta por Hsu y Evans (1989). Entre estos modelos, el modelo parabólico es actualmente el 

modelo más utilizado en las prácticas de la ingeniería costera (González y Medina, 2001; 

González et al., 2010) y ha recibido el reconocimiento del Coastal Engineering Manual (USACE, 

2003) para la evaluación de proyectos y manejo costero. 

Los autores anteriormente citados señalan que la forma final en planta está basada en la dirección 

del flujo medio de energía de toda la serie temporal del clima marítimo que afecta a la costa. Esta 

dirección es un parámetro clave en la ingeniería costera y la gestión de la costa. Se utiliza para 

definir la orientación de playas en equilibrio estático, así como las partes rectas de las playas 

encajadas según González y Medina (2001), quienes proporcionaron una guía para definir el 

punto de inicio de la parte curvada de la forma en planta de equilibrio estático al aplicar el modelo 

parabólico de Hsu y Evans (1989). 

Sin embargo, cuando se utiliza la dirección del flujo medio de energía para definir la orientación 

de playas en equilibrio estático en casos reales, a veces no funciona correctamente y aparece una 

discrepancia entre ésta dirección y la orientación de la playa. Por otra parte, la aplicación del 

criterio de González y Medina (2001) a los casos de playas encajadas con puntos de difracción 

lejos de la costa ignorando la variabilidad direccional del clima marítimo, conduce a predicciones 

inexactas de la forma en planta de equilibrio estático.  

Además, la literatura carece de una metodología de diseño para las playas encajadas en 

condiciones de equilibrio dinámico debido a la rareza de formulaciones que definen la forma en 

planta de equilibrio dinámico en presencia de una significativa tasa neta de transporte de 

sedimento que pasa en la bahía. 
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En consecuencia, la motivación principal de esta tesis se debe a la necesidad de profundizar y 

ampliar nuestro conocimiento de las playas encajadas como sistemas costeros estables, 

manteniendo su equilibrio en el largo plazo. En particular, la comprensión de la influencia de la 

variabilidad direccional del clima marítimo en su forma en planta en el largo plazo. Es decir, 

definiendo su forma en planta de equilibrio, tanto en condiciones estáticas como dinámicas, en 

respuesta al clima marítimo direccional que les impacta. 

I.III Hipótesis, preguntas de investigación y 

objetivos 

Las hipótesis principales propuestas en esta tesis son: 

• La variabilidad direccional del clima marítimo tiene una influencia importante sobre la 

orientación de las playas de equilibrio en el largo plazo. 

• El tamaño de los sedimentos de las playas, así como la forma de la distribución direccional  del 

flujo de energía del clima marítimo afectan la determinación de la dirección del flujo de energía 

que dicta la forma en planta de equilibrio estático de las playas. 

• Las variaciones de la dirección del oleaje y la dispersión direccional tienen un gran efecto sobre 

la curvatura y la forma en planta de equilibrio estático de las playas encajadas. 

• La forma en planta de equilibrio dinámico en playas encajadas puede ser representada usando 

un modelo polinomio de segundo orden, teniendo en cuenta la tasa neta de transporte de 

sedimento que pasa en la bahía. 

A modo de síntesis, las preguntas de investigación surgidas de la motivación y de las hipótesis 

de esta tesis son las siguientes: 

• Dada la variabilidad direccional del clima marítimo ¿Cuál es la dirección representativa del 

flujo de energía del oleaje que se utilizará para el diseño de las playas en equilibrio?  

• ¿Cuál es el efecto de la forma de la distribución direccional del oleaje y el tamaño del sedimento 

de la playa al definir la dirección representativa del flujo de energía? 

• ¿Cómo puede afectar la varianza direccional del clima marítimo a la curvatura y la forma en 

planta de equilibrio en las playas encajadas? 

• ¿Cómo obtenemos la forma en planta de equilibrio estático para playas expuestas a climas 

marítimos direccionales multimodales?  
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• ¿Son válidas las fórmulas existentes en la literatura para definir el punto de inicio (PO) de la 

forma en planta de equilibrio estático en playas encajadas con puntos de difracción lejanos de 

la costa?  

• ¿Cuáles son los parámetros principales que gobiernan la forma en planta de equilibrio estático 

y la orientación de las playas encajadas? 

• ¿Podemos modelar la forma en planta de equilibrio dinámico para playas encajadas 

caracterizadas por importantes tasas netas de transporte de sedimentos? 

• ¿Cómo podemos diseñar una playa encajada no desarrollada en condiciones de equilibrio 

dinámico? 

En consecuencia, los objetivos principales de este estudio son: 

1. Determinar la dirección media representativa del clima marítimo direccional que gobierna la 

orientación de las playas en equilibrio. 

2. Identificar la influencia de la varianza direccional del clima marítimo en la forma en planta de 

equilibrio en las playas encajadas. 

3. Modelar la forma en planta de las playas encajadas en condiciones de equilibrio dinámico. 

4. Proporcionar una metodología del diseño de las playas encajadas en equilibrio dinámico. 

I.IV Estructura de la tesis 

Esta tesis comprende siete capítulos incluyendo la introducción (Capítulo 1) que presenta las 

motivaciones, las hipótesis de la tesis y las diferentes preguntas de investigación a ser respondidas 

a través de este estudio. Además, se describen las diversas herramientas utilizadas en esta 

investigación. 

El capítulo 2 incluye el estado del arte y los antecedentes de las playas en equilibrio, la estabilidad 

de las playas encajadas, los procesos costeros y la hidrodinámica de esos sistemas. Además, 

destaca investigaciones previas en la literatura y el uso de playas encajadas para estabilizar la 

costa y mitigar los problemas de erosión costera. 

El capítulo 3 aborda la investigación del efecto de toda la forma de la distribución direccional del 

oleaje y el tamaño del sedimento de la playa en la definición de la dirección del flujo de energía 

que dicta la orientación de las playas en equilibrio. 
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El capítulo 4 explora la influencia de la dispersión direccional del clima marítimo cerca del punto 

de difracción en la localización del punto de inicio de la forma en planta  de equilibrio estático en 

playas encajadas. Es decir, presenta el efecto de la varianza direccional del clima marítimo en la 

forma en planta  de equilibrio y la curvatura de la costa. 

En el capítulo 5 se describe la representación de la forma en planta  de equilibrio dinámico en 

playas encajadas caracterizadas por significativas tasas netas de transporte de sedimento, 

mediante un nuevo modelo empírico. Además, se aborda la verificación del modelo con casos 

reales. 

El capítulo 6 desarrolla un procedimiento de diseño de las playas encajadas en equilibrio 

dinámico. Además, destaca el uso de la metodología propuesta como una herramienta útil para 

aplicaciones de ingeniería costera. 

El capítulo 7 resume los resultados principales y las conclusiones de esta tesis, abordando las 

respuestas a las diferentes preguntas de investigación planteadas en esta tesis. Además, destaca 

otras futuras líneas de investigación. 

II. Estado del arte 

El equilibrio se define como un estado en el que el sistema permanece sin cambios netos durante 

el tiempo. Si la balanza de las fuerzas de control cambia, entonces el sistema se alejará del estado 

de equilibrio. Las fuerzas pueden depender del tiempo, pero mientras se equilibren en cualquier 

instante, el sistema estará en equilibrio (Kraus, 2001). Las formas en planta de equilibrio en las 

playas encajadas son ejemplos de características morfológicas de equilibrio de escala regional. 

La estabilidad de las playas encajadas se basa básicamente en tres estados: equilibrio estático, 

equilibrio dinámico y desequilibrio (Hsu et al., 2008; 2010). El equilibrio estático es un estado 

donde las olas predominantes se rompen simultáneamente alrededor de toda la periferia de la 

bahía (Hsu et al., 2010; González et al., 2010). Por otro lado, una playa encajada se considera en 

un estado de equilibrio dinámico cuando el sedimento sigue pasando a través de la periferia de la 

bahía en la que las tasas de transporte de sedimentos entrantes y salientes son iguales.  

II.I Modelos de planta de equilibrio 

A lo largo de las últimas décadas, se han propuesto varias ecuaciones empíricas para describir la 

forma en planta de equilibrio estático de playas encajadas naturales esculpidas por la naturaleza. 

Los modelos más conocidos en la literatura son el modelo espiral logarítmica (Krumbein, 1944; 

Yasso, 1965), el modelo tangente hiperbólica (Moreno y Kraus, 1999) y la ecuación parabólica 

propuesta por Hsu y Evans (1989). Entre estos modelos, la ecuación parabólica propuesta por Hsu 
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y Evans (1989) es actualmente la más ampliamente utilizada en el campo de ingeniería costera. 

La forma en planta de equilibrio es básicamente dependiente de la ubicación del punto de inicio 

en la línea costa (Po) que es el límite del cual es aplicable el modelo parabólico, ver Fig. 1. 

González y Medina (2001) propusieron una metodología para localizar el punto (Po) con base en 

estudios de algunas playas españolas, usando la dirección del flujo medio de energía de las olas 

definieron el ángulo (αmin),  ver Fig. 1. Se encontró que el ángulo (αmin) dependía sólo de la 

distancia en longitudes de onda entre el punto de difracción del dique y el tramo de costa recto 

(Y/L) siendo aplicable para casos con (Y/L<10). 

 

Fig. 1. Definición de la Forma en Planta de Equilibrio Estático o (Static Equilibrium Planform, SEP) para 
una playa encajada donde se identifican el ángulo (αmin) y el punto (Po) 

 

El modelo en el largo plazo utilizado para obtener la forma en planta de equilibrio dinámico de 

una playa encajada con una tasa neta específica de transporte de sedimento se basa en un número 

limitado de unos casos de estudios. Tasaduak y Weesakul (2016) propusieron una versión nueva 

del modelo parabólico de Hsu y Evans (1989) para condiciones de equilibrio dinámico. 

Expresaron los tres coeficientes C del modelo en función de la oblicuidad del oleaje (β) y el 

parámetro de la proporción de suministro de sedimentos (SSR), como se muestra en la Fig. 2, 

sobre la base de 18 casos experimentales con tasas de suministro de sedimentos procedentes de 

una fuente dentro de la bahía modelada. (SSR) se define como la división entre la tasa de 

suministro de sedimento en la bahía y la tasa potencial de transporte de sedimento a lo largo de la 

línea de control (Ro) con la oblicuidad de las olas (β), ver Fig. 2. Es decir, propusieron que se 

puede calcular la tasa potencial máxima del transporte de sedimentos con la CERC fórmula 

(USACE, 1984, 2003) usando condiciones de las olas en aguas profundas, ver Tasaduak et al. 

(2014). 
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Fig. 2. Los coeficientes del modelo de Tasaduak y Weesakul (2016) en función de la oblicuidad del oleaje 
(β) y el parámetro de la proporción de suministro de sedimentos (SSR). 

 

II.II Limitaciones  

Con respecto a la forma en planta de equilibrio estático en playas encajadas, Hsu et al., (2010) 

enumeraron algunas limitaciones de su modelo parabólico indicando que puede haber alguna 

incertidumbre debido a: 

• Una selección arbitraria del punto de inicio (Po) demasiado lejos a lo largo de una playa recta y 

tan larga. 

• Variaciones direccionales del oleaje que varían temporalmente o estacionalmente. 

Afirmaron que debía tenerse en cuenta que su ecuación parabólica original se desarrolló para una 

playa de una sola bahía ideal sujeto a unas olas predominantemente generadas localmente desde 

casi una dirección constante. Es decir, el modelo es aplicable a las playas encajadas expuestas a 

las olas que llegan persistentemente de una banda estrecha de direcciones (Hsu y Evans, 1989). 

Tan y Chiew (1993) afirmaron que, para establecer un modelo para describir la forma en planta 

en condiciones de equilibrio dinámico, debe contener la tasa neta del transporte de sedimento que 

pasa a través de la bahía. Sin embargo, Tasaduak y Weesakul (2016) propusieron un modelo 

basado en la tasa potencial de transporte de sedimentos calculada en condiciones de aguas 

profundas. Este modo de calcular la tasa de sedimento no es usual en los problemas prácticos de 
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ingeniería porque todas las ecuaciones y teorías encontradas en la literatura calculan la tasa de 

transporte de sedimento en condiciones de olas en rotura no en condiciones de mar abierto. 

Resumiendo, las preguntas de investigación que se han planteado en base al estado del arte de 

esta tesis aclaran que hay una necesidad de estudiar la influencia de la variabilidad direccional 

del clima marítimo en la forma de planta de equilibrio en las playas encajada en ambos 

condiciones estáticas y dinámicas. Es decir, se debe investigar el efecto de la varianza de la 

dirección del oleaje en la forma en planta de equilibrio de esas playas en el largo plazo. Además, 

se debe estudiar la ubicación variable del punto de inicio en la línea costa de las bahías en 

equilibrio estático. Por el otro lado, es necesario determinar qué dirección predominante de onda 

debe ser utilizada para verificar la estabilidad de las playas en zonas caracterizadas con climas 

marítimos  multimodales. Además, la literatura carece de un procedimiento de diseño práctico y 

un modelo para estudiar la estabilidad de las playas encajadas en condiciones de equilibrio 

dinámico. 

En los siguientes capítulos se abordan todos y cada uno de los puntos anteriormente citados. 

III. Relación entre la dirección del flujo de 
energía del oleaje y la orientación de las 

playas en equilibrio2  

El concepto de la forma en planta de equilibrio ha sido ampliamente utilizado para modelar los 

cambios morfológicos de la línea de costa en el largo plazo. Su objetivo es definir la forma en 

planta de las playas en una escala de años que sea útil para estudios de estabilidad, el diseño y 

regeneración de playas. En la literatura existe, se propone que la orientación de una playa en 

equilibrio estático, Static Equilibrium Beach Orientation (SEBO), puede obtenerse con base en 

la dirección del flujo medio de energía (θEF) considerando todas las olas que inciden en la playa. 

Sin embargo, cuando se utiliza esta dirección para definir la (SEBO) en casos reales, a veces no 

produce resultados precisos y aparece una discrepancia entre la (SEBO) y (θEF). Se ha encontrado 

que esto es especialmente prevalente cuando el sedimento de la playa es grueso y / o el clima 

marítimo direccional se caracteriza por una distribución asimétrica y multimodal. En este capítulo 

se estudió el efecto del tamaño de los sedimentos en la playa junto con la forma de la distribución 

direccional, Shape of Directional Distribution (SDD), del flujo de energía del clima marítimo en 

2 Este sub-aportado resume de manera concisa el contenido y las conclusiones del Capítulo 3 del documento en inglés, 
que a su vez es una adaptación del artículo: Elshinnawy, A.I., Medina, R., González, M. (2017a). “On the relation 
between the direction of the wave energy flux and the orientation of equilibrium beaches.” Journal of Coastal 
Engineering (127), 20–36.  Para una revisión completa del trabajo, se remite al lector al capítulo original de la tesis 
(Chapter 3) redactando en inglés. 
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la dirección del flujo de energía que dicta la SEBO. Los datos de 32 playas en equilibrio a lo largo 

de la costa española fueron empleados en este estudio. Las playas seleccionadas se caracterizaban 

por tener orientaciones claras en la forma en planta, una variedad de tamaños de sedimentos y que 

se localizaban en zonas expuestas a climas marítimos multidireccionales. El inicio del 

movimiento del sedimento debido a la acción del oleaje se tiene en cuenta para filtrar el clima 

marítimo direccional para considerar solo las olas que son capaces de mover el sedimento. 

Se ha encontrado que la dirección del flujo medio de energía del oleaje filtrada (θFef) coincide con 

la (SEBO), definida por la dirección perpendicular a la orientación de la forma en planta (θBeach). 

Es decir, morfológicamente, la dirección representativa del flujo de energía de las olas que dicta 

la (SEBO) puede ser determinada por la dirección del flujo medio de energía del clima marítimo 

filtrado (θFef) que considera sólo olas eficaces morfológicamente. Esto significa las olas capaces 

de mover el sedimento. Además, se ha encontrado que la dirección del flujo medio de energía 

(θEF) de toda la serie temporal del clima marítimo, incluyendo las olas pequeñas, no coincide con 

la (SEBO) para playas con sedimento grueso y / o expuestas a climas marítimos direccionales 

asimétricos y multimodales. En consecuencia, en estos casos, hay una desviación angular (ΔθEF) 

entre (θEF) y (θBeach). A partir del análisis de la (SDD), el estudio ha indicado que para una (SDD) 

casi uní-modal simétrica, el proceso del filtrado cambia la dirección media ligeramente. Sin 

embargo, el filtrado es más efectivo y muy importante en las playas con (SDD) asimétrica 

multimodal, ya que el filtrado de los datos del oleaje modifica significativamente la SDD final, 

cambiando su dirección media y la dispersión direccional correspondiente. Los resultados han 

demostrado que cuanto más grueso es el sedimento de la playa, mayor es la desviación (ΔθEF) 

para los casos con (SDD) bimodales asimétricas. También han indicado que cuanto mayor sea el 

ángulo de separación entre los picos direccionales de la (SDD), mayor será la desviación (ΔθEF) 

para la misma proporción de pico y el mismo tamaño de sedimento. Además, para el mismo 

ángulo de separación y tamaño de sedimento, cuanto mayor es la proporción de pico, más la 

dirección media no filtrada (θEF) se desplaza desde la (SEBO) y, de nuevo, mayor es la desviación 

(ΔθEF). El estudio llegó a la conclusión de que el filtrado del clima marítimo direccional que 

impacta una playa, considerando su tamaño de sedimento, es necesaria para definir la dirección 

representativa morfológicamente del flujo de energía del oleaje que dicta la SEBO. Además, se 

confirmó que la forma de la distribución direccional del clima marítimo debería analizarse y 

utilizarse en las prácticas de la ingeniería costera para definir la dirección representativa que se 

utilizará para los estudios de estabilidad de la playa así como para el diseño de playas nuevas. 
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IV. La varianza direccional del clima 

marítimo y la forma en planta de 
equilibrio en playas encajadas3 

La forma en planta de equilibrio estático de las playas encajadas puede ser estudiada aplicando la 

ecuación parabólica, Parabolic Bay Shape Equation (PBSE), propuesta por Hsu y Evans (1989). 

En este capítulo se estudió la forma en planta de equilibrio estático de 44 playas encajadas 

repartidas a lo largo de las costas de España, Brasil y Uruguay. Se utilizó el modelo parabólico 

propuesto por Hsu y Evans (1989) con la modificación de Tan y Chiew (1994) aprovechando las 

largas series temporales de los climas marítimos obtenidos por reanálisis. Se analizó el clima 

marítimo direccional cercano al punto de difracción de cada playa, definiendo la dirección del 

flujo medio de energía del oleaje (θEF) y su dispersión direccional (σθEF). Los mejores ajustes de 

la forma en planta de equilibrio estático de las playas muestran que la localización del punto de 

inicio en la costa (Po), definida por el ángulo (αPo), desde el cual es válida la PBSE, es una función 

de la distancia en longitudes de onda entre el punto de difracción del dique y el tramo de costa 

recto (Y/L) y también de la varianza direccional del clima de marítimo (σθEF). Se encontró que 

para la misma distancia (Y/L), cuanto más ancha sea la dispersión direccional del oleaje, más lejos 

será la localización del punto (Po), ver Fig. 3. Además, para el mismo grado de la varianza 

direccional del clima marítimo, cuanto más lejos es el punto de difracción de la costa, menor es 

la parte de la playa afectada por la estructura costera, ver Fig. 3. También se realizó una serie de 

simulaciones numéricas utilizando el modelo espectral (OLUCA-SP) para modelar los efectos 

combinados de la refracción-difracción detrás de un dique, definiendo la parte de la playa afectada 

por la estructura costera, usando diferentes condiciones de las olas y localizaciones del dique con 

respecto a la costa. Los resultados de los casos numéricos confirmaron la tendencia obtenida de 

las playas reales. 

 

 

 

 

3 Este sub-aportado resume de manera concisa el contenido y las conclusiones del Capítulo 4 del documento en inglés, 
que a su vez es una adaptación del artículo: Elshinnawy, A.I., Medina, R., González, M. “On the influence of wave 
directional spreading on the equilibrium planform of embayed beaches.” Journal of Coastal Engineering (in press).   
Para una revisión completa del trabajo, se remite al lector al capítulo original de la tesis (Chapter 4) redactando en 
inglés. 
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Fig. 3. Relación entre el ángulo del mejor ajuste (αPo) y (Y / L) para diferentes grados de la dispersión 
direccional del clima marítimo (Elshinnawy et al., 2017b) 

 

Con base en los datos de dichas playas se derivó una nueva fórmula para calcular el ángulo (αPo), 

ecuación. (1), y por lo tanto la localización del punto (Po), a partir del cual el modelo parabólico 

es aplicable para playas con efectos de refracción-difracción dominantes. Ecuación (1) es dada 

como: 

(1)                                              αPo
=33.75�σθEF�

0.258
�Y

L
�

-0.25
                                              

Donde es  (Y/L) es la distancia en longitudes de onda entre el punto de difracción del dique y el 

tramo de costa recto y (σθEF) es la varianza direccional del clima de marítimo. 

La ecuación es capaz de definir la parte curvada de la playa afectada por diques con puntos de 

difracción cercanos y también lejanos de la costa, es decir (Y/L ≤ 42.46). Además, el modelo es 

válido para diferentes tipos de climas marítimos direccionales con bandas estrechas (σθEF ≈ 3.7º) 

así como los de bandas anchas (σθEF ≈ 30º). El modelo mostró buenos resultados para varias playas 

naturales y artificiales. El nuevo modelo puede utilizarse para probar la estabilidad de las playas 

existentes y también para diseñar playas encajadas nuevas en equilibrio estático, teniendo en 

cuenta las características direccionales del clima marítimo en el área estudiada. 

 



Resumen en Castellano 

 

xliii 
 

V. Un nuevo modelo de la forma en planta de 

equilibrio dinámico en playas encajadas4 

Las playas encajadas son una de las características fisiográficas más comunes a lo largo de los 

márgenes oceánicos y costeros en todo el mundo. Estos sistemas costeros pueden estar en 

equilibrio estático, cuando no hay suministro de sedimentos que salga de la bahía, o pueden existir 

en un estado de equilibrio dinámico cuando la bahía tiene una tasa neta de transporte de sedimento 

(Q) que sigue pasando a través de su periferia en la que las tasas de transporte de sedimentos 

entrantes y salientes son iguales. A lo largo de la literatura, aunque se han derivado varias 

formulaciones empíricas para obtener la forma en planta de equilibrio estático, Static Equilibrium 

Planform (SEP), son raras las que se usan para definir la forma en planta de equilibrio dinámico. 

En esta tesis una nueva fórmula, la ecuación (2), se ha derivado para definir la forma en planta de 

equilibrio dinámico, Dynamic Equilibrium Planform (DEP), de playas encajadas con tasas netas 

de transporte longitudinal de sedimento. La ecuación tiene la misma forma que la (PBSE), 

modifica sus coeficientes C0 y C1 y mantiene el parámetro C2 igual al definido por Tan y Chiew 

(1994) para los casos de equilibrio estático. Se verificó que los dos primeros coeficientes eran 

dependientes de la oblicuidad del oleaje (β) y tambíen de la desviación angular (γd) entre la 

orientación del tramo recto de la (DEP) (θDB) y la dirección del flujo medio de energía (θEF) de 

las olas en el punto de difracción, ver Fig. 4. 

 

Fig. 4. Definición de la Forma en Planta de Equilibrio Dinámico o (Dynamic Equilibrium Planform, 
DEP) para una playa encajada donde se identifican los ángulos (γd) y (β) 

 

4 Este sub-aportado resume de manera concisa el contenido y las conclusiones del Capítulo 5 del documento en inglés, 
que a su vez es una adaptación del artículo: Elshinnawy, A.I., Medina, R., González, M. “Dynamic equilibrium 
planform of embayed beaches: Part 1.  A new model and its verification.” Journal of Coastal Engineering (in press).  
Para una revisión completa del trabajo, se remite al lector al capítulo original de la tesis (Chapter 5) redactando en 
inglés. 
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Ecuación (2), finalmente, puede ser expresada como: 

R
Ro

=(1-Ψ+αst)+(Ψ-2αst) �
β
θ
�+αst �

β
θ
�

2
                                         (2) 

Donde (αst) es el parámetro C2 en el modelo de Tan y Chiew (1994) del equilibrio estático y (Ψ) 

es funcion de la oblicuidad del oleaje (β) y tambíen de la desviación angular (γd). 

La fórmula propuesta se puede aplicar para obtener tanto el (SEP) como (DEP). Para las 

condiciones de equilibrio estático, usando (γd = 0), la fórmula tendrá la misma forma que la 

proporcionada por Tan y Chiew (1994). Además, en condiciones de equilibrio dinámico, es decir 

cuando (γd> 0), la ecuación (2) define correctamente la (DEP). El modelo ha sido verificado con 

casos reales que están en diferentes estados de equilibrio dinámico, y el modelo mostró buenos 

resultados. La ecuación es válida para playas encajadas con oblicuidad del oleaje en el rango 

(β≥30˚), que es prácticamente el dominio habitual aplicable en la mayoría de las condiciones 

naturales. En consecuencia, esto significa que el modelo propuesto es una fórmula general de 

diseño que pueda utilizarse para probar la estabilidad de las playas existentes, además para 

facilitar el diseño de nuevas playas encajadas en zonas con tasas netas específicas de transporte 

longitudinal de sedimentos. 

VI. Forma en planta de equilibrio dinámico 
en playas encajadas: Procedimiento de 

diseño y aplicaciones de ingeniería5 

En este capítulo se presentó un procedimiento de diseño de playas encajadas en condiciones de 

equilibrio dinámico. Es decir, aquellas caracterizadas por unas tasas netas de transporte de 

sedimentos que pasan continuamente por sus bahías. La metodología emplea la nueva fórmula, la 

ecuación (2), para modelar la forma en planta de equilibrio dinámico (DEP) como una herramienta 

para diseñar playas encajadas desarrolladas y no desarrolladas. La diferencia angular (γd) entre la 

dirección (θEF) y la orientación del tramo recto de la playa en equilibrio dinámico (θDB) se calcula 

como una función de la tasa neta de transporte de sedimentos (Q) de la bahía y también de la serie 

temporal del clima marítimo que afecta a la playa encajada, ver Fig.4. El procedimiento propuesto 

se ha aplicado a casos prototipos en equilibrio dinámico usando sus tasas netas de transporte de 

sedimentos y las series temporales de datos del oleaje para calcular el ángulo (γd). 

5 Este sub-aportado resume de manera concisa el contenido y las conclusiones del Capítulo 6 del documento en inglés, 
que a su vez es una adaptación del artículo: Elshinnawy, A.I., Medina, R., González, M. “Dynamic equilibrium 
planform of embayed beaches: Part 2.  Design procedure and Engineering Applications.” Journal of Coastal 
Engineering (in press). Para una revisión completa del trabajo, se remite al lector al capítulo original de la tesis (Chapter 
6) redactando en inglés. 
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Los resultados han demostrado que el ángulo (γd)c calculado a partir de la serie temporal del oleaje 

y (Q) es casi el mismo que el ángulo (γd)m medido directamente entre (θEF) y la orientación de la 

playa (θDB). Consecuentemente, el ángulo (γd)c puede aplicarse en la ecuación. (2) para determinar 

la (DEP), verificando el estado de equilibrio de la playa existente con esa tasa neta de transporte 

de sedimento específica y el clima marítimo local. Los resultados han validado el procedimiento 

propuesto como una herramienta útil para diseñar proyectos de regeneración de playas y para 

estudios de estabilidad de playas encajadas no desarrollados y completamente desarrollados en 

zonas caracterizadas por tasas continuas de transporte neto de sedimentos. Además, la 

metodología de diseño puede emplearse en la gestión costera y en la evaluación de los cambios 

en la línea costa en las situaciones en que la tasa de suministro de sedimentos cambia o se reduce 

de su fuente de origen (por ejemplo, caudales fluviales o el bypassing de la arena). El 

procedimiento también se aplicó a un caso de estudio que estuvo sujeto a fluctuaciones en su tasa 

neta anual de transporte de sedimento y por lo tanto a cambios en la posición de la línea costa. La 

aplicación del procedimiento ha producido buenos resultados con respecto a la determinación de 

varias líneas de costa de diferentes años. Esto valida la metodología propuesta como una 

herramienta útil para varias aplicaciones en la ingeniería costera. 

VII. Futuras líneas de investigación 

Tras el desarrollo de esta tesis, hay algunos temas que aún están abiertos para futuras 

investigaciones. Los temas principales que deben abordarse en el futuro trabajo de investigación 

son los siguientes: 

1- Todavía la literatura carece de un modelo o una metodología que ajuste la forma en planta de 

equilibrio estático de playas curvadas detrás de aperturas estrechas entre dos estructuras de 

difracción. Es decir, cuando las líneas que definen las localizaciones de los puntos de inicio 

intersecarse en la línea costa. 

2- La influencia de la dispersión direccional del clima marítimo debe investigarse en futuros 

trabajos de investigación que se incluirán en el modelado de la forma en planta de playas 

encajadas con doble curvaturas, debido a la presencia de aperturas estrechas entre dos puntos de 

difracción lejanos desde la costa. 

3- Con respecto a la forma en planta de las playas encajadas en condiciones de equilibrio 

dinámico, se requiere una investigación adicional para validar el modelo propuesto, la ecuación 

(5.14), para modelar la (DEP) de un saliente asimétrico y / o tombolo en estado de equilibrio 

dinámico detrás de un dique. 
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4- Se necesita también un trabajo de investigación en el futuro para emplear el procedimiento de 

diseño propuesto de playas encajadas en condiciones de equilibrio dinámico en el estudio de la 

influencia de los cambios en la dirección del flujo medio de energía en la (DEP) debido al cambio 

climático. Es decir, se debe evaluar la forma en planta de equilibrio dinámico en tales condiciones 

y validar la metodología de diseño utilizando datos de casos prototipos con alteración observada 

en la dirección (θEF) debido a cambios en el clima marítimo direccional en el futuro.  
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Chapter 1 

Introduction 

 

 

1.1 Background and Motivation 

Coastal areas are highly dynamic and rich with various natural resources. Because of the 

economic benefit that accrue from access to oceanic navigation, coastal fisheries, tourism and 

recreation, human settlements are often more concentrated in the coastal zone than elsewhere. 

Presently, about 40 % of the world’s population lives within 100 kilometers of the coast. As 

population density and economic activities in the coastal zone increase, pressures on the coastal 

ecosystems increases. This high human pressure on the coastal areas is often accompanied by 

changes in the coastal ecosystems, land coverage change and increase of the vulnerability of the 

littoral zone against coastal hazards such as the sea level rise and storm surges. Coastal erosion 

induced by anthropogenic impacts and climate change is also problematic for saving the 

inhabitants of the coastal area and still yet to be fully understood and accounted for. In order to 

have a resilient coast that can be able to withstand such coastal hazards and extreme events, the 

coast needs a space to allow the natural dynamics to occur. 

The morphological evolution of the coastal systems, such as beaches and tidal inlets, is induced 

by the continuous interaction of active hydrodynamics (wind, waves and tides), sediment 

transport processes and human interventions. Coastal sedimentary deposits, such as beaches, are 

often in a state of quasi-equilibrium, constantly reacting to varying forcing conditions at different 

temporal and spatial scales (Daly, 2013). Allowing the natural dynamics to take place, offers 

possibilities for nature to develop, by broadening the land-sea transition zone. This could be 

achieved by making use of equilibrium embayed beaches sculptured by nature and remained 

stable in the long term.  
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Headland Bay Beaches (HBBs) represent one of the most prominent physiographic feature on the 

oceanic margins of many countries all over the world. They occupy about 50 % of the world’s 

coastline. When the waves arrive to such kinds of beaches between marine cliffs, capes, headlands 

or man-made structures, they form a specific curved shoreline in the planform as a result of the 

wave refraction-diffraction pattern. In other words, the natural processes sculpture the shorelines 

in the lee of the capes, whereas the natural reaction of the beach is to adapt itself to the local wave 

climate maintaining its stable curved feature.  

A crenulated-shaped bay formed in the lee of a protruding cape is in a stable condition, if the net 

littoral drift is zero or constant everywhere along the beach, being in static or dynamic 

equilibrium, respectively. A static equilibrium HBB is a state where the predominant waves are 

breaking simultaneously around the whole bay periphery; hence the net littoral drift produced by 

longshore currents is almost non-existent and no additional sediment is required to maintain the 

long-term stability (Hsu et al., 2010; González et al., 2010). In such condition, the shoreline has 

its maximum indentation in the planform. On the other hand, a HBB is considered to be in a state 

of dynamic equilibrium when the sediment, from the updrift and/or a source within the 

embayment, is still passing through the bay’s periphery in which the incoming and outgoing 

sediment transport rates are equal. In this dynamic condition, the shoreline is not as intended as 

that of the static equilibrium condition. If the sediment supply is ceased, the shoreline will recede 

towards the position defined by the static equilibrium.   

The pronounced curved shoreline in the planform, as seen in Fig. 1.1, has inspired research to 

define that equilibrium shape in the long term. The Static Equilibrium Planform (SEP) of embayed 

beaches was first fitted using the log-spiral model (Krumbein, 1944; Yasso, 1965) followed by 

other approaches such as the hyperbolic tangent model (Moreno and Kraus, 1999) and the 

Parabolic Bay Shape Equation (PBSE) proposed by Hsu and Evans (1989). The PBSE is currently 

the most used model in coastal engineering practice (González and Medina, 2001; González et 

al., 2010), and has received the recognition of the Coastal Engineering Manual (USACE, 2003) 

for project evaluation and coastal management. 
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Fig. 1.1 Examples of equilibrium embayed beaches, clarifying their pronounced curved shoreline in the 

lee of the headland structure for the Winglass bay, Tasmania, Australia (upper panel) and the Poniente 

beach in Gijón, Spain (lower panel). 

Throughout the literature, the planform final shape, named as the Static Equilibrium Beach 

Orientation (SEBO), is obtained based on the direction of the mean wave energy flux of whole 

waves impinging on the coast. This direction is an important clue in coastal engineering and 

management. It is used for defining the (SEBO) for open beaches as well as the straight parts of 

the pocket beaches as reported by González and Medina (2001) who provided a guide for defining 

the down-coast control point of the curved part of HBBs in static equilibrium when applying the 

(PBSE).  
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However, when using the mean energy flux direction for defining the (SEBO) in real cases, it 

sometimes does not work properly and a discrepancy between it and the (SEBO) appears. 

Moreover, the application of the approach of González and Medina (2001) to HBBs cases with 

far diffraction points from the coast ignoring the directional variability of the wave climate, leads 

to inaccurate predictions of the SEP. 

Additionally, the literature lacks a design methodology for embayed beaches in dynamic 

equilibrium conditions due to the scarcity of formulations that define the Dynamic Equilibrium 

Planform (DEP) shape in the presence of a significant net sediment transport rate passing through 

the embayment. 

Accordingly, the main motivation of this thesis is driven by the need to deepen and broaden our 

knowledge of embayed beaches as stable coastal systems, maintaining their equilibrium in the 

long-term. Particularly, understanding the influence of the variability of the directional wave 

climate on their planform shape in the long-term. In other words, defining their equilibrium 

planform shape, both in static and dynamic conditions, in response to the directional wave climate 

impinging on them.   

1.2 Research Hypotheses and Questions  

Following the motivation of this thesis to define the equilibrium planform shape of pocket 

beaches, considering the variability of the directional wave climate, the main hypotheses proposed 

in this thesis are: 

• The directional variability of wave climate has an important long-term influence on the 

orientation of equilibrium beaches. 

• Beach sediment size as well as the Shape of the Directional Distribution (SDD) of the 

energy flux of the wave climate affect the determination of the direction of the energy 

flux that dictates the static equilibrium planform of beaches. 

• Variations of wave direction and directional spreading have a great effect on the curvature 

and static equilibrium planform (SEP) of embayed beaches. 

• The Dynamic Equilibrium Planform (DEP) can be represented using a second-order 

polynomial form such as the PBSE, taking into account the net littoral drift rate passing 

through the embayment. 

Based on the hypotheses presented above, several questions can be posted. 

• What is the representative direction of the wave energy flux to be used for design of 

equilibrium beaches? (See Fig. 1.2) 
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• What is the effect of the entire directional spectra shape and beach sediment size on 

defining the representative direction of the energy flux? (See Fig. 1.2) 

• How can the wave climate’s directional variance affect the curvature and planform shape 

of headland bay beaches?  

• How can we obtain the Static Equilibrium Planform (SEP) for embayed beaches exposed 

to multi-modal directional wave climates? (See Fig. 1.2) 

• Are the existing formulae in literature valid for defining the down-coast control point (Po) 

of the SEP for HBBs with far diffraction points from the coast? (See Fig. 1.2) 

• What are the main parameters governing the static equilibrium planform and orientation 

of crenulated beaches? 

• Can we obtain the Dynamic Equilibrium Planform (DEP) for pocket beaches 

characterized by significant net sediment transport rates? 

• How can we design an undeveloped bay beach in dynamic equilibrium conditions? 

Fig. 1.2 Definition sketch of a HBB clarifying some of the posted research questions regarding the 

influence of the directional variability of the wave climate on the location of the down-coast control point 

(Po) and the SEP. 

1.3 Study Objectives  

In view of the different research questions presented in the previous section, the main objectives 

of this study are listed as follows: 

1. Estimating the representative mean direction of the directional wave climate that dictates 

the orientation of equilibrium beaches. 
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2. Identifying the influence of the wave climate’s directional variance on the equilibrium 

planform shape of embayed beaches. 

3. Modeling the equilibrium planform shape of pocket beaches in dynamic equilibrium 

conditions. 

4. Providing a design methodology of dynamic equilibrium bay beaches.  

 

1.4 Research Tools 

A brief description of the different tools used throughout this thesis is given in this section. 

1.4.1 Numerical Modeling  

Coastal numerical models can be used as useful tools for modeling wave transformation in the lee 

of breakwaters and investigating the extent of the beach affected by these coastal structure. 

Spectral wave models, especially those based on the Mild Slope Equation, i.e. phase-resolving 

models, are capable of simulating the wave refraction-diffraction behind a breakwater using 

directional wave spectrums with different degrees of spectral bands and directional widths. 

Accordingly, different simulations employing various wave spectral shapes and headland 

breakwater locations from the beach can be carried out which may also aid in modeling cases 

with conditions that are not available neither in real settings nor physical model studies. 

Laboratory experimental investigations of headland bay beaches are a few (Ho, 1971; Tan and 

Chiew, 1991; Weesakul and Tasaduak, 2012) and are prone to scale effects. Furthermore, all of 

them were conducted using monochromatic waves ignoring the directional spreading nature of 

random waves. Consequently, this justifies the usage of wave numerical models to understand the 

influence of the directional variability of waves on beaches protected by headland structures. In 

this thesis, the spectral wave model OLUCA-SP as well as the Coastal Modeling System (SMC) 

(González et al., 2007; González et al., 2016) are utilized as helpful tools for answering the posted 

research questions in addition to data of beaches from field and long time series wave data. 

1.4.2 Wave Re-analyses Long databases 

Wind wave hindcast re-analyses have become a valuable source of information for wave climate 

research and ocean and coastal applications in the last decade (Reguero et al., 2012). These wave 

databases have good spatial coverage (0.01˚-1˚) and provide continuous long-term time series 

(>30 years) of hourly sea states parameters (Camus et al., 2013). Nowadays, wave re-analyses 

databases generated with third generation models provide useful wave information, allowing the 

description of the wave climate where instrumental data, i.e. buoys and altimetry data from 

satellites, is unavailable. They are extremely useful for coastal applications and can be used 
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directly for design of beaches and marine structures. Fig. 1.3 shows an example of the spatial 

distribution of the significant wave height with a global scale. Additionally, it shows wave data 

points, with a local scale, corresponding to the Downscaled Ocean Waves (DOW) re-analysis 

(Camus et al., 2013) along the coast of Santa Catarina island, Brazil. In this thesis, the DOW wave 

database is used as a powerful extensive data for analyzing the directional wave climates 

impinging on several equilibrium embayed beach cases in order to achieve the target of the study.  

 

 

 

Fig. 1.3 An example of the spatial distribution of the significant wave height based on wave re-analyses 

using a global wave model (upper panel). DOW wave date points along the coast of Santa Catarina island, 

Brazil (black dots) in the (lower panel). The photo is courtesy of Google Earth. 
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1.4.3 Field Date and Images of Beaches  

Data from field is very reliable and provides the most accurate information of case studies. In this 

thesis, field data from several beaches along the coasts of Spain and Latin America is used, 

including beach sediment type and size. Moreover, vertical aerial images have become powerful 

tools for the assessment of historical images of beaches, revealing their stability in the long-term. 

The abundance of bay beaches imageries on Google Earth offers a revolutionary approach for the 

study of this kind of coastal landforms (Hsu et al., 2010). In this thesis, beach geometries are 

collected and vertical images, based on Google Earth imagery, are employed to best fit the 

equilibrium planform of embayed beach cases using the SMC software. Consequently, the stable 

planform shape, both in static and dynamic conditions, can be correlated with the affecting 

directional wave climate, fulfilling the aim of this study.  

1.5 Thesis Outline 

This thesis comprises seven chapters including the introduction one, i.e. Chapter 1 which 

presents a general background and the motivations that lead to the development of this thesis. It 

delineates the thesis hypotheses and the different research questions to be answered through this 

study. Additionally, it outlines the various tools employed in this investigation. 

Chapter 2 involves the state of the art of equilibrium beaches, stability of embayed beaches, 

affecting coastal processes and hydrodynamics. Moreover, it highlights previous investigations 

throughout the literature and the usage of pocket beaches to stabilize the coast and mitigating 

beach erosion problems.  

Chapter 3 addresses the investigation of the effect of the entire directional spectra shape and 

beach sediment size on defining the direction of the wave energy flux that dictates the orientation 

of equilibrium beaches in the planform. 

Chapter 4 highlights the exploration of the role of the directional spreading of the whole wave 

climate, i.e. the directional variability of the wave climate at the diffraction point, on the location 

of the down-coast point of the Static Equilibrium Planform (SEP) shape of headland bay beaches. 

In other words, it presents the effect of the directional variance of the wave climate on the (SEP), 

locating the down-coast control point through a new derived formula. 

Chapter 5 presents the representation of the Dynamic Equilibrium Planform (DEP) of embayed 

beaches characterized by significant net littoral drift rates, by means of a new empirical model. 

Furthermore, it addresses the verification of the model employing prototype bay cases. 
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Chapter 6 involves a design procedure of pocket beaches in dynamic equilibrium. Moreover, it 

highlights the usage of the proposed methodology as a valuable tool for coastal engineering 

applications. 

Chapter 7 summarizes the main results and conclusions of this thesis, addressing the answers of 

the different research questions posted in this thesis.  Moreover, it highlights the recommended 

future research lines.  
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Chapter 2 

Literature Review 

 

 

2.1 Introduction 

Equilibrium is defined as a state of balance in which the system remains unchanged through the 

time, i.e. in the long-term. If the balance of the controlling forces changes, then the system will 

move away from the equilibrium state. The forces can be time dependent but as long as they 

balance at any instant, the system will be in equilibrium (Kraus, 2001). The equilibrium planforms 

of headland bay beaches are examples of regional scale equilibrium morphological features. 

A Headland Bay Beach (HBB) formed under oblique incident waves is in a stable condition, if 

the littoral transport is zero or constant everywhere along the bay’s periphery (static or dynamic 

equilibrium, respectively). These embayed beaches are ubiquitous, not only on oceanic margins, 

but also along the coasts of lakes and enclosed seas. They indicate the nature’s manner of 

balancing wave energy and load of sediment transport. In this manner, such beaches have been 

kept in position for hundreds of years. 

2.2 Embayed Beaches  

Headland Bay Beaches (HBBs) represent one of the most common physiographic features on the 

oceanic margins worldwide. They often spread among capes and promontories. HBBs occupy 

about 50% of the world coastline (Inman and Nordstorm, 1971; Short and Masselink, 1999). They 

are the salvation of the shoreline as the headlands retain stable beaches in their lee, between them 

or on their downdrift side (Hsu et al., 2010). In such position, where sections of the coastline are 

situated between two headlands, the shoreline may likewise assume a curved or a scalloped shape 

for a given approach angle of the most predominant swell or logically generated wind waves.  
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Geologists and geographers are interested in coastal landforms in relation to the influencing wave 

conditions (Hsu et al., 2010).  Jennings (1955) recognized the shape of the HBB as a stable 

physiographic feature, and Davies (1964) demonstrated a relation between the sandy beach 

orientation and the direction of predominant swell produced by global wind system. Coastal 

engineers have also contributed to the development in coastal geomorphology since (1960); for 

instance, Silvester (1960) was the first to explain the concept of a stable bay beach for coastal 

stabilization. It is worth noting that the effect of beach curvature and applications of this specific 

feature to stabilize eroding beaches remain scarce in coastal engineering textbooks.  

HBBs have existed long before human interference on the world coastlines. They appear in 

different configurations, sizes and shapes. Their dimensions may vary from several tens of meters 

to few kilometers (Hsu et al., 2010). A common feature is characterized by a curved zone, a gentle 

transition section and a relatively straight tangential segment on the downdrift end. The family of 

embayed beaches has been termed by a variety of names, as reported by Hsu et al. (2010), since 

Halligan (1906), who first noted the consistency of orientation in the almost continuous series of 

asymmetrically curved bays along the east coast of Australia. These names include zeta bay 

(Halligan, 1906; Zenkovich, 1967), half-heart bay (Silvester, 1960), crenulate-shaped bay 

(Silvester and Ho, 1972; Finkelstein, 1982; Hsu and Evans, 1989; Weesakul et al., 2010), spiral 

beaches (Krumbein, 1944; LeBlond, 1972), hooked beach (Rea and Komar, 1975), pocket beach 

(Komar, 1983; Silvester et al., 1980; Uda et al., 2002), headland bay beach (Yasso, 1965; Le 

Blond, 1979; Wong, 1981; Phillips, 1985; Moreno and Kraus, 1999; Klein and Menezes, 2001), 

headland embayed beaches (Short and Masselink, 1999), structurally controlled beaches (Short 

and Masselink, 1999), topographically-bound beaches (Short, 2002) and zeta bays (Carter, 1988).  

 

2.3 Hydrodynamics of bay beaches 

Hydrodynamics are very essential aspects when dealing with coastal engineering applications. 

The effect of waves are of paramount importance in the field of coastal engineering. Waves are 

the major factor in determining the geometry and composition of beaches and significantly 

influence the design and planning of coastal structures. When waves encounter an obstacle such 

as a protruding headland during propagation, refraction and diffraction are present in lee of the 

structure. A brief description of the dominant coastal processes for bays is given in this section.  

2.3.1 Wave refraction 

Starting from the dispersion equation of wave propagation which is given by: 

ω2=gk tanh(kd)                                                                                                                                                      (2.1) 
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Or 

( 2π
T

)
2
=gk tanh( 2πd

L
)                                                                                                                                               (2.2) 

The wave celerity (C) can be related to the wave length (L) and water depth (d) through the 

following expression 

C = gT
2π

tanh ( 2πd
L

) = �gL
2π

tanh �2πd
L
�                                                                                 (2.3) 

Where g is the gravitational acceleration, T is the wave period and ω is wave angular frequency 

given as (ω=2π/T). Eq. (2.3) shows that the wave celerity depends on the water depth in which 

the waves propagate, and the deeper the water depth the faster the wave will be. In other words, 

if the wave celerity decreases with depth, the wave length must also decrease proportionally. 

Accordingly, variations in wave celerity occur along the crest of the wave moving at angle to the 

underwater bathymetric contours, because the part of the wave in deeper water is moving faster 

than the part in shallower water. This variation causes the wave crest to bend towards alignment 

with the bottom contours, i.e. to turn more parallel to the shore. This bending effect and change 

in wave direction is called wave refraction which has a significant influence on the wave height 

and energy distribution along the coast of the bay. An example of the wave refraction pattern 

within an embayed beach is shown in Fig. 2.1. 

 

Fig. 2.1 Wave refraction pattern in an equilibrium bay beach (Silvester, 1972) 

2.3.2 Wave diffraction 

Wave diffraction is a phenomenon in which wave energy is transferred laterally along the wave 

crest perpendicular to the direction of wave propagation. The energy transfer will be from points 
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of greater to lesser wave height. This is often observed when waves pass the end of a breakwater 

or a headland, as seen in Fig. 2.2. 

 

Fig. 2.2 Diffraction of wave energy into the geometric shadow zone behind a structure (Dean and 
Dalrymple, 1991). 

 
Diffraction is of vital importance in sculpting the planform of embayed beaches. Its calculations 

is important for several reasons including the wave height distribution in sheltered bays. 

Furthermore, it significantly alters the wave crest orientations and wave height values in the 

shadow zone in the lee of headlands.  

The simplest approach for wave diffraction analysis employs monochromatic waves. The general 

problem of diffraction was originally solved by Sommerfeld (1896) for the diffraction of light 

passing the edge of a semi-infinite screen. Penny and Price (1952) showed that the same solution 

applies to the diffraction of linear water waves propagating over a flat bottom of constant water 

depth and passing the end of a semi-infinite rigid impermeable barrier. Wiegel (1962) summarized 

the solution of Penny and Price (1952) and prepared the conventional diffraction diagrams for 

approach angles varying by 15˚ intervals from 15˚ to 180˚ that can be found in the (SPM) Shore 

Protection Manual (USACE, 1984). Fig. 2.3 shows the diffraction diagram of regular waves with 

an approach angle of 60˚. 
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Fig. 2.3 Wave diffraction diagram of regular waves with an approach angle of 60˚ (Wiegel, 1962). 
 
Ideally, the diffraction analysis should employ the directional spectral conditions (USACE, 2003). 

This is attributed to the randomness nature of irregular waves in nature which propagates in 

various directions with different frequencies. Therefore, the concept of directional spectrum 

should be included in wave diffraction analysis. 

 

Goda et al. (1978) developed the diffraction diagrams for directional random waves, employing 

the wave directional spectrum. They considered the structure as an obstacle blocking out a part 

of the directional spectrum, producing an effective diffraction coefficient (Kd)eff  of random waves 

given as: 

 

(Kd)eff=�
1

mo
∬ S(f,θ)Kdm

2  df dθθmax
θmin

                                                                                                    (2.4) 

Where Kdm is the diffraction coefficient for each frequency/direction component when acting as a 

monochromatic wave, mo is the zero moment of the spectrum, S(f,θ) is the spectral energy density 

and θmin and θmax are the limits of the spectral wave component angles (Goda, 1985).  

Goda (1985) stated that the degree of directional spreading of wave energy, represented by the 

peak spreading parameter Smax, greatly affects the extent of wave refraction and diffraction. Goda 

et al. (1978) correlated the parameter (Smax) to the deepwater wave steepness as seen in Fig. 2.4, 

indicating that it can be calculated as a function of the wind speed U and the spectral peak 

frequency fp as given in Eq. (2.5). 
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Fig. 2.4 Spreading parameter Smax as a function of the deep water steepness (Goda, 1985) 
 

 
Smax=11.5 (2πfpU/g)-2.5                                                                                                                                (2.5) 

 

They suggested the following values, given in Table 2.1, of the Smax parameter for engineering 

applications: 

Table 2.1: Values of the peak spreading parameter Smax for different wave types 

Wave Type Smax 

Wind waves 10 

Swell with short decay distance (with relatively large wave steepness) 25 

Swell with long decay distance (with relatively small wave steepness) 75 

 

Goda (1999) correlated the spreading parameter S and its peak Smax to the directional width of the 

directional spreading function (σθ), i.e. the angular standard deviation of the directional spectra 

using the following expressions which are plotted in Fig. 2.5. 
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σθ= 180
π
� 2

1+S
                                                                                                                                (2.6) 

σθ= 180
π � 4.2

3.1+Smax
                                       for γ = 3.3                                                          (2.7) 

σθ= 180
π � 3.4

1.9+Smax
                                       for γ = 10                                                           (2.8) 

 

 

Fig. 2.5 Spreading parameter (Smax) vs. the directional width (σθ) (Goda, 1999) 
 
Where γ is the peak enhancement factor of the JONSWAP spectrum. Fig. 2.6 shows the diffraction 

diagrams of random directional waves of normal incidence on a semi-infinite breakwater for wide 

and narrow directional spreading conditions. 

The comparison between the diffraction diagrams of both regular and random waves indicates 

that they are quite different as reported by Goda (1985) who concluded that the application the 

diagrams of monochromatic waves to real situations is not recommended and leads to erroneous 

results. Furthermore, Briggs et al. (1995) concluded that the directional spreading is very 

important and should be considered in diffraction analysis of engineering problems. 
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Fig. 2.6 Diffraction diagrams of random directional waves with normal incidence on a semi-infinite 
breakwater (Goda, 1985). 

 
2.3.3 Combined refraction-diffraction 

In the case of embayed beaches, waves from a prevailing direction diffract around the upcoast 

headland and refract into the bay. Accordingly, the combined effect of refraction-diffraction 

process is present, and can be solved by means of the Mild Slope Equation (MSE) formulated by 

Berkhoff (1972). It is an advanced approach for wave propagation that includes shoaling, 

refraction and diffraction simultaneously and can incorporate structures given by: 

∂
∂x
�CCgΦ�+ ∂

∂y
�CCgΦ�+ω2 �Cg

C
�Φ=0                                                                   (2.9) 

With  

ϕ(x,y,z)=Φ cosh k (d+z)
cosh kd

                                                                                                 (2.10) 

Where Cg is the group velocity and k is the wave number given as (k = 2π/L). The (MSE) provides 

a solution of the amplitude and phase of the waves in the horizontal plane (USACE, 2003). It is 

valid for a bathymetry with mild slopes changing gradually and not exceeding (1:3).  
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2.3.4 Longshore Currents 

After the waves diffract around the headland structure and refract into the bay, waves will break 

at angles to the shoreline, when encountering a non-equilibrium bathymetry, generating longshore 

currents. These currents are parallel to the coast and responsible for the longshore sediment 

transport along the beach. The main driving force for the development of the longshore currents 

is the radiation stress component (Sxy) normal to the wave direction, i.e. parallel to the coast. This 

component originates only when the waves approach the coast at an angle. It can be demonstrated 

that outside the surf zone, the changes in radiation stress are zero, hence there is no driving force 

for longshore currents there. However, within the breaker zone, those changes in radiation stress 

are present and vary with distance towards the shoreline. As a result, a component parallel to the 

coast originates when waves break with an angle to the coast generating the longshore currents. 

It should be noted that, if the waves encounter an equilibrium bathymetry and break parallel to 

the shoreline, i.e. with a zero angle, the component (Sxy = 0) and no littoral currents are generated 

within the system. In such conditions, the bay is said to be in static equilibrium, with negligible 

littoral drifts. The different equilibrium states of embayed beaches is described in the subsequent 

section. 

2.4 Stability of embayed beaches 

The stability of embayed beaches is basically based on three states namely: static equilibrium, 

dynamic equilibrium and natural reshaping or unstable state (Hsu et al., 2008, 2010). A static 

equilibrium HBB is a state where the predominant waves are breaking simultaneously around the 

whole bay periphery; hence the net littoral drift produced by longshore currents is almost non-

existent and no additional sediment is required to maintain the long-term stability (Hsu et al., 

2010; González et al., 2010). In such conditions, the shoreline has its maximum indentation in the 

planform. On the other hand, a HBB is considered to be in a state of dynamic equilibrium when 

the sediment, from the updrift and/or from a source within the embayment, is still passing through 

the bay’s periphery in which the incoming and outgoing sediment transport rates are equal. In this 

dynamic condition, the shoreline is not as intended as that of the static equilibrium condition. If 

the sediment supply is ceased, the shoreline will recede towards the position defined by the static 

equilibrium.  Finally, naturally reshaping is a state of unstable conditions normally associated 

with wave sheltering due to extensions of coastal structures on beaches. In this case, a curved 

planform result in accretion in the lee of the structure accompanying by erosion down drift. This 

scenario is normally arising from the construction of a new breakwater or extending an existing 

breakwater of a harbor (Hsu and Silvester, 1996), which is often called ''groin effect'' for causing 

down drift beach erosion.  
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The identification of the stability of a HBB can be performed employing a static equilibrium 

planform model, such as the parabolic model of Hsu and Evans (1989) to be discussed in the next 

section. If the predicted Static Equilibrium Planform (SEP) is landward of the existing shoreline, 

the bay beach is said to be in dynamic equilibrium, if the existing sediment balance is maintained. 

On the other hand, if the SEP predicted is seawards of the exiting shoreline, then natural reshaping 

would take place. However, the bay beach is said to be in static equilibrium if the shoreline of the 

bay coincides with the modelled SEP. Fig. 2.7 shows three examples of embayed beaches in 

different states of equilibrium.   

 

Fig. 2.7 Planform stabilities of three embayed beaches. The bold dotted line indicates the Static 
Equilibrium Planform (SEP). Courtesy of Ab Razak (2015). 

 

2.5 Equilibrium planform models 

Several empirical equations can be found throughout the literature to obtain and fit the Static 

Equilibrium Planform (SEP) of embayed beaches. However, those used to obtain and best fit the 

Dynamic Equilibrium Planform (DEP) of an embayed beach with a specific net rate of littoral 

drift are scarce and only based on a limited number of case studies. This section highlights those 

different empirical models for both static and dynamic equilibrium conditions. 

2.5.1 Static equilibrium planform models 

Several empirical equations have been derived to mimic the Static Equilibrium Planform (SEP) 

of natural headlands sculptured by nature. The most well-known models in the literature are the 

logarithmic spiral model (Krumbein, 1944; Yasso, 1965), the hyperbolic tangent model (Moreno 

and Kraus, 1999), and the Parabolic Bay Shape Equation (PBSE) proposed by Hsu and Evans 

(1989). 
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The logarithmic spiral equation was first proposed by (Krumbein, 1944) who fitted an image of 

Half Moon Bay in California, USA. The planform shape is shown in Fig. 2.8 and given by: 

R2=R1 exp (θ cot α* )                                                                                      (2.11) 

 

Fig. 2.8 Definition sketch of the logarithmic spiral model (Yasso, 1965). 
 

As seen in Fig. 2.8, Eq. (2.11) specifies the relationship between two consecutive radii, R1 and 

R2, measured from the center of a logarithmic spiral with angle θ apart on the curve which has a 

constant outer tangent α*. Wave direction and stability were not specified in the definition, neither 

the centr of the spiral was related to the point of wave diffraction. Latter, Yasso (1965) applied 

the logarithmic equation to fit 4 prototype bays in the USA, but he found that the center of the 

four spirals did not coincide with the wave diffraction point in all cases with offset ranging from 

0.3 to 2000 m. This equation had been widely accepted by coastal geographers and engineers, 

although it was derived without taking into account the wave direction and the diffraction point 

at the up drift headland tip. Based on physical model results of (Vichetpan, 1969) and Ho (1971), 

Silvester and Ho (1972) extended the log-spiral model and proposed a relationship between (α) 

and the indentation of a bay beach with wave obliquity. In 1989, Hsu and Evans indicated that 

the logarithmic spiral model have failed to fit the relatively straight segment of the HBB, and the 

physical wave diffraction point (Hsu et al., 2008).  

Moreno and Kraus (1999) proposed a hyperbolic tangent shape model from fitting 46 bay beaches 

in Spain and North America, given by: 

y= ±a tanhm (bx)                                                                                                          (2.11) 

Its coordinate system is as seen in Fig. 2.9. The model ignores the importance of wave diffraction 

point at the up drift headland which controls the planform evolution of a bay beach. Martino et 

al. (2003) had recommended this model for engineering applications, however they had applied 

a trial and error approach in order to locate the diffraction point using a computer program which 

was found in the middle of the ocean in some cases. This seems unrealistic as the diffraction point 
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has a fixed location, which is physically apparent that should not be obtained by trial and error 

(Hsu et al., 2010).  

The former two models have some shortcomings, in particular, on the location of the diffraction 

point. Second, they do not consider the stability of the beach. Third, they do not provide a relation 

between the wave direction and beach orientation. Finally, they cannot be used to assess the 

stability of a HBB, neither to evaluate the environmental impact of extending a new structure on 

the down drift beach. 

 

 

Fig. 2.9 Definition sketch for the hyperbolic-tangent model (Moreno and Kraus, 1999). 
 

The PBSE, however, was derived taking these considerations into account, and nowadays it is the 

most widely used model in coastal engineering practices (González et al., 2010), and has received 

the recognition of the Coastal Engineering Manual (USACE, 2003) for project evaluation and 

coastal management. Consequently, it has been implemented in the Coastal Modeling System 

package (SMC) (González et al., 2007; Raabe et al., 2010) as well as in the MEPBAY software 

(Klein et al., 2003b).  The PBSE is a second-order polynomial equation derived from fitting the 

planform of 27 mixed cases of prototype and model bays believed to be in static equilibrium (Hsu 

et al., 2010) as explained in Fig. 2.10 and given as: 

R
Ro

= C0+C1 �
β
θ
�+C2 �

β
θ
�

2
                                                                                                (2.12) 
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Fig. 2.10 Definition sketch for the Parabolic Bay Shape Equation (PBSE) provided by Hsu and Evans 
(1989). 

 
 

Where (Ro) is the length of the control line joining the updrift diffraction point to the down-coast 

control point (Po) and inclined (β) to the tangent of the straight segment of the bay. The three C 

coefficients are functions of the wave obliquity (β) as shown in Fig. 2.11, i.e. the angle between 

the incident wave front and the control line. The radius (R), measured from the tip of the headland 

breakwater, defines the locations of the shoreline at an angle (θ), measured from the wave crest. 

The data upon which Eq. (2.12) was based were principally limited to β > 22˚. 

 

Fig. 2.11 The C coefficients of the (PBSE) as a function of the wave obliquity (β), (CEM, 2003) 
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To simplify the expressions of the C constants in the model, some authors (Tan and Chiew, 1991, 

1994; Uda et al.; 2002, 2010; Yu and Hsu, 2006) have also applied the tangential boundary 

condition at the straight down drift part of a HBB, to reduce the three C coefficients into one. For 

instance, Tan and Chiew (1994) proposed the following expression of the PBSE, reducing the 

three coefficients to only one (αst), improving the accuracy of the formula.  

R
Ro

=(1-βcotβ+αst)+(βcotβ-2αst) �
β
θ
�+αst �

β
θ
�

2
                                               (2.13) 

With 

αst=0.277-0.0785*10( βπ
180)                                                                                          (2.14) 

One of the uncertainties in the application of the PBSE is locating the down coast control point 

(Po) (González and Medina, 2001; Jackson and Copper, 2010; Lausman et al., 2010 a, b). Based 

on the best fit of the SEP of 26 beaches along the Atlantic and Mediterranean coasts of Spain, 

González and Medina (2001) provided a guide for defining that limit, denoted as the (Po) point, 

as seen also in Fig. 2.10, proposing the concept of the (αmin) angle that determines the location of 

(Po) and given as:  

αmin=arctan X/L
Y/L

=arctan
�βr

4

16+
βr
2

2
Y
L

Y/L
                   with   βr = 2.13                                             (2.15)  

Where (βr) is the distance parameter based on the analytical solution of monochromatic wave 

diffraction for a flat bottom given by Penny and Price (1952), as shown in Fig 2.12. This solution 

proposed that the isolines of diffracted wave heights behind a breakwater may be determined in 

accordance with the following parabolic equation in terms of dimensionless X and Y distances 

scaled by the wave length at the breakwater tip as shown in Fig. 2.13.  

 

Fig. 2.12 (βr) vs. the diffraction coefficient of regular waves (Dean and Dalrymple, 1991) 
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X
L

= �βr
4

16
+ βr

2

2
Y
L
                                                                                                                    (2.16) 

Referring to Eq. (2.15), the (αmin) angle is dependent on the dimensionless distance between the 

diffraction point and the straight segment of the shoreline (Y/L), as seen in Fig. 2.14. 

 

Fig. 2.13 Wave fronts and isolines of diffracted wave heights behind a semi-infinite breakwater based on 
Eq. (2.16) (Dean and Dalrymple, 1991). 

 

 

Fig. 2.14 The (αmin) angle vs. dimensionless distance (Y/L) (González et al., 2010) 
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Despite the enhancement in the application of the PBSE due to the proposed methodology of 

González and Medina (2001), Hsu et al. (2010) concluded that there is still a need for an empirical 

approach to affix the down-coast control point without any guesswork. Perhaps, this reflects that 

the approach of González and Medina (2001) is confined to limited conditions. 

The PBSE has been integrated into two softwares known as the Model of Equilibrium Planform 

BAY beach (MEPBAY) (Kelin et al., 2003b) and the Coastal Modeling Syatem (SMC) (González 

et al., 2007, 2016). The MEPBAY was developed as a friendly educational software at the 

University of Vale at Itajai, Brazil in order to plot directly the SEP over a beach imagery to verify 

the HBB stability, (e.g. Klein et al., 2003b; Hsu et al., 2008; Jackson and Copper, 2010).  

Alternatively, the SMC is a full software package which encompasses several modules, viz. (i) 

pre-process module; (ii) short-term module; (iii) long-term module; (iv) terrain of bathymetry 

renovation module and (v) tutorial module. The model also includes a graphical interface that can 

be utilized to plot and simply best fit the SEP of a bay beach over aerial vertical images. Moreover, 

it can be used for the design of new equilibrium beaches in static equilibrium taking into account 

the equilibrium profile and planform formulations. Accordingly, the model also incorporates 

numerical modules for the calculation of waves, nearshore currents and sediment transport rates 

for the design of beaches. A comparison between MEPBAY and SMC for different operational 

levels in coastal engineering projects can be found in Raabe et al. (2010). 

2.5.2 Dynamic equilibrium planform models 

Long-term model used to obtain the Dynamic Equilibrium Planform (DEP) of an embayed beach 

with a specific net rate of littoral drift are scarce in the literature and only based on a limited 

number of case studies. This kind of models aim at determining the final shape of the bay beach 

in dynamic equilibrium conditions, i.e. where a continuous net littoral drift is passing through the 

embayment, maintaining its stability. 

Tasaduak and Weesakul (2016) proposed a new version of the PBSE for dynamic equilibrium 

conditions. They expressed the three C coefficients of Eq. (2.12) as a function of the wave 

obliquity (β) and the Sediment Supply Ratio (SSR) parameter, as shown in Fig. 2.15, based on 18 

experimental cases with sediment supply rates from a source within the modeled embayment. 

They defined the (SSR) as the ratio between the sediment supply rate into the bay and the potential 

longshore sediment transport rate computed using the wave conditions around the bay periphery 

of (Ro), i.e. at wave obliquity (β), see Weesakul and Tasaduak (2012). In other words, they 

proposed that the maximum potential littoral drift may be calculated using the CERC formula 

(USACE, 1984, 2003) using deepwater wave conditions, see Tasaduak et al. (2014).  

 



Literature Review 

 

27 
 

 

(a) 

 

(b) 
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(c) 

Fig. 2.15 The C coefficients of the (PBSE) for dynamic equilibrium conditions as a function of 
the wave obliquity (β) and the Sediment Supply Ratio (SSR) as proposed by Tasaduak and 

Weesakul (2016), where (a) Co , (b) C1 and (c) C2 Coefficients. 
 

2.6 Limitations and summary  

Regarding the static equilibrium planform of HBBs, Hsu et al., (2010) listed some limitations of 

the PBSE stating that some ambiguity or uncertainty may arise due to:  

• An arbitrary selection of the down drift control point too far on a long straight down drift 

beach.  

• Multiple diffraction points around a large irregular natural headland.  

• Existence of submerged shoal or irregular bathymetry within the embayment. 

• A complex bay beach system consisting of offshore islands with moderate to large gap 

between them or from the main coast. 

• A bay beach in non-equilibrium condition.  

• A large irregular headland in a macro-tidal environment, hence with varying bathymetry 

within the embayment. 

• A bay beach imagery on a large-scale map or aerial photograph or in low resolution. 

• Variable wave directions varying temporally or seasonally.   

 

They claimed that one should bear in mind that the original PBSE was developed for an ideal 

single bay beach subject to a predominant swell or locally generated wind waves from almost a 
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constant direction, i.e. not bi-modal. In other words, it is applicable to embayed beaches exposed 

to waves arriving persistently from a narrow fan of directions (Hsu and Evans, 1989).  

Regarding the dynamic equilibrium planform of embayed beaches, Tan and Chiew (1993) stated 

that, in order to establish a relationship to define the planform in dynamic equilibrium conditions, 

it must contain the net littoral drift rate passing through the bay. Nevertheless, the model of 

Tasaduak and Weesakul (2016) was derived, but employing a parameter based on the potential 

sediment transport rate calculated with deep water conditions. This seems strange in practical 

engineering problems especially that all the equations and theories found throughout the literature 

estimating the littoral drift are based on breaking wave conditions not offshore conditions.  

Summing up, the research gaps that have arisen based on this state of the art clarify that there is 

a need to study the influence of the directional variability of the wave climate on the equilibrium 

planform shape of pocket beaches. In other words, the effect of the varying wave direction on the 

long-term equilibrium planform shape of crenulate-shaped bay should be investigated. 

Furthermore, the varying location of the down-coast control point of static equilibrium HBBs 

should be studied.  Moreover, in zones where the directional wave climate is multi-modal, there 

is a necessity to determine which prevailing wave direction should be utilized for verifying the 

stability of beaches. Additionally, the literature lacks a practical design procedure and model for 

studying the stability of headland bay beaches in dynamic equilibrium conditions.  

Accordingly, the main objectives of this study, given in Chapter 1, will be addressed in the next 

chapters of this thesis. 
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Chapter 3 

Wave energy flux direction and the 

orientation of equilibrium beaches  

 

 

Abstract* 

The Equilibrium beach planform concept has been widely used in recent years as an engineering 

tool for modeling shoreline changes, designing new beaches and for stability studies of existing 

ones. It defines the final shape of a beach on a scale of years, which is important for solving 

erosion problems and for the design of nourishment projects. Throughout the literature, the 

planform final shape, hereinafter denoted as the Static Equilibrium Beach Orientation (SEBO), is 

obtained based on the direction of the mean wave energy flux of whole waves impinging on the 

coast. This chapter investigates the effect of beach sediment size and the Shape of the Directional 

Distribution (SDD) of the energy flux of the wave climate on the direction that dictates the 

(SEBO). The study employs field data from 32 beaches along the Spanish coast and available 

long-term databases of directional wave climates. Initiation of sediment motion due to wave 

action is taken into account in order to filter the directional wave climate to consider only waves 

that are capable of moving the sediment. The results indicate that the direction of the mean energy 

flux of filtered waves is more appropriate for the determination of the (SEBO) than that of whole 

waves. Additionally, the results confirm the importance of both the filtration process of the local 

directional wave climate and the usage of the whole directional spectra in stability studies and 

coastal engineering practice. 

*This chapter is based on:   Elshinnawy, A.I., Medina, R., González, M. (2017a). “On the relation between the direction 
of the wave energy flux and the orientation of equilibrium beaches.” Journal of Coastal Engineering (127), 20–36.  
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3.1 Introduction 

Since the late 1980s, researchers have begun to include equilibrium mechanisms as a decisive and 

necessary element of advanced applied modeling of coastal morphological changes (Kraus, 2001; 

Capobianco et al., 2002). The equilibrium hypothesis postulates that if the action of the acting 

dynamics is maintained indefinitely, the beach shape will reach a constant final position which 

can be denominated as an equilibrium beach (González et al., 2010). Thus, associated with this 

state, the gradients of the wave heights, the induced currents and the related mean sediment 

transport rates are all negligible in both the cross-shore and longshore directions. 

This equilibrium beach concept, both in planform and profile, has been widely used in coastal 

engineering practice, (Hanson et al., 2003; González et al., 2010). The beach planform is utilized 

for morphological modeling on macro-scales (hundreds of meters to kilometers and years to 

decades). The aim of this long-term analysis is to determine the final shape of the beach planform 

on a scale of years, which is important for checking and testing the stability of beaches and thus 

providing solutions for erosion problems. Moreover, it is used as an engineering tool for the 

design of nourishment projects and the creation of new beaches.  

The equilibrium shoreline of a beach is mainly governed by the local wave climate which 

generates the wave-induced longshore currents. Furthermore, it is controlled by the external 

bathymetry which determines the waves’ approach angles on the beach, in addition to the local 

lateral and bottom boundaries as well as the available sediment quantity and size (González et al., 

2010). 

Among the different theories for estimating the littoral sediment transport, the energy flux 

approach is the most frequently used. It is based on the concept that the longshore immersed 

weight sediment transport rate is proportional to the longshore component of the wave power 

(energy flux) (Inman and Bagnold, 1963; Komar and Inman, 1970). For a beach in static 

equilibrium, the mean time-averaged longshore current velocity and thus the resultant mean 

littoral transport are negligible. However, for a beach in a state of dynamic equilibrium, the littoral 

drift rates are significant, and the incoming and outgoing rates are equal. This study considers 

beaches that are in static equilibrium conditions with almost negligible littoral drift rates. As the 

shoreline adjusts under the transport and boundary conditions, there is a tendency for the shoreline 

to align with the wave crests, making the difference in the angles between the beach planform 

orientation and incident waves approach zero and shoreline changes decelerate and eventually 

stop (Kraus, 2001). Consequently, for open beaches, the final planform shape, hereinafter denoted 

as the Static Equilibrium Beach Orientation (SEBO), is often obtained according to the direction 

of the mean energy flux of the wave climate (θEF). The definition of that direction, which forces 
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the evolution of the coastal morphology, is a key component in the field of coastal engineering 

and management (Mortlock and Goodwin, 2015). Furthermore, according to González and 

Medina (2001) and Hsu et al. (2010), the (SEBO) of the straight part of an embayed beach can 

also be defined by employing the orientation of the mean energy flux of the wave climate at the 

diffraction point of the headland structure.  

However, when using the mean energy flux direction to define the (SEBO) in real cases, it 

sometimes does not produce accurate results and a discrepancy between the (SEBO) and (θEF) 

appears. This has been found to be especially prevalent when the beach sediment is coarse and/or 

the directional wave climate is characterized by an asymmetrical multi-modal distribution shape.  

Accordingly, the aim of this study is to explore the role of beach sediment size as well as the 

Shape of the Directional Distribution (SDD) of the energy flux of the wave climate on the 

direction of the energy flux that dictates the (SEBO). The study employs field data from both 

open coast beaches and natural embayed beaches, exploiting the available long-term databases of 

directional wave climates. To assess the effect of sediment size on the planform orientation, the 

initiation of sediment motion due to wave action is examined in the current work. For the 

influence of the directional wave climate, the study explores the importance of the (SDD) as 

reported by Kuik et al. (1988) and Montoya and Dally (2016), taking into account its multi-

modality, which has already been observed in previous studies related to temporal measurements 

of directional wave buoys and wave gauges (Young et al., 1995; Ewans, 1998; Wang and Hwang, 

2001a).  

This chapter is organized as follows: First, a general introduction to the concept of equilibrium 

beaches and its planform orientation for both open and embayed beaches is presented. Next, a 

description of the methodology employed for the study, selected cases and the available data is 

listed in section (3.2). Section (3.3) presents the results of the beach cases used in this work. A 

brief discussion of the results and observations is included in section (3.4). Finally, the 

conclusions of the study are given in section (3.5). 

3.2 Methodology and study data 

This study employs field data from static equilibrium beaches and its methodology can be 

summarized in the following steps: 

1- Collection of wave and beach geometry and sediment size data for field cases along the 

Spanish coast. 
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2- Determination of the Static Equilibrium Beach Orientation (SEBO), in addition to the 

analysis of the Shape of the Directional Distribution (SDD) of the wave climate 

(directional parameters viz. the direction of the mean energy flux). 

3- Filtration of the directional wave climate (based on beach sediment size).  

4- Determination of the new mean direction after filtration. 

5- Validation of the resulting filtered parameter in relation to the (SEBO). 

In order to apply the aforementioned methodology, the available data for this study is described 

in the subsequent sections. 

3.2.1 Beach Selection and Bathymetric Data 

In this study, data from 32 beaches, including both open coast and embayed beaches, was 

collected along the Spanish coast as shown in Fig. 3.1. Beach selection was carefully carried out 

according to specific conditions; in particular; (1) the sediment size varies between the cases (2) 

the beach locations are characterized by multidirectional wave climates and finally (3) a clear 

straight orientation in the planform is present for the selected cases. In other words, both the open 

and pocket beach cases have a clear straight extended segment of sufficient length in the planform, 

depending on the coast’s configuration and local boundaries. This straight section is essential, 

especially for the pocket beach cases, in order to rigorously define the equilibrium beach 

orientation in the planform, avoiding the effect of wave height gradients due to diffraction. Thus, 

the equilibrium beach orientation can be compared with (θEF), checking whether they match or 

not.  For the employed cases, the straight section of the beaches had lengths between 0.6 and 4 

km, depending on the lateral boundaries of each case. 

The average orientation in the planform was defined based on an assessment of the historical 

images of the beach geometry and planform shape for each case, revealing that the orientation 

was almost unchanged. This orientation represents the (SEBO) which was characterized by the 

direction normal to it, denoted as (θBeach), as clarified in Fig. 3.2. Vertical aerial images of the 

beaches based on Google Earth imagery were used for this assessment. Additionally, the sediment 

type and the median size (D50) were also defined for each beach in the selected cases as listed in 

Table 3.1. For the topographic data, bathymetries of the coastal zones of Spain collected by the 

Environmental Hydraulics Institute (IH Cantabria) were used. These digitalized bathymetric data 

are incorporated in the IH-Data module of the Coastal Modeling System (SMC) (González et al., 

2007; González et al., 2016) for littoral areas of the entire Spanish coast.  



 
Wave energy flux direction and the orientation of equilibrium beaches 

   

35 
 

 

Fig. 3.1. Location of the selected beaches along the Spanish coast 

 

 
Fig. 3.2. Definition sketch of the direction (θBeach) normal to orientation of the straight segment of the 

(SEBO) for an embayed beach case. 
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Table 3.1. Characteristics of the selected equilibrium beaches and their sedimentology 

No. Beach Location Beach Type D50 
(mm) 

θBeach  
(º) 

Beach Sediment 
Classification 

1 Poniente Almeria Open coast 2.31 217.33 Mixed (sand+gravel) 
2 El Toyo Almeria Open coast 1.59 206.5 Mixed (sand+gravel) 
3 Retamar Almeria Open coast 0.96 213.15 Sandy (Medium sand) 
4 Torregarcia Almeria Open coast 0.39 218.2 Sandy (Medium sand) 
5 Guardia Granada Open coast 20 229 Coarse gravel (Shingle) 
6 Guardia Viejas Almeria Open coast 0.59 233 Mixed (sand+gravel) 
7 Salomar Granada Open coast 1.92 229 Mixed (sand+gravel) 
8 La Penida Catalonia Pocket beach 0.24 113.4 Sandy (Fine sand) 
9 Benidorm Alicante Pocket beach 0.31 183.7 Sandy (Fine sand) 
10 Las Azucenas Granada Pocket beach 1.01 228 Sandy (Medium sand) 
11 Huelin  Malaga Pocket beach 0.60 116.5 Mixed (sand+gravel) 
12 Las Conchas Almeria Open coast 1.90 219 Sandy (Medium sand) 
13 El Pozuelo Granada Open coast >40 209 Coarse gravel (Cobbles) 
14 Balerma Almeria Open coast 0.5 229 Mixed (sand+gravel) 
15 Cortadura Cadiz Open coast 0.28 245 Sandy (Fine sand) 
16 Zahara Cadiz Open coast 0.36 236 Sandy (Fine sand) 
17 Palamos Catalonia Pocket beach 0.40 120 Sandy (Medium sand) 
18 Cantarrijan Granada Open coast >50 223 Coarse gravel (Cobbles) 
19 La China Granada Open coast >50 215.42 Coarse gravel (Cobbles) 
20 El Bobar Almeria Open coast 1.98 173 Mixed (sand+gravel) 
21 La Amoladeras Almeria Open coast 0.82 226 Sandy (Medium sand) 
22 La Salina Almeria Open coast 0.81 232 Sandy (Medium sand) 
23 El Cañuelo Malaga Open coast >50 218 Coarse gravel (Cobbles) 
24 Torrenueva Granada Open coast 1.26 225 Sandy (Medium sand) 
25 Blanes Catalonia Pocket beach 0.40 113.5 Sandy (Medium sand) 
26 El Morche Malaga Open coast 0.17 205 Sandy (Fine sand) 
27 El Mas Mel Catalonia Pocket beach 0.30 172 Sandy (Fine sand) 
28 Vilafortuny Catalonia Open coast 0.22 156 Sandy (Fine sand) 
29 Ahuir Valencia Open coast 0.233 59 Sandy (Fine sand) 
30 La Ballena Cadiz Open coast 0.24 244 Sandy (Fine sand) 
31 El Palmar Cadiz Open coast 0.29 243 Sandy (Fine sand) 
32 Nules Valencia Open coast 2.387 112.5 Mixed (sand+gravel) 

 

3.2.2 Wave Data and Climates 

The hindcast wave data used in this study is the DOW (Downscaled Ocean Waves) database 

(Camus et al., 2013) representing a period of 68 years from 1948 to 2015 for the Spanish coast. 

The DOW database is a historical reconstruction of coastal waves. In other words, it is a 

downscaled wave re-analysis of coastal zones from a Global Ocean Waves (GOW) database 

(Reguero et al., 2012). The GOW was generated using the WAVEWATCH III model (Tolman, 

1992) forced by the (NCEP/NCAR) wind field re-analysis (Kalnay et al., 1996), for more details 

see Reguero et al. (2012). The GOW database was then directionally calibrated using satellite 

data to avoid deviations and bias in the results, see more details described in Minguez et al. 

(2011a). This calibrated (GOW) data set was used to select a representative subset of sea states 

in the deepwater, which guarantees that all possible conditions are represented, including extreme 

events, see Camus et al. (2011b).  The selected sea states were propagated using the SWAN 
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spectral wave model (Booij et al., 1999) with high spatial resolution over detailed bathymetries. 

Finally, the time series of the propagated sea state parameters at each location were reconstructed, 

see Camus et al. (2011a). The DOW wave climate database is available for the entire Spanish 

coast with a high spatial resolution (0.01˚, i.e. each 1 km) along the coastlines. It provides different 

wave parameters for each sea state (e.g. the significant wave height Hs, spectral peak period Tp, 

mean wave direction θm, etc) with a temporal resolution of one hour. 

Regarding the characteristics of the directional wave climates of the cases analyzed in the current 

study, equilibrium beaches were chosen in zones with a high variability of wave climate 

directionality. Some case studies were selected along the south-eastern and southern coasts of 

Spain, including the coasts of Alicante, Almeria, Granada, and Malaga, where the wave climate 

is almost bi-modal, see Camus et al. (2011c). Waves approach the coasts from both the south-east 

and south-west quadrants. Moreover, other case studies were selected along the south-west coast 

at Cadiz, where sea states originate from a wide range of directions with the most frequent ones 

being from the west and the south-east (Camus et al., 2011c). Furthermore, other beaches were 

chosen along the Catalan coast in the north-east of Spain which is located in the NW 

Mediterranean. This location has some special features that determine the wave climate where 

double peaked (bi-modal) spectra is often observed (Sanchez Arcilla et al., 2008). Sea states 

originate from all possible directions, with the most energetic and most-frequent waves being 

from the east-northeast and south-southwest (Camus et al., 2011c). 

3.2.3 Analysis of the Directional Wave Climate 

For each beach in the cases selected for this study, the directional wave climate was analyzed 

using the DOW database. DOW points were selected close to the shoreline, before the breaking 

point in water less than 10 meters deep. For each beach, different points were compared and 

analyzed along the entire straight beach in order to ensure similarity of the directional wave 

climate of the wave data points. Consequently, a DOW point was selected at the mid-point of 

each straight beach, assuming that the changes in wave conditions between the DOW point 

location and the breaking point is slight. Additionally, other wave time series DOW points were 

selected close to the diffraction point of the protruding headland for pocket beach cases. This was 

done based on the conclusion of González and Medina (2001) which states that the orientation of 

the wave front at the diffraction point that must be used in order to plot the Static Equilibrium 

Planform (SEP) of an embayed beach, corresponds to the front of the mean energy flux utilizing 

the mean water depth along the diffraction point. This methodology was also strongly 

recommended by Hsu et al, (2010) for studies of embayed beaches in static equilibrium. The depth 

of the employed points for selected beaches are listed in Table 3.2. 
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Table 3.2. Water depth and directional parameters of wave climate directional distribution shape for 
selected beaches.  

 

* Depth value of a DOW point close to the diffraction point/ depth of a DOW point close to the shoreline, 
noting that the directional parameters for those cases are associated with the DOW point close to the 
diffraction point. 

The directional distribution of the wave energy flux of the entire time series was constructed for 

each case. The wave energy flux EF (wave power) was calculated for each sea state in the time 

series as the product of the wave energy (E) and the group celerity (Cg) as: 

No. Beach dcr (m) θEF  (º) γθEF δθEF θsep (º) σθEF (º) PR 
1 Poniente  3.75 208.47 1.18 4 73 25.94 0.242616 
2 Toyo  6 204.13 1.684 10.44 74 23.872 0.097473 
3 Retamar 5.18 208.55 1.605 8.93 73 21.193 0.064659 
4 Torregarcia-  6 211.74 1.557 7.54 77 21.246 0.044292 
5 La Guardia  8.76 217.41 0.685 2.89 53 25.6836 0.317895 
6 Guardia Viejas  4.41 229.65 1.63 7.923 59 19.719 0.040138 
7 Salomar  6.32 221.54 0.79 2.78 59 28.01 0.311481 
8 La Penida  30.88 /5.41 * 127.26 0.7835 2.3146 74 31.879 0.266234 
9 Benidorm  20 /7.66 * 171.7 0.0973 1.65 67 37.5149 0.75 
10 Las Azucenadas 32 /4.21 * 210.57 0.6482 1.9354 88 41.1382 0.462287 
11 Huelin 22.14 /5.27 * 122.24 1.92 12.17 73 19.89 0.035593 
12 Las Conchas 2.91 207.6 1.24 4.478 67 25.11 0.05962 
13 El Pozuelo 6.297 194.6 0.575 1.918 55 29.27 0.938983 
14 Balerma 6.79 226.6 1.663 8.224 77 21.703 0.065549 
15 Cortadura  3.257 242.65 0.558 3.793 49 20.058 0.216373 
16 Zahara  3.796 233 1.206 6.439 59 18.054 0.087484 
17 Palamos 22.9 /5.83 * 130 0.0942 1.818 83 39.66 0.440678 
18 Cantarrijan 6.84 207.53 0.3926 1.7684 58 31.205 0.900662 
19 La China  9.52 193.16 0.096 1.69 57 30.519 0.910026 
20 EL Bobar  4.55 155.23 0.2815 1.337 74 36.74 0.671533 
21 La Amoladeras 5.46 221.414 1.837 15.118 80 18.69 0.022107 
22 La Salina 5.98 228.5 1.52 23.47 72 14.208 0.0062 
23 El Canuelo  6.39 203.74 0.2858 1.7716 54 30.518 0.820339 
24 Torrenueva  7.08 219.38 0.9273 2.76 77 34.74 0.443836 
25 Blanes 22.99 /8.3 * 128.8 0.3262 1.62 96 44.6 0.682292 
26 El Morche 2.918 201 0.412 2.146 33 21.578 0.7966 
27 El Mas Mel 4.17 171 0.504 2.763 30 28.95 0.9222 
28 Vilafortuny 8.09 161 0.514 2.553 39 26.30 0.9176 
29 Ahuir 5.66 57 0.197 8.238 - 14.78 - 
30 La Ballena 5 239 0.083 3.255 50 26.447 0.29 
31 El Palmar 6.21 247 0.8354 4.81 66 24.18 0.10 
32 Nules 3.83 110 0.821 3.28 - 8.73 - 
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EF=E*Cg= 1
16

*ρw*g*Hs
2*Cg                                                                                                  (3.1) 

Where ρw is the water density, g is the gravitational acceleration, Hs is the significant wave height 

and Cg is the group celerity.  

The directional domain was divided into 360 directional bins with a resolution of (1˚). The 

cumulative energy flux, in the whole time series, was calculated for each directional sector (1˚). 

Consequently, the fraction of the total energy flux of each directional bin (Pj) can be obtained as:  

Pj=
EFj

EFtotal
                                                                                                                                     (3.2) 

Where EFj is the total wave energy flux of that directional sector within the wave climate, while 

EFtotal is the total cumulative wave energy flux of the time series of the entire wave climate where: 

∑ Pj
j=2π
j=0 =1                                                                                                                      (3.3) 

Fig. 3.3 shows an example of this normalized plot for the case of Salomar beach in Granada, 

noting that waves are restricted by the domain of (±100˚) in relation to the direction normal to the 

static equilibrium beach orientation, denoted as (θBeach). The directional distribution of the wave 

energy flux of the wave climate D(θi) may be characterized by four directional parameters; viz. 

the direction of the mean wave energy flux (θEF), the directional width (spreading) (σθEF), the 

skewness (γθEF), and the kurtosis (δθEF). These parameters were calculated without any a priori 

assumption as to the Shape of the Directional Distribution (SDD), following the procedure 

proposed by Kuik et al. (1988) with more details given in Appendix (A). The distribution could 

be treated as either a circular distribution or as a line distribution with length (2π) over the plane. 

The difference between the directional parameters derived using the two methods is slight, as 

reported by Kuik et al. (1988), so they may be calculated using either method. The mean wave 

energy flux direction (θEF) was calculated as: 

θEF=arctan Fy

Fx
= arctan ( ∫  F(θi)sin(θi)D(θi) dθi

2π
0

∫ F(θi)cos(θi)D(θi)
2π
0 dθi

)                                                                     (3.4) 

Where F(θi) and θi are the value and the direction of the wave energy flux for each sea state, 

respectively. The one-sided directional width, which represents the directional spreading (σθEF) 

of the wave energy flux around the mean direction, can be obtained as: 

σθEF
2=∫ (θj-θEF)2π

-π dθi* Pj= ∫ [2sin( θj-θEF

2
)]

2
dθi*

π
-π  Pj                                                       (3.5) 

Where (θj) represents each directional sector with (θj = 1, 2, 3,….. 360˚).  The skewness (γθEF), 

which is a measure of the degree of asymmetry, and the kurtosis (δθEF) which serves as an indicator 
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of the degree of peakedness and energy concentration, give information about the directional 

shape. They indicate whether the (SDD) is uni-modal or symmetric, (Kumar et al., 1999), 

providing essential information whether it is double-peaked or single peaked, (Stansberg, 2002). 

They can be derived as:  

γθEF
= 1

σθEF
3 ∫ �θj-θEF�

3
 D(θi)dθi= 1

σθEF
3 ∫ �θj-θEF�

3
dθiPj

π
-π

π
-π                                              (3.6) 

δθEF= 1
σθEF

4 ∫ �θj-θEF�
4
D(θi)dθi= 1

σθEF
4 ∫ �θj-θEF�

4
dθiPj

π
-π

π
-π                                                 (3.7) 

The directional distribution may also be characterized by the separation angle (θsep) between the 

directions of both the main and secondary dominant peaks, in the case of bi-modal distributions. 

Another parameter is the Peak Ratio (PR) denoted as: 

PR= Pθ2
Pθ1

                                                                                                                               (3.8) 

Where Pθ1 and Pθ2 are the probability of the wave energy flux associated with the directions of 

both the primary and secondary peaks denoted as (θ2) and (θ1), respectively as illustrated also in 

Fig. 3.3. This parameter serves as an indicator of the wave energy flux distribution between the 

two directional lobes (peaks). The calculated values of these directional parameters for each case 

are listed in Table 3.2.  

 

Fig. 3.3. Shape of the Directional Distribution (SDD) of the wave energy flux for Salomar beach 
(Granada) for a wave climate time series of 68 years (1948-2015) using the DOW database (left panel). 
Definition sketch of the separation angle (θsep) and the Peak Ratio (PR) of a bi-modal SDD (right panel). 
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3.2.4 Sediment Mobility (Threshold)  

In order to check the effect of the beach sediment size on the determination of the direction of the 

wave energy flux that dictates the (SEBO), formulae for the initiation of sediment motion are 

adopted in this work. In other words, in order to test the hypothesis that beach sediment size 

determines the energy flux direction that controls the equilibrium planform orientation, sediment 

movement equations are used in the current study. They are utilized in order to filter the time 

series of the directional wave climate, considering only waves that are capable of moving the 

sediment, hereinafter denoted as "morphologically effective waves". For sandy beaches, the 

initiation threshold of sediment motion under oscillatory waves proposed by Komar and Miller 

(1975) was used. The critical peak orbital velocity near the bed due to the wave action (Ucr,w) and 

the corresponding critical significant wave height (Hs,cr) were calculated considering the linear 

wave theory as follows:  

Ucr,w=0.24((s-1)g) 
2
3D50

1
 3 Tp

1
 3                  for  0.05 <D50< 0.5 mm                                             (3.9) 

Ucr,w=1.05((s-1)g)
4
 7D 50

3
7 T p

1
7                   for  0.5 <D50<2.5 mm                                                 (3.10) 

 s= ρs
ρw

                                                                                                                                        (3.11) 

Hs,cr= 1
π

 Ucr,w Tp sinh �2πdcr
L
�                                                                                          (3.12) 

Where, ρs and ρw are the sediment and water density, respectively, s is the specific density, g is 

the gravitational acceleration, D50 is the median sediment size, and Tp is the wave spectral peak 

period used to calculate the wave length (L) at the calculation depth  (dcr). Komar and Miller 

(1974, 1975) indicated that the water depth at which their threshold equations predict sediment 

motions has a wide valid domain, from very shallow water to water as deep as 120 meters. 

However, in the cases of shingle and coarse gravel beaches, the threshold or critical wave height 

(Hs,cr) that causes the initiation of gravel movement was calculated using Eq. (3.13) based on the 

formula of Morfett (1988, 1989) given as follows, see Van Wellen et al. (2000): 

Hs,cr= 2D50+0.087dcr log(1000D50)                                                                            (3.13) 

For each beach, the time series of the directional wave climate was filtered, using the depths listed 

in Table 2.2, considering only sea states with significant wave heights equal to or higher than the 

critical height (Hs ≥ Hs,cr). Fig. 3.4 and Fig. 3.5 shows an example of the filtration process of the 

wave climate time series for a DOW point close to the Poniente beach, Almeria, Spain. Both 

figures display how the filtration affects the domain of the different wave parameters to be 

considered in this analysis. As shown in Fig. 3.5, for that particular beach, the filtration considers 

only sea states with (Hs ≥ 0.6 m, Tp ≥ 4 sec and 150˚ ≥ θi  ≥ 245˚). Consequently, the directional 
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distribution of the wave energy flux was re-constructed, for each beach, calculating the new 

directional parameters viz. the direction of the mean filtered energy flux. More details regarding 

the filtered and unfiltered (SDD) for all the cases listed in this chapter are given in Appendix (B). 

This procedure was performed twice for each of the embayed beaches, using a DOW point close 

to the shoreline and another one close to the diffraction point. The filtered and non-filtered mean 

energy flux directions were obtained at each DOW point, displaying a slight difference in the 

mean directions between the two wave data points. Accordingly, the DOW points close to the 

diffraction points can be filtered directly in order to define the direction of the mean energy flux 

at the diffraction (control) point area, following González and Medina (2001), González et al. 

(2010) and Hsu et al., (2010), and this is also in accordance with Komar and Miller (1974, 1975). 

 

 

Fig. 3.4. Filtration of the wave climate time series for a DOW point at 3.75 m water depth close to the 
Poniente beach, Almeria, Spain. The red line illustrates that the filtration considers only sea states with 

significant wave heights equal to or higher than the critical height (Hs ≥ Hs,cr). 
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(a) 

 

(b) 

Fig. 3.5. Filtration of the wave climate for a DOW point at 3.75 m water depth close to the Poniente 
beach, Almeria, Spain. (a) Scatter plot of Hs-Tp for both whole and filtered wave climates. (b) Scatter plot 

of Hs-θi for both whole and filtered wave climates. 
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3.3 Results 

The comparison between the direction normal to the (SEBO) which is (θBeach) and both the filtered 

and non-filtered mean directions of the wave energy flux can be seen in Fig. 3.6, with values listed 

in Table 3.3. The results show that the orientation of the equilibrium planform of beaches, i.e. 

(θBeach), almost matches the direction of the mean energy flux of filtered waves (θFef) with a 

squared multiple correlation coefficient (R2 = 0.9977) and a RMSE of 2.402˚.  However, there is 

a clear deviation between (θBeach) and the direction of the mean wave energy flux of the whole 

wave climate (θEF) for many cases with (R2 = 0.951) and a larger RMSE of 8.215˚. Another 

observation is that for some other cases the difference between (θEF) and (θFef) is small, even with 

the wave climate filtration.  

 

 

Fig. 3.6. Comparison between both the non-filtered (θEF) and filtered (θFef) mean directions of the energy 
flux and the direction normal to the equilibrium beach orientation (θBeach) 
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Table 3.3. Results of filtered and non-filtered mean energy flux directions and associated deviations 
 

 

In order to better illustrate these deviations, different cases are presented in Fig. 3.7 and Fig. 3.8. 

In Fig. 3.7, the orientation of both mean directions (θEF) and (θFef) for the Poniente and Salomar 

open beaches in the south of Spain are shown. Both beaches are bounded at their two ends and 

have a stable orientation in the planform, based on the historical imagery assessment. The 

Poniente beach is bounded between 2 groins, as well as by a groin field to the west (HIDTMA, 

No. 
Beach 

D50 
(mm) 

θBeach  (º) 
θEF  (º) θFef  (º) 

ΔθEF 
(º) γθEF δθEF 

θsep 
(º) σθEF (º) PR 

1 Poniente  2.31 217.33 208.47 216.03 8.86 1.18 4 73 25.94 0.242616 
2 Toyo  1.59 206.5 204.13 208.33 2.37 1.684 10.44 74 23.872 0.097473 
3 Retamar 0.96 213.15 208.55 212.7 4.6 1.605 8.93 73 21.193 0.064659 
4 Torregarcia-  0.82 218.8 211.74 215.52 7.06 1.557 7.54 77 21.246 0.044292 
5 La Guardia  20 228 217.41 226 10.59 0.685 2.89 53 25.6836 0.317895 
6 Guardia Viejas  0.59 233 229.65 233.07 3.35 1.63 7.923 59 19.719 0.040138 
7 Salomar  1.92 229 221.54 228.35 7.46 0.79 2.78 59 28.01 0.311481 
8 La Penida  0.24 113.4 127.26 111.73 13.86 0.7835 2.3146 74 31.879 0.266234 
9 Benidorm  0.31 183.7 171.7 181 12 0.0973 1.65 67 37.5149 0.75 
10 Las Azucenadas 1.01 228 210.57 231 17.43 0.6482 1.9354 88 41.1382 0.462287 
11 Huelin 0.6 116.5 122.24 116.48 5.74 1.92 12.17 73 19.89 0.035593 
12 Las Conchas 1.9 219 207.6 216.52 11.4 1.24 4.478 67 25.11 0.05962 
13 El Pozuelo >40 209 194.6 206.42 14.4 0.575 1.918 55 29.27 0.938983 
14 Balerma 0.5 229 226.6 231.5 2.4 1.663 8.224 77 21.703 0.065549 
15 Cortadura  0.28 245 242.65 242.64 2.35 0.558 3.793 49 20.058 0.216373 
16 Zahara  0.36 236 233 233 3 1.206 6.439 59 18.054 0.087484 
17 Palamos 0.4 120 130 119.66 10 0.0942 1.818 83 39.66 0.440678 
18 Cantarrijan >50 223 207.53 218.24 15.47 0.3926 1.7684 58 31.205 0.900662 
19 La China Granada >50 215.42 193.16 213 22.26 0.096 1.69 57 30.519 0.910026 
20 EL Bobar  1.98 173 155.23 169 17.77 0.2815 1.337 74 36.74 0.671533 
21 La Amoladeras 0.82 226 221.414 224.344 4.586 1.837 15.118 80 18.69 0.022107 
22 La Salina 0.81 232 228.5 230.22 3.5 1.52 23.47 72 14.208 0.0062 
23 El Canuelo  >50 218 203.74 215.39 14.26 0.2858 1.7716 54 30.518 0.820339 
24 Torrenueva  1.26 225 219.38 226.49 5.62 0.9273 2.76 77 34.74 0.443836 
25 Blanes 0.4 113.5 128.8 116.5 15.3 0.3262 1.62 96 44.6 0.682292 
26 El Morche 0.17 205 201 201 4 0.412 2.146 33 21.578 0.7966 
27 El Mas Mel 0.30 172 171 171 1 0.504 2.763 30 28.95 0.9222 
28 Vilafortuny 0.22 156 161 158 5 0.514 2.553 39 26.30 0.9176 
29 Ahuir 0.233 59 57 57 2 0.197 8.238 - 14.78 - 
30 La Ballena 0.24 244 239 239 5 0.083 3.255 50 26.447 0.29 
31 El Palmar 0.29 243 247 247 4 0.8354 4.81 66 24.18 0.10 
32 Nules 2.387 112.5 110 110 2.5 0.821 3.28 - 8.73 - 
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2009) and the Salomar beach is bounded between a groin and a rocky headland, and is classified 

as a stable beach as reported by Felix et al. (2012) and Bergillos et al. (2016).  

 

Fig. 3.7. Orientation of both the mean energy flux direction of the whole wave data time series (θEF) and 
the mean direction of the filtered wave climate (θFef) in relation to the beach orientation for Poniente 
beach (left panel) and Salomar beach (right panel).  Directions are estimated for a wave climate time 

series of 68 years (1948-2015) using the DOW database. Photos are courtesy of Google Earth imagery. 

Moreover, Fig. 3.8 displays the plot of the Static Equilibrium Planform (SEP) using the Parabolic 

Bay Shape Equation (PBSE) proposed by Hsu and Evans (1989) for 4 headland bay beaches for 

the cases of La Pineda, Benidorm, Huelin and Blanes using both (θEF) and (θFef). It can be seen 

that the (SEP) of the pocket beaches is oriented toward (θFef), however, the mean direction of the 

energy flux considering all the waves in the time series (θEF) is not sufficiently representative to 

be used for fitting the equilibrium planform. This means that the straight segment of the (SEP) is 

parallel to the wave front corresponding to the filtered mean energy flux direction at the 

diffraction point. Consequently, the best fit of the (SEP) is representative when applying the PBSE 

employing the filtered mean energy flux direction. Furthermore, clear deviations between the two 

mean directions (θEF) and (θFef) are present for the open coast cases as shown in Fig. 3.7. 

The results showed various magnitudes of deviations between the direction of the mean energy 

flux of all the waves and the beach orientation (ΔθEF = |θEF – θBeach|) with values of (ΔθEF= 1˚-

17.77˚) for sandy beaches with median sediment sizes of (D50= 0.17-2.38 mm). The degree of 

effectiveness of the filtration process varies depending on the sediment size and the SDD. The 

results also indicate that for shingle and coarse gravel beaches with cobbles, large deviations are 

present, with values of (ΔθEF= 10.59˚-22.26˚). It should be noted that for those cases when the 

SDD is asymmetric with more than one dominant direction, the filtration process is very important 
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and significantly influences the final filtered SDD. The shoreline equilibrium orientation in the 

planform, i.e. the (SEBO) for such coarse beaches is aligned toward the direction of the most 

energetic waves that are able to mobilize the gravel material and move it. Fig. 3.9 presents the 

orientation of the beach planform and both the filtered and non-filtered mean directions of the 

energy flux for the La Guardia shingle beach, which exemplifies a case exposed to a clear bi-

modal wave climate. The filtration process has profoundly altered the final shape of the filtered 

directional distribution, moving the calculated filtered mean (θFef) toward the most energetic peak 

direction, leading to large deviations. 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

Fig. 3.8. Static Equilibrium Planform (SEP) plot and orientation using both the mean energy flux 
direction of the whole wave data time series (θEF) and the mean direction of the filtered wave climate 

(θFef) for (a) Benidorm beach, (b) La Pineda beach, (c) Huelin beach and (d) Blanes beach . Directions are 
estimated for a wave climate time series of 68 years (1948-2015) using the DOW database. Photos are 

courtesy of Google Earth imagery. 
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Fig.3.9. Orientation of both the mean energy flux direction of the whole wave data time series (θEF) and 
the mean direction of the filtered wave climate (θFef) for La Guardia shingle beach showing the Shape of 
Directional Distribution (SDD) for both the whole non-filtered and filtered wave climates. Wave roses 

and the directional distributions of the wave energy flux probability are plotted with their corresponding 
mean directions estimated for a wave climate time series of 68 years (1948-2015) using the DOW 

database. Photos are courtesy of Google Earth imagery. 

To sum up, the direction of the mean energy flux of filtered waves (θFef), using only 

morphologically effective waves, is a better representative direction of the energy flux for the 

determination of the (SEBO) and can be used as the "morphologically representative direction of 

the wave energy flux". 

3.4 Discussion 

In this section, the relevance of the different parameters in relation to the determination of the 

morphologically representative direction of the wave energy flux is discussed as given in the 

subsequent sections.  

3.4.1 Importance of the Shape of the Directional Distribution  

When the Shape of the Directional Distribution (SDD) of the energy flux of the wave climate is 

uni-modal and almost symmetrical around the mean direction, there is no significant difference 

between (θEF) and (θBeach).  Moreover, if the wave climate affecting the beach is characterized by 
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identical wave heights so that the energy from both sides around the mean direction, i.e. the energy 

flux is symmetrically distributed into 2 equally energetic peaks, the difference between (θEF) and 

(θBeach) is slight. Hence, in such cases, the estimated direction of the mean energy flux of all the 

waves in the time series gives similar results for (θFef) to define the (SEBO), as both the filtered 

and the non-filtered SDD will be almost the same. This can be seen in Fig. 3.10 for the Ahuir and 

El Mas Mel beaches with almost typically symmetrical SDDs. The Ahuir beach in Valencia 

represents a case exposed to a wave climate with a nearly symmetrical uni-modal SDD displaying 

a slight deviation of (ΔθEF=2˚), while El Mas Mel beach in Catalonia, exemplifies a case with an 

almost symmetrical bi-modal SDD with a small deviation of (ΔθEF=1˚). In such cases, the effect 

of the wave climate filtration is slight, due to the symmetrical energy flux distribution around the 

mean, and thus it does not change the mean direction regardless what size sediment is present. 

Accordingly, both filtered and non-filtered mean directions are almost identical and match the 

(SEBO).  
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Fig. 3.10. Orientation of both (θEF) and (θFef) mean energy flux directions for nearly symmetrical SDD 
cases of Ahuir beach with uni-modal SDD (upper panel) and El Mas Mel beach with bi-modal SDD 

(lower panel). Wave roses and the directional distributions of the wave energy flux probability are plotted 
with their corresponding mean directions estimated for a wave climate time series of 68 years (1948-

2015) using the DOW database. Photos are courtesy of Google Earth imagery. 

However, this is not always the case, as wave climates may be characterized by asymmetrical 

multimodal SDDs. Accordingly, when the SDD has an asymmetrical bi-modal shape, i.e. the 

wave heights (and thus the energy) are not equally distributed around the mean, the non-filtered 

mean energy flux direction (θEF) deviates from the beach orientation (θBeach). A comparison 

between two beaches with almost the same sediment size is shown in Fig. 3.11. The Nules beach 

in Valencia, with (D50 = 2.38 mm) is exposed to a nearly symmetrical uni-modal SDD, while the 

Poniente Beach in Almeria, with (D50 = 2.31 mm) is exposed to a bi-modal asymmetrical SDD. 

The former beach is associated with a small deviation of (ΔθEF≈ 2˚), whereas the Poniente beach 

showed a deviation of (ΔθEF≈ 9˚). The filtration of the wave climate of the Nules beach is only 

slightly effective due to the nearly symmetrical uni-modal SDD. However, it is significant and 

thus more effective for the Poniente beach and greatly modified the SDD, moving the new mean, 

i.e. the filtered one, toward the most energetic peak which is representative in relation to (SEBO). 
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(b) 

Fig. 3.11. Orientation of both (θEF) and (θFef) mean energy flux directions for nearly symmetrical uni-
modal SDD cases (a) Nules beach and (b) Poniente beach with asymmetrical bi-modal SDD, with quite 

similar sediment size. Wave roses and the directional distributions of the wave energy flux probability are 
plotted with their corresponding mean directions estimated for a wave climate time series of 68 years 

(1948-2015) using the DOW database. Photos are courtesy of Google Earth imagery. 

  

The role of the SDD’s symmetry, as well as its pattern, whether it is uni-modal or bi-modal,  can 

be observed through the combined effect of the directional kurtosis and skewness using the ratio 

[δθEF/ (2+|γθEF |)], where (2+|γθEF |) is the cut- off kurtosis defined by Kuik et al. (1988) for SDDs 

with skewness not exceeding 4. Fig. 3.12 shows the directional deviation (ΔθEF) against the 

(kurtosis/skewness) ratio, indicating a trend that high values of skewness in conjunction with low 

values of the SDD kurtosis lead to larger deviations. In other words, the lower the [δθEF/ (2+|γθEF 

|)] ratio, the greater the departure from the condition of nearly symmetrical uni-modal distribution 

of the energy flux and the higher the probability that the SDD will be asymmetrical bi-modal, 

according to Kuik et al. (1988). Fig. 3.12 shows that larger deviations (ΔθEF) are associated with 

[(δθEF/ (2+|γθEF |)) ≤ 1]. Consequently, the mean direction of the energy flux considering all the 
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wave data time series (θEF) cannot be used to define the (SEBO), and the wave climate filtration 

becomes crucial in order to define the representative directional parameters. It should be noted 

that the different (ΔθEF) values associated with almost similar (kurtosis/skewness) ratios can be 

attributed to the influence of other parameters such as the (D50) values, the peak ratio, and the 

directional angular separation, as is discussed in the following sections.   

 

Fig. 3.12. Directional deviation of mean energy flux direction against the (kurtosis/ skewness) ratio of the 
SDD for selected beaches. 

Summing up, the SDD gives an indication of how effective the filtering process will be. 

Nevertheless, it depends significantly on how the filtration affects the SDD, especially for multi-

modal SDDs, leading to various deviations between (θEF) and (θBeach). This depends on the 

combined effect of the energy flux values associated with the directional peaks, i.e. the wave 

climate, and also on the sediment size.  

3.4.2 Importance of Beach Sediment Size (D50) 

In order to understand the effect of median sediment size (D50) on the definition of the 

morphologically representative direction of the wave energy flux, another comparison is 

presented between two headland bay beaches in static equilibrium with almost the same SDD 

properties, but with different sediment sizes. Las Azucenas beach in Granada has coarse sediment 

with (D50 = 1.01 mm) and is exposed to a bi-modal wave climate with a SDD characterized by 
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(θsep =88˚ and PR = 0.46), while the Palamos beach in Catalonia has finer sediment material with 

(D50 = 0.4 mm) and its SDD has (θsep =83˚ and PR = 0.44) as seen in Fig. 3.13. For both cases, 

the filtration of the wave climate modifies the SDD, displaying a new filtered mean energy flux 

direction (θFef) that matches the orientation of the straight segment of the SEP. As a result, 

deviations (ΔθEF) exist with values of 17.43˚ and 10˚ for Las Azucenas and Palamos beaches, 

respectively. Furthermore, a comparison between 2 adjacent beaches exposed to the same wave 

climate, but with a distinct difference in sediment size, is shown in Fig. 3.14. The Salomar beach 

is a mixed sand and gravel beach with (D50 = 1.92 mm), affected by a bi-modal wave climate with 

SDD that has (θsep =59˚ and PR = 0.311). On the other hand, the La Guardia shingle beach has 

(D50 = 20 mm) and its wave climate’s SDD is characterized by (θsep =53˚ and PR = 0.317). In both 

cases, the filtration process alters the SDD, displaying a new filtered mean energy flux direction 

(θFef) that almost matches (θBeach), resulting in deviations (ΔθEF) with values of 10.59˚ and 7.46˚ 

for La Guardia and Salomar beaches, respectively. Nevertheless, for the La Guardia beach case, 

the secondary peak has totally disappeared due to the filtering process, while the filtered SDD for 

the Salomar beach case retains a smaller secondary peak.  

Accordingly, the results indicate that the coarser the beach sediment, the larger the deviation 

(ΔθEF) between the calculated mean energy flux orientation and the equilibrium orientation 

(θBeach). Thus, the larger the (D50), the greater the effectiveness of wave data time series filtration. 

In other words, for coarser beaches with a bi-modal SDD, the secondary peak may be less 

effective at mobilizing the sediment than the primary peak and so the filtering process has a 

greater effect. 



 
Wave energy flux direction and the orientation of equilibrium beaches 

   

56 
 

 

 
Fig. 3.13. Comparison between 2 static equilibrium embayed beaches with different sediment sizes: Las 
Azucenas beach (upper panel) with (θsep = 88˚, PR = 0.46 and D50 = 1.01 mm) and Palamos beach (lower 
panel) with (θsep = 83˚ and PR = 0.44 and D50 = 0.40 mm). Wave roses and the directional distributions of 

the wave energy flux probability are plotted with their corresponding mean directions estimated for a 
wave climate time series of 68 years (1948-2015) using the DOW database. Photos are courtesy of 

Google Earth imagery. 
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(b) 

Fig. 3.14. Comparison between 2 beaches with different sediment sizes: (a) La Guardia beach with (θsep = 
53˚, PR = 0.317 and D50 = 20 mm) and (b) Salomar beach with (θsep = 59˚ and PR = 0.311 and D50 = 1 
mm). Wave roses and the directional distributions of the wave energy flux probability are plotted with 
their corresponding mean directions estimated for a wave climate time series of 68 years (1948-2015) 

using the DOW database. Photos are courtesy of Google Earth imagery. 

Physically, this can be comprehended based on the sediment movement equations aforementioned 

in section (3.2.4), that the coarser the (D50), the higher the critical wave height (Hs,cr) that initiates 

sediment motion. This could be explained as the larger the (D50), the stronger the critical peak 

orbital velocity due to the wave action (Ucr,w) and so the larger the (Hs,cr) and consequently, the 

greater the effectiveness of the filtering process, leading to larger deviations (ΔθEF). 

3.4.3 Effect of the Peak Ratio (PR)  

In order to explore the role of the Peak Ratio (PR) in the determination of the morphologically 

representative direction of wave energy flux, two beaches were selected with nearly similar 

sediment sizes and separation angles between the directional peaks, but with different peak ratios. 

The beach at El Palmar in Cadiz, has a sediment size of (D50 = 0.29 mm) and is exposed to a wave 

climate with a SDD that has (θsep =66˚ and PR = 0.10) which exemplifies a case with a clear main 
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peak in conjunction with a small secondary peak. On the other hand, the embayed beach of 

Benidorm in Alicante, has (D50 = 0.31 mm) and is exposed to a clear bi-modal wave climate with 

a SDD having 2 dominant directional peaks characterized by (θsep =67˚ and PR = 0.75), as seen 

in Fig. 3.15. When the wave climate was filtered for both cases, they displayed different 

deviations with values of 4˚ and 12˚ for El Palmar and Benidorm beaches, respectively. This can 

be interpreted to mean that for the El Palmar beach with (PR = 0.10), the energy is almost 

concentrated in the main dominant energetic peak, thus the non-filtered mean direction (θEF) is 

close to it and filtration will move it slightly towards the main peak. However, in the case of 

Benidorm beach where the peak ratio is high (PR = 0.75), the wave energy flux is distributed 

between the two peaks, displaying a mean direction in between them, and when the wave climate 

is filtered, the SDD changes significantly with a clearer dominant energetic directional peak 

resulting in a morphologically representative direction of the wave energy flux (θFef) that matches 

the (SEBO). Thus, the higher the peak ratio for an asymmetric DDS, the larger the deviation 

(ΔθEF). 
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Fig. 3.15. A comparison clarifying the peak ratio effect between 2 beaches (1) El Palmar beach with (θsep 
= 66˚, PR = 0.10 and D50 = 0.29 mm) (upper Panel), and (b) Benidorm beach with (θsep = 67˚ and PR = 
0.75 and D50 = 0.31 mm) (lower panel). Wave roses and the directional distributions of the wave energy 
flux probability are plotted with their corresponding mean directions estimated for a wave climate time 
series of 68 years (1948-2015) using the DOW database. Photos are courtesy of Google Earth imagery. 

 

3.4.4 Effect of the Separation Angle  

Another comparison is presented in this section in order to understand the effect of the angular 

separation (θsep) between the directional peaks of the SDD on the estimation of the 

morphologically representative direction of the wave energy flux. Two beaches were selected 

with the same sediment size (D50 = 0.24 mm) exposed to bi-modal wave climates with SDDs that 

have quite similar peak ratios but with different separation angles, as seen in Fig. 3.16. The beach 

at La Ballena in Cadiz is exposed to a wave climate with a SDD that has (θsep =50˚ and PR = 

0.29), while the La Pineda beach in Catalonia is an embayed beach that has a SDD characterized 

by (θsep =74˚ and PR = 0.266), i.e. with wider angular separation between the dominant directional 

peaks. When the filtration of the wave climate was performed, La Ballena beach showed a 

deviation of (ΔθEF =5˚), however, the La Pineda beach displayed a larger deviation of (ΔθEF= 

13.86˚) with a significant change in the final SDD. In both cases, the calculated mean direction 

lies in between the two peaks, closer to the more energetic one. This trend can be understood as, 

for narrow separation angles, the mean direction of the whole wave climate (θEF) is closer to the 

dominant main peak in comparison with cases with wider separation angles in which the mean is 
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farther away from that peak. Hence, filtration moves the mean direction towards the dominant 

energetic peak, resulting in large deviations (ΔθEF) for wide separation angles and vice versa. This 

trend was observed for the majority of the cases, especially for those which are characterized by 

higher peak ratios and wider separation angles. 
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Fig. 3.16. A comparison clarifying the sepaation angle effect between 2 beaches (1) La Ballena beach 
with (θsep = 50˚, PR = 0.29 and D50 = 0.24 mm) (upper Panel), and (b) La Pineda beach with (θsep = 74˚ 
and PR = 0.266 and D50 = 0.24 mm) (lower panel). Wave roses and the directional distributions of the 

wave energy flux probability are plotted with their corresponding mean directions estimated for a wave 
climate time series of 68 years (1948-2015) using the DOW database. Photos are courtesy of Google 

Earth imagery. 

3.5  Conclusion 

The concept of the equilibrium beach planform has been widely used for morphological modeling 

of shoreline changes in the long-term. It aims to define the final shape of a beach planform on a 

scale of years which is useful for stability studies of beaches and for the design of nourishment 

projects. Throughout the literature, the Static Equilibrium Beach Orientation (SEBO), is obtained 

based on the direction of the mean energy flux considering all the waves impinging on the beach. 

This study investigated the role of beach sediment size, as well as the Shape of the Directional 

Distribution (SDD) of the energy flux of the wave climate on the direction of the energy flux that 

dictates the (SEBO). Field data from 32 equilibrium beaches along the Spanish coast were 

employed in this study. The beaches selected for this study were characterized with clear 

orientations in the planform, a variety of sediment sizes, and located in zones exposed to 

multidirectional wave climates. The direction of the mean energy flux of filtered waves (θFef) has 

been found to almost match the (SEBO), defined by the direction normal to the planform 

orientation (θBeach). In other words, the morphologically representative direction of wave energy 

flux that dictates the (SEBO) can be determined by the mean energy flux direction of the filtered 

wave climate (θFef) which considers only morphologically effective waves, i.e. waves that are 
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capable of moving the sediment. Furthermore, the mean energy flux direction (θEF) of the entire 

wave data time series, including tiny waves, has been found not to match the (SEBO) for beaches 

that have coarse sediment and/or are exposed to asymmetrical directional wave climates. 

Accordingly, in these cases, an angular deviation (ΔθEF) is present between (θEF) and (θBeach). 

Based on analysis of the (SDD), the study has indicated that for a nearly uni-modal symmetrical 

(SDD), the filtration process changes the mean direction slightly. However, filtration is more 

effective and plays an important role in beaches with an asymmetric multi-modal (SDD), as the 

screening of the wave data significantly modifies the final SDD, changing its mean direction and 

the corresponding directional width. The results have shown that for cases with asymmetric bi-

modal SDD the coarser the beach sediment, the larger the deviation (ΔθEF). It has also indicated 

that for the same peak ratio and sediment size, the wider the separation angle between the 

directional peaks, the larger the deviation (ΔθEF). Moreover, for the same separation angle and 

sediment size, the higher the peak ratio, the more the non-filtered mean direction (θEF) is shifted 

from the (SEBO), and again the larger the deviation (ΔθEF). The study came to the conclusion that 

filtration of the directional wave climate impacting a beach, considering its sediment size, is 

necessary to define the morphologically representative direction of the wave energy flux that 

dictates the (SEBO). Furthermore, it confirmed that the shape of the fully directional spectra of 

the wave climate should be analyzed and utilized in coastal engineering practice to define the 

representative direction to be used for beach stability studies as well as for the design of new 

beaches.  
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Chapter 4 

Wave climate’s directional variance 

and equilibrium planform of 
embayed beaches  

 

 

Abstract* 

Equilibrium beach formulations are engineering tools for estimating a response of beaches in the 

long term. They aim at defining the final orientation of a beach on a scale of years and thus they 

are used for evaluating the shoreline response due to human interference (ports, breakwaters, 

protection works, etc). Several equations can be found in the literature for obtaining the Static 

Equilibrium Planform (SEP) of Headland Bay Beaches (HBBs), one such being the Parabolic Bay 

Shape Equation (PBSE). The SEP is strongly dependent on the location of the down-coast control 

point (Po) which is the downdrift limit from which the PBSE is applicable. The literature 

recommends the determination of the (Po) point by means of the direction of the mean wave 

energy flux at the diffraction point. However, when this is applied to equilibrium embayed 

beaches in zones with a wide variability of wave climate directionality and/or in cases where the 

diffraction point is located far from the equilibrium shoreline, this approach is no longer valid and 

thus the resulting planform shape does not properly fit the SEP for such conditions. This chapter 

investigates the methodology for locating the (Po) point of the SEP for such cases, exploring the 

role of wave climate directional spreading, employing 44 HBBs in Spain and Latin America. It 

correlates the planform shape in the long term with the directional variability of the wave climate 

*This chapter is based on:   Elshinnawy, A.I., Medina, R., González, M. “On the influence of wave directional spreading 
on the equilibrium planform of embayed beaches.” Journal of Coastal Engineering (in press).  
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at the diffraction point. Additionally, an extensive series of numerical simulations using a spectral 

wave model was carried out to model the combined effects of refraction-diffraction in the lee of 

a breakwater, defining the part affected by the coastal structure under different wave conditions. 

The results clarify the importance of wave directional spreading in locating the (Po), indicating 

that the wider the directional spreading the farther the (Po) point on the shoreline. Moreover, the 

farther the diffraction point from the coast, the smaller the part of the beach affected by the coastal 

barrier. A new formula has been derived to locate the down-coast control point (Po) of the 

parabolic part of the shoreline corresponding to the PBSE as a function of the directional variance 

of the wave climate and the location of the diffraction point. The model produced good results 

with (R2 = 0.9117 and a RMSE = 1.8297˚) in estimating the location of the (Po) point in various 

natural and man-made beaches with different degrees of wave directionality. 

4.1 Introduction 

In nature, many coastline sections feature curved shoreline geometry in the lee of protruding 

natural headlands and man-made shore-connected breakwaters. Headland Bay Beaches (HBBs) 

exemplify one of the most prominent physiographic features on the oceanic margins and coastal 

areas of many countries all over the world. They occupy about 50% of the world’s coastlines 

(Inman and Nordstrom, 1971). They also exist on the edge of coastal closed seas and lakes (Hsu 

et al., 2010). This coastal feature is considered by both coastal scientists and engineers to be a 

stable landform. Because of their geometries, these shorelines are also referred to as pocket 

beaches (Yasso, 1965), embayed beaches or structurally controlled beaches (Short and Masselink, 

1999), crenulate-shaped bays (Silvester and Ho, 1972) and spiral beaches (Krumbein, 1944). An 

extensive review of parabolic bays and their usage in coastal stabilization and management was 

carried out by Hsu et al. (2010). The stability of these beaches, with their famous curved parts, 

have inspired research by coastal engineers to study and define them in both planform and profile 

in relation to the wave climate produced by the global wind system. The planform of headland 

bay beaches may be in static equilibrium, dynamic equilibrium, unstable or natural reshaping. A 

static equilibrium HBB is a state where the predominant waves are breaking simultaneously 

around the whole bay periphery; hence the littoral drift produced by longshore currents is almost 

non-existent and no additional sediment is required to maintain the long-term stability (Hsu et al., 

2010).  

Several empirical equations have been derived to mimic the Static Equilibrium Planform (SEP) 

of natural headlands sculptured by nature. The most well-known models in the literature are the 

logarithmic spiral model (Krumbein, 1944; Yasso, 1965), the hyperbolic tangent model (Moreno 

and Kraus, 1999), and the Parabolic Bay Shape Equation (PBSE) proposed by Hsu and Evans 

(1989). The former two models have focused on fitting the planform shape, ignoring beach 
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stability and the physical location of the diffraction point. The PBSE, however, was derived taking 

these considerations into account, and nowadays it is the most widely used model in coastal 

engineering practices (González et al., 2010), and has received the recognition of the Coastal 

Engineering Manual (USACE, 2002) for project evaluation and coastal management. 

Consequently, it has been implemented in the Coastal Modeling System package, Sistema de 

Modelado Costero, (SMC) (González et al., 2007; Raabe et al., 2010) as well as in the MEPBAY 

software (Klein et al., 2003b).  The PBSE is a second-order polynomial equation derived from 

fitting the planform of 27 mixed cases of prototype and model bays believed to be in static 

equilibrium (Hsu et al., 2010) as explained in Fig. 4.1 and given as: 

R
Ro

= C0+C1 �
β
θ
�+C2 �

β
θ
�

2
                                                                                                       (4.1) 

 
Fig. 4.1 Definition sketch of the parabolic bay shape equation for an embayed beach in static equilibrium 
and the αmin angle proposed by González and Medina (2001) to locate the down-coast control point (Po). 

 

Where (Ro) is the length of the control line joining the updrift diffraction point to the down-coast 

control point (Po) and inclined (β) to the tangent of the straight segment of the bay. The three C 

coefficients are functions of the wave obliquity (β), i.e. the angle between the incident wave front 

and the control line. The radius (R), measured from the tip of the headland breakwater, defines 

the locations of the shoreline at an angle (θ), measured from the wave crest. Tan and Chiew (1994) 

have applied the tangential boundary condition at the straight down drift part of the planform, 

improving the accuracy of the formula.  

One of the unknowns in the application of Eq. (4.1) is locating the downdrift limit from which it 

is applicable, determining the affected part of the beach dominated by refraction-diffraction due 

to the presence of the headland structure, (González and Medina, 2001; Lausman et al., 2010 a, 
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b). Based on the best fit of the SEP of 26 beaches along the Atlantic and Mediterranean coasts of 

Spain, González and Medina (2001) provided a guide for defining that limit, denoted as the (Po) 

point, as seen also in Fig. 4.1, proposing the concept of the (αmin) angle. This angle defines the 

location of the down-coast control point (Po) which is the point that differentiates between the 

part of the beach affected by the headland structure where wave height gradients start in the 

shadow and transition zones due to the diffraction process, and the non-affected part of the beach 

where no longitudinal wave height gradients exist due to the breakwater. They applied the energy 

flux approach to locate the (Po) point, stating that the straight segment of the SEP of a HBB is 

parallel to the wave front corresponding to the direction of the mean wave energy flux (θEF) at the 

diffraction point. It should be noted that the (αmin) angle was originally obtained using the 

analytical solution of monochromatic wave diffraction for a flat bottom given by Penny and Price 

(1952) which proposed that the isolines of diffracted wave heights behind a breakwater may be 

determined in accordance with a parabolic equation in terms of dimensionless X and Y distances 

scaled by the wave length at the breakwater tip, see Dean and Dalrymple (1991) and González 

(1995). According to González and Medina (2001), the (αmin) angle and thus the location of the 

(Po) point is only dependent on the dimensionless distance between the diffraction point and the 

straight segment of the shoreline (Y/L), as seen in Fig. 4.2. The scaling wave length (L) is based 

on the wave period associated with the significant wave height exceeding 12 hours per year (Hs12) 

and the mean water depth along the wave front at the diffraction point, see González and Medina 

(2001).  

 
Fig. 4.2. Relation between the αmin angle and the dimensionless distance of the diffraction point from the 

straight segment of the shoreline (Y/L), modified from González et al. (2010) 
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Significantly, Hsu et al. (2010) have stated that if a simple rule-of-thumb could be developed 

using an empirical approach to affix the downdrift control point without any guesswork or 

additional numerical calculation it would duly be welcomed by coastal scientists and engineers 

worldwide. They also stated that should a detailed quantitative analysis be required for the 

downdrift control point, the wave flux approach of González and Medina (2001) is strongly 

recommended. 

However, when applying the approach of González and Medina (2001) to HBB cases with (Y/L 

> 10), i.e. for embayed beaches with diffraction points far from the straight segment of the 

equilibrium shoreline and/or in cases with a wide variability of wave climate directionality close 

to the diffracting point, it has been found to be invalid. Furthermore, Lausman et al. (2010b) have 

stated that larger deviations in (αmin) are around (Y/L=4.5), reducing the certainty of the position 

of the down-coast control point. Consequently, the (αmin) angle cannot be used, in such conditions, 

to locate the down-coast control point (Po) which strongly affects the SEP. This can be observed 

in 2 of the beaches in Brazil, as shown in Fig. 4.3. The beach at Rosa exemplifies a case with a 

diffraction point close to the coast with a considerable degree of wave climate directional 

variance. Moreover, the beach at Fazendinha represents a case in which the diffracting point is 

far from the shoreline with a narrower directional wave variability. From the two plots it can be 

seen that the αmin approach for locating the down-coast control point (Po) is no longer valid in such 

cases and that the down-coast control point has moved farther along the relatively straight 

segment of the bay.  
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Fig. 4.3. Examples of plotting the best fit SEP and the planform shape using the approach proposed by 

González and Medina (2001) to locate the down-coast control point (Po) via the (αmin) angle. Rosa beach, 
Brazil is shown (upper panel) and Fazendinha beach, Brazil is shown (lower panel). Wave roses and the 
directional distributions of the probability of wave energy flux are plotted for a wave climate time series 
of more than 60 years (from 1948 onwards) using the DOW database. Photos are based on Google Earth 

imagery. 

 

Based on the work of Li and Reeve (2009), Reeve (2015) stated that the greatest variance of the 

mean shoreline shape of embayed beaches exposed to randomly varying wave direction was 

predicted to occur towards the down-coast control point (Po). This author indicated that this 

variance can be understood in terms of the implicit assumption in the bay shape formula that the 

down-coast point is where the coast is parallel to the incoming wave crests; therefore, strictly 

speaking, the position of the (Po) point has to move as the wave angle varies. Daly et al., (2014) 

also stated that a good knowledge of the directional wave climate is critical to determining the 

orientation and planform of embayed beaches. This underscores the need for a new model to 

locate the down-coast control point instead of the existing models in the literature.  

Accordingly, the aim of this study is to explore the role and effect of the directional spreading of 

the whole wave climate on the determination of the (Po) point of pocket beaches. The study 

follows the wave energy flux approach to provide an empirical formula that defines the (αPo) 

angle, (αmin in González and Medina, 2001), which determines the location of the down-coast 

control point (Po). This was carried out at real embayed beaches, exploiting the available long-

term databases of existing directional wave climates due to the abundance of advanced wave re-

analyses, buoy measurements and satellite data.  
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The chapter is organized as follows: First, a general introduction to embayed beaches and the 

existing formulas used to predict the SEP and the uncertainties of these models in the literature 

are presented. This is followed by the methodology of the study, which is described in section 

(4.2), and the available data and analysis of directional wave climates are given in section (4.3). 

Section (4.4) introduces the numerical modeling simulations implemented in this work. The 

results from real embayed beach cases and the numerical work are delineated in section (4.5). 

Section (4.6) includes a discussion of the results and the new proposed model. Finally, the 

conclusions of this study are given in section (4.7). 

4.2 Methodology and Tools 

This study employs prototype real cases of HBBs as well as a numerical modeling work of wave 

transformation in the lee of a protruding breakwater. Field cases were used to investigate the 

behavior of typical prototype HBBs in order to develop a new equation to locate the (Po) point. 

Additionally, the numerical simulations were carried out for helping to understand the theory 

behind the behavior of the real cases. The work methodology can be summarized in the following 

steps: 

1- Collection of field cases of HBBs in Spain and Latin America with specific conditions 

(static equilibrium, far diffraction points and/or wave climates with high directional 

variability). 

2- Analysis of directional wave climates at diffraction points and other data (e.g. 

bathymetries and aerial vertical photos). 

3- Determination of the best fit of the SEP using the SMC software package (González et 

al., 2007; González et al., 2016), defining the location of the (Po) point.  

4- Modeling of wave refraction-diffraction behind a breakwater to locate the (Po) point 

numerically using the spectral wave model OLUCA-SP (González et al., 2007). 

5- Analysis of the results of both the numerical and real cases. 

6- Derivation of a new formula to locate the down-coast control point (Po) of the SEP when 

the PBSE is applied. 

In order to apply the aforementioned methodology, a description of the employed numerical tools 

is given in this section, while the available data for the current study is listed in the subsequent 

section. 

4.2.1 Coastal Modeling System (SMC) and Wave Data 

The Coastal Modeling System (SMC) is a user-friendly software package developed by the 

University of Cantabria (UC) for the Dirección General de Costas (State Coastal Office) of the 

Spanish Environmental Ministry, see González et al. (2007). It includes some numerical models 
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that allow the application in coastal projects of the methodologies and formulations proposed in 

several manuals elaborated for the ministry. The latest version of the system (SMC 3.0) is 

structured in a manner dividing the numerical models and data into two main tools, namely: 

(SMC-Tools) and (SMC Model). The former incorporates 3 modules: (a) IH-DATA, (b) IH-

AMEVA and (c) IH-DYNAMICS, while the SMC model includes both short-term and long-term 

modules for studies on a scale of hours to days and a scale of years, respectively, in addition to a 

terrain module. It also includes a graphical user interface that permits stability testing and/or 

designing new beaches utilizing the “equilibrium beach” concept, which combines different 

equilibrium profile and planform formulas, see more details in González et al. (2007) and 

González et al. (2016).  

The IH-DATA module (Gomes and Silva, 2014; González et al., 2016) has three databases. One 

is associated with time series of coastal waves called DOW (Downscaled Ocean Waves). The 

other two databases are associated with sea level time series: one is for astronomical tides called 

GOT (Global Ocean Tides), see González et al. (2016), and the other is for storm surges or 

meteorological tides called GOS (Global Ocean Surges), see Cid et al. (2014). These databases 

were generated over a long period of more than 60 years (from 1948 onwards), using re-analysis 

of wind fields and satellite data. Regarding the wave data time series, wind field data provided by 

NCEP/NCAR reanalysis (Kalnay et al., 1996) was used to generate a deepwater wave database 

called GOW (Global Ocean Waves) using the WAVEWATCH III model (Tolman, 1992), see 

more details in Reguero et al. (2012). The GOW database was directionally calibrated using 

satellite data to avoid deviations and bias in the results, see more details described in Minguez et 

al. (2011) and González et al. (2016). This calibrated (GOW) data set was used to select a 

representative subset of sea states in deepwater that guarantees that all possible conditions are 

represented, including extreme events, and covers the entire directional wave climate. This 

clustering of the wave climate was carried out using the Maximum Dissimilarity Algorithm 

(MDA) to select a set of sea states that covers the whole domain and boundaries of the data space 

of wave parameters (i.e. height period, direction, etc), see Camus et al. (2011b). The selected sea 

states were propagated using the SWAN spectral wave model (Booij et al., 1999) with high spatial 

resolution over detailed bathymetries. Finally, the time series of the propagated sea state 

parameters at each location were reconstructed, see Camus et al. (2011a). The DOW data base, 

which is a downscaled wave re-analysis of coastal zones, was subsequently generated, see Camus 

et al. (2013). The DOW wave climate database is available for the entire Spanish and Brazilian 

coasts, as well as the northern coasts of Uruguay with a high spatial resolution (0.01˚, i.e. each 1 

km) along the coastlines.  

The IH-AMEVA module is used to statistically analyze the IH-DATA consisting of wave climates 

and sea level time series, and later for the statistical characterization of the results. Finally, the 
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IH-DYNAMICS module is used in the post-processing stage, providing extensive data and 

results. It calculates the wave mean energy flux, littoral sediment transport, run-up and flooding 

levels in addition to climate change impacts on the coast. 

The short-term analysis module for the planform (MOPLA), which encompasses the OLUCA 

wave model, see González et al. (2007), was used for the numerical modeling part of this study. 

Furthermore, the long-term module was used within the analysis of directional wave climates in 

order to obtain the best fit equilibrium planform shape of real beach cases in the long term. 

4.2.2 Wave Model 

The OLUCA wave model is a weakly non-linear combined refraction-diffraction model, which is 

capable of simulating monochromatic waves using the OLUCA-MC version, as well as spectral 

random waves using the spectral version (OLUCA-SP). It was originally based on the REF/DIF 

1 model (Kirby and Dalrymple, 1992) of the University of Delaware. The OLUCA-SP is a wave 

propagation model based on the parabolic approximation of the mild slope equation that governs 

refraction, diffraction and shoaling of water waves propagating over a gently sloping bathymetry. 

The model is appropriate for determining wave fields in open coastal areas even in the presence 

of coastal structures. It is capable of modeling and reproducing most wave propagation processes, 

such as shoaling, refraction, diffraction and forward scattering and dissipation of wave energy 

due to bed friction and breaking. For spectral wave conditions, it can read both frequency and 

directional spectrums directly from files or a TMA frequency spectra (Bouws et al., 1985) 

together with the wrapped normal directional spreading function Borgman (1984). 

4.3 Study cases and data 

Three data sources were used in this study: (a) aerial photos of beaches, (b) topographic and 

bathymetric data, and (c) wave data. These data are described as follows. 

4.3.1 Beach Cases and Images 

This study analyzed the planform of 44 embayed beaches along the coasts of Spain, Brazil and 

Uruguay as shown in Fig. 4.4. Beach selection was carefully carried out according to specific 

conditions; in particular, static equilibrium headland bay beaches were chosen, both natural and 

man-made. These beaches have diffraction points with varying distances from the shoreline. They 

exemplify fully developed beaches (González and Medina, 2001) with a clearly defined straight 

segment. Moreover, the wave climate close to the diffraction points display different degrees of 

wave directional variability. These static equilibrium cases are listed in Tables 4.1 and 4.2, 

indicating the characteristics and wave climate parameters which are explained in the subsequent 

paragraphs. Table 4.1 summarizes the data from 38 cases, while the different parameters of the 
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re-analysis of 6 other cases given in González (1995) are listed in Table 4.2 with further 

explanation in the subsequent sections.  

 

 

Fig. 4.4. Location of selected headland bay beaches in static equilibrium along the coasts of Spain (upper 
panel) and the coasts of Brazil and Uruguay (lower panel). 
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Table 4.1. Summary of static equilibrium beaches and wave climate parameters 

No. Beach Location Y (m) d 
(m) 

Hs12 
(m) 

Tp12 
(sec) 

θEF  (º) σθEF (º) h* (m) Y/L 

1 Barbate Cadiz-Spain 1152 10 2.92 9.087 223 13.357 6.02 13.935 
2 Benidorm Alicante-Spain 578 10 2.12 6.73 183.7 27.89 4.10 10.16 
3 Hospitalet Tarragona-Spain 514 6 2.54 9.1 133.25 20.56 5.32 7.825 
4 La Pineda Tarragona-Spain 2265 27 2.96 9.35 114.5 22.5 6.28 18.73 
5 Villajoyosa Alicante-Spain 468 10 1.55 6.61 138.29 29.3 3.16 8.372 
6 Peñiscola Castellon-Spain 512 6 2.806 9.954 100 19 5.76 7 
7 A Graña 1 Galicia-Spain 1848 20 6.52 16.47 238.14 13.72 12.1 8.42 
8 A Graña 2 Galicia-Spain 2327 20 6.52 16.47 238.14 13.72 12.1 10.61 
9 Gandia Valencia-Spain 851 9 3.35 9.73 55.15 15.135 6.82 9.93 
10 El mas mel Catalonia-Spain 1036 6 2.02 8.28 171.15 28.95 4.2 10.03 
11 San Jose 1 Almeria- Spain 526 8 3 9.27 89 8.1 6.11 7 
12 San Jose 2 Almeria- Spain 648 8 3 9.27 89 8.1 6.11 8.5 
13 Itapiruba Santa Catarina-Brazil 1794 11 3.28 12.11 127.94 15.07 6.97 15.02 
14 Rosa Santa Catarina-Brazil 858 12 3.24 11.05 112.71 14.91 6.78 7.63 
15 Picarras Santa Catarina-Brazil 2435 9 2.15 9.22 65.378 12 4.52 30.27 
16 Enseada- Guaruja Sao Paulo-Brazil 1840 11 3.08 12.75 153.24 13 6.62 14.55 
17 Pereque- Guaruja Sao Paulo-Brazil 1140 7 2.68 12.33 90.87 3.7 5.78 14.43 
18 Indaia- Bertioga Sao Paulo-Brazil 2445 10 2.62 12.67 153.71 10.81 5.67 20.33 
19 Sao Lourenco- 

Bertioga 
Sao Paulo-Brazil 1058 8 2.77 11.92 144.07 9.66 5.3 10.42 

20 Boraceia- Bertioga Sao Paulo-Brazil 1463 9 2.44 12.76 165.72 13.67 5.94 12.67 
21 Grande and 

Toninhas 
Sao Paulo-Brazil 920 10 2.76 10.53 108.73 6.96 5.82 9.40 

22 Copacabana Rio de Janiero-Brazil 1331 16 2.85 12.78 156.34 11.70 6.16 8.90 
23 Guarapari Espirito Santo-Brazil 1318 11 2.63 9 125.67 7.98 5.40 15.52 
24 Fazendinha Rio de Janiero-Brazil 2555 8 0.77 8.33 52.05 6.94 1.7 37.54 
25 Sau Lourenco Sao Paulo-Brazil 702 7 2.65 12.08 157.5 9.40 5.7 7.25 
26 Taquaras-

Taquarinhas 
Santa Catarina-Brazil 1255 7 2.61 10.62 93.12 13.44 5.50 15.61 

27 Pinho Santa Catarina-Brazil 850 6 2.53 10.63 96 11.7 5.38 10.81 
28 Armacao Santa Catarina-Brazil 1106 8 2.66 10.35 97 9.21 5.5 12.71 
29 Garopaba Santa Catarina-Brazil 1548 11 1.68 9.70 60.5 5.21 3.62 16.67 
30 Balneario 

Camboriu 
Santa Catarina-Brazil 735 5 1.83 9.86 73.5 9.66 3.93 11.02 

31 Ingleses Santa Catarina-Brazil 2431 14 2.67 10.67 58 17 5.67 21 
32 Armacao-Penha Santa Catarina-Brazil 2955 12 1.57 9 57.47 13.6 3.37 33.62 
33 Boicucanga Sao Paulo-Brazil 541 10 1.66 6.75 199.16 5.63 3.36 9.5 
34 Grande Santa Catarina-Brazil 1419 12 4.11 12.153 133.31 18.8 8.58 11.38 
35 Cassino Rio Grande del Sur-

Brazil 
4782 9.3 2.5 12.3 132 30.72 5.417 42.46 

36 Antoniopolis Uruguay 3370 12 2.30 11.175 134.21 30.54 4.93 33.25 
37 Punta de diablo Uruguay 1036 6 2.12 11.92 113 26.24 4.62 11.58 
38 Santa Monica Uruguay 1459 9 2.31 10.41 170 24.256 4.92 15.76 
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Table 4.2. Properties of 6 static equilibrium beaches from González (1995) in addition to the re-analysis 
of their wave climates 

No. Beach Location Y (m) d 
(m) 

Hs12 
(m) 

Tp12 
(sec) 

σθEF (º) Y/L 

39 Castro 1 Cantabria-Spain 950 20 4.95 15.8 9.32 4.5 
40 Castro 2 Cantabria-Spain 250 8 4.73 16.14 8.33 1.8 
41 Merón Cantabria-Spain 900 15 2.97 15.22 8.124 4.8 
42 Plentzia 1 País Vasco-Spain 800 12 3.95 14.95 5.55 5 
43 Plentzia 2 País Vasco-Spain 350 9 3.95 14.95 5.55 2.3 
44 Puntal I.S. Marina Cantabria-Spain 800 20 6.02 15.87 7.666 3.8 

 

An assessment of the historical images of the planform shape of each beach was carried out, 

revealing that the beach orientation and planform were almost unchanged. At least, five vertical 

aerial images of each case of the selected beaches were used for this assessment. Those aerial 

images were employed in this study using the SMC-Tools module which captures vertical photos 

of beaches based on Google Earth imagery. 

4.3.2 Topographic and Bathymetric Data 

Bathymetries of the coastal zones of Spain, Brazil and Uruguay collected by the Environmental 

Hydraulics Institute (IH Cantabria) were used in this study. This digitalized bathymetric data is 

incorporated in the IH-Data SMC-Tools module of the Coastal Modeling System (González et 

al., 2007; González et al., 2016) for littoral areas of the entire Spanish and Brazilian coasts as well 

as for the northern Uruguayan shores.    

4.3.3 Local Wave Data 

The DOW coastal wave climate database with long time series representing more than 60 years 

(from 1948 onwards), was used in the current study. As stated, it provides the different wave 

parameters for each sea state (e.g. the significant wave height Hs, spectral peak period Tp, and 

mean wave direction θm, etc) with a temporal resolution of one hour. DOW points close to the 

diffraction point of the updrift headland or breakwater tip for each bay beach were selected for 

analysis, in order to extract the most important wave climate parameters related to the stability of 

embayed beaches, as described in the next section. 

4.3.4 Wave Climate Analysis 

For each embayed beach of the cases selected for this study, the wave climate close to the 

diffraction point of the protruding breakwater was analyzed, calculating the most important wave 

parameters required for this study. Using the DOW database, waves were characterized by 

calculating the energy flux (EF) for each sea state as the product of the wave energy (E) and the 

group celerity (Cg) as: 
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EF=E*Cg= 1
16

*ρw*g*Hs
2*Cg                                                                                                  (4.2) 

Where ρw is the water density, g is the gravitational acceleration and Hs is the significant wave 

height.  

The significant wave height exceeding 12 hours each year (Hs12) and its corresponding spectral 

peak period (Tp12) were utilized as descriptors of the wave climate. This wave height is associated 

with a 99.86% exceedance percentile, representing a quantile of the high range wave heights and 

energy conditions during the year. Fig. 4.5 shows the analysis of the wave climate of a DOW 

point close to the tip of the headland at the Rosa beach in Brazil, previously shown in Fig. 4.3, 

for obtaining the (Hs12) and (Tp12) parameters. This wave height is related, together with (Tp12), to 

the relationships used to calculate the closure depth (h*) for simple models of beach profiles (e.g. 

Hallermeier, 1981). This closure depth defines the seaward limit where there are no observed 

morphological changes of the beach profile and may be derived as:  

h*=2.28*Hs12-68.5( Hs12
2

gTp12
2 )                                                                                                          (4.3) 

 

 

(a) 
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(b) 

Fig. 4.5. Wave climate analysis for a DOW point at 12 m water depth close to the diffraction point at the 
Rosa beach, Brazil. The 2D Probability Density Function (PDF) of Hs-Tp is shown in the (a) panel, where 

the red line represents the significant wave height (Hs12 = 3.24 m). However, the (b) panel shows the 
density function of peak periods associated to Hs12 resulting in (Tp12 = 11.0472 sec). Analysis is carried 

out for a wave climate time series of more than 60 years (from 1948 onwards) using the DOW database. 

It is worth noting that the closure depth (h*) was compared, for each beach, with the mean water 

depth at the diffraction point in order to check whether or not the bay beach was losing sand. In 

other words, if the diffraction point is located at a water depth that is deeper than the closure depth 

value, this indicates that there is no sediment transport out of the bay and  implies that the beach 

is not in a state of dynamic equilibrium. This helped in judging whether or not the selected 

embayed beach cases are in a static equilibrium state.  

Also, the wave length (L) close to the diffraction point for each bay beach was obtained as a 

function of both the wave period (Tp12) and the mean water depth (d) along the wave front close 

to the headland tip. This was used to scale the offshore distance between the diffraction point and 

the straight part of the shoreline, obtaining the (Y/L) ratio.  

The direction of the mean wave energy flux (θEF) was considered as a directional descriptor of 

the wave climate. This variable is very important for the coastal system as it is significantly related 

to the change forms of beaches. It was calculated for the whole wave climate as: 

θEF=arctan Fy

Fx
=arctan ∑ Fi  sinθi

n
i=1

∑ Fi
n
i=1  cosθi

                                                                                            (4.4) 

Where Fi and θi are the value and the direction of the wave energy flux for each sea state, 

respectively. 

In order to consider the directional variance of the wave climate and its effect on the equilibrium 

planform of beaches, the standard deviation of the mean energy flux direction (σθEF) was derived. 
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This parameter represents the directional spreading of the whole directional wave climate around 

the mean wave energy flux direction (θEF). It was considered as the directional proxy of the 

variability of wave directionality. This parameter was derived by plotting the Probability Density 

Function (PDF) of the cumulative energy flux for each wave direction (j = θj = 1, 2, 3,.. 360˚) 

with a high directional resolution of 1˚. Consequently, the probability of each directional sector 

(1˚) defined as (Pj) can be obtained as: 

Pj=
EFj

EFtotal
                                                                                                                                    (4.5) 

Where EFj is the total wave energy flux of that directional sector within the wave climate and 

EFtotal is the total wave energy flux of the whole wave climate where: 

∑ Pj
j=2π
j=0 =1                                                                                                                                   (4.6) 

Finally, the one-sided directional width of the wave climate’s total energy flux distribution over 

the directions (σθEF), i.e. the directional spreading can be obtained as: 

σθEF
2=∫ (θj-θEF)2π

-π dθi* Pj = ∫ [2sin( θj-θEF

2
)]

2
dθi*

π
-π  Pj                                                 (4.7) 

Where (θj) represents each directional sector. The calculated values of the above-mentioned 

parameters are listed in Tables 4.1 and 4.2.  

Following Elshinnawy et al. (2017a), for the embayed beach cases characterized by asymmetrical 

bi-modal directional wave climates close to the diffraction point, both (θEF) and (σθEF) were 

calculated considering the filtered time series of the wave climate applying the threshold 

equations for the initiation of sediment motion given in section (3.2.4) of the previous chapter. 

This was performed for the beach cases of Barbate, Benidorm, Hospitalet, La Pineda, Villajoyosa, 

Peñiscola and El Mas Mel employing median sediment size values of (0.27, 0.31, 0.25, 0.24, 0.38, 

0.4554 and 0.3 mm), respectively. However, for the other beach cases which are exposed to 

almost symmetrical uni-modal (SDD) of the wave climate, the directional parameters were 

calculated using the whole time series of the wave data.  

4.3.5 Beach Planform Equilibrium 

The SMC model was used in order to plot and best fit the static equilibrium planform for the 

selected beaches onto aerial vertical images. Wave climate parameters (e.g. the mean energy flux 

direction θEF and the wave period Tp12) in conjunction with the water depth (d) at the diffraction 

point were used in this procedure. The Parabolic Bay Shape Equation (PBSE) proposed by Hsu 

and Evans (1989) was utilized in this study in conjunction with the modification proposed by Tan 

and Chiew (1994) of applying the tangential boundary condition at the straight downdrift part of 
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the bay beach. The plot of the best fit SEP was obtained selecting a free initial down-coast control 

point (Po) for each beach. Furthermore, the planform shape was also plotted using the same 

procedure, but applying the (αmin) approach of González and Medina (2001), as shown previously 

in Fig. 4.3. Fig. 4.6 shows the plot of the best fit SEP for 3 beaches with various degrees of wave 

directionality in Spain, Brazil and Uruguay. Additionally, the best fit SEP for all the cases listed 

in Table 4.1 are given in Appendix (C).  
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Fig. 4.6. Examples of the best fit (SEP) of 3 beaches with different degrees of wave power directional 
spreading (σθEF) around the mean wave energy flux direction (θEF). Garopaba beach in Brazil, Gandia 

beach in Spain and Punta de diablo beach in Uruguay. Wave roses and the directional distributions of the 
probability of wave energy flux are plotted for a wave climate time series of more than 60 years (from 

1948 onwards) using the DOW database. Photos are based on Google Earth imagery. 

 

4.4 Numerical Modeling 

Coastal numerical models can be used as useful tools for modeling wave transformation in the lee 

of a breakwater and investigating the extent of the beach affected by the wave diffraction at the 

structure. This method was used by González and Medina (2001) as a means of locating the (Po) 

point. These authors first used the analytical solution of monochromatic regular wave diffraction 

provided by Penny and Price (1952) to analyze and define the section of the beach affected by a 

headland breakwater over a flat bottom. They determined the (αmin) angle and thus the (Po) point 

analytically, as seen in Fig. 4.2. This served as a proxy for the trend and behavior of beaches with 

different (Y/L) distances. They then also obtained the results of the real cases, as seen also in Fig. 

4.2. Accordingly, this part of the study also follows that procedure for locating the (Po) point. It 

employs the spectral wave model OLUCA-SP as a tool for simulating wave refraction-diffraction 

behind a protruding breakwater using different wave parameters and structure locations from the 

beach. Simulations are carried out with different degrees of directional spreading (σθ) and various 
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dimensionless distances (Y/L) between the structure tip and the shoreline in order to determine 

the (Po) point in cases of spectral directional random waves. This may also aid in modeling cases 

with conditions that are not available in real settings. 

4.4.1 Model Setup 

The setup of the wave model and the simulated area for the numerical simulations is described in 

this subsection. The simulated area is 1500 m cross shore and 3000 m longshore with a breakwater 

extending 700 m parallel to the shoreline as shown in Fig. 4.7. 

The fixed bathymetry used in the simulations has straight parallel bed contours in the longshore 

direction and using an equilibrium profile (Dean, 1991) defined as: 

h(Y)=A*Y2/3                                                                                                                              (4.8) 

Where (h) is the water depth at a cross-shore distance (Y) from the shoreline and (A) is the shape 

parameter depending on the median sediment grain size (D50) which was taken as (D50 = 0.3 mm) 

corresponding to (A = 0.119). The cross-shore distance (Y) of the breakwater from the coast was 

changed between the numerical simulations in order to represent different conditions at the 

diffracting point location. The different distances employed in the current study had values of 

(1300, 300 and 100m) representing a far, close and very close structure in relation to the shoreline 

with water depths of (h = 14, 5.5 and 2.55 m), respectively. The water depth at the offshore 

boundary was kept constant at 15.553m. Rectangular grids were used for all the simulation tests 

with open lateral boundaries. 

 
Fig. 4.7. The simulated area (3000x1500) of the cases modeled with the OLUCA-SP wave model, 

(bathymetric contours are parallel to the shoreline and the breakwater extends for 700 m parallel to the 
shoreline). 
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In order to define the directional spectrum at the offshore boundary of the model, the OLUCA-

SP model requires the following input parameters: 

h: water depth at the offshore boundary (m) 

Hs: significant wave height (m) 

fp: spectral peak frequency (Hz), which is correlated to the spectral peak period by (fp=1/Tp) 

γ: peak enhancement factor 

θm: mean wave direction (degrees) 

σθ: directional spreading of waves (degrees), defined as the one-sided directional width of the 

directional spreading function. 

The OLUCA-SP module was used, employing the TMA frequency spectrum in combination with 

the wrapped normal directional spreading function proposed by Borgman (1984). For all the 

simulated cases, the directional spectrum was divided into 10 frequency components and 20 

directional ones. A summary of the numerical simulations structure is listed in Table 4.3. The 

depth-induced wave breaking model of Battjes and Janssen (1978) was employed in the current 

simulations.  

The significant wave height was kept constant at (Hs = 1 m) and the peak enhancement factor was 

also unchanged with a value of (γ=10). Moreover, the mean wave direction was unchanged in all 

simulated cases with wave fronts parallel to the shoreline in order to represent the mean direction 

of the wave energy flux which is parallel to the straight segments of the shoreline where there is 

no effect from the coastal structure on the beach. Grid size values, for all simulations, were 

selected fulfilling the model limitations of the parabolic approximation of the mild-slope equation 

in addition to the minimum recommended values for reliable results, taking into account the water 

depth and the wave length, see Fig. 4.8  and also (GIOC, 2003h; González et al., 2007). Fig. 4.9 

shows the wave diffraction-refraction in the lee of a headland breakwater simulated with the 

OLUCA-SP wave model using (Hs = 1 m, Tp = 7 sec, Y = 1300m, Y/L = 19.58 and Δx = Δy = 20 

m) and three different degrees of wave directional spreading with values of (σθ =10˚, 20˚and 30˚). 

Results will be discussed in section (4.5). 
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Fig. 4.8.Minimum recommended grid size, (Δx and Δy), as a function of the water depth and the wave 
period for the OLUCA-SP wave model (GIOC, 2003h OLUCA-SP manual). 
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Fig. 4.9. Isolines of the significant wave height in the lee of a headland breakwater simulated with the 

OLUCA-SP wave model using (Hs = 1 m, Tp = 7 sec, Y = 1300m, Y/L = 19.58 and Δx = Δy = 20 m) and 
three different degrees of wave directional spreading with values of (σθ =10˚, 20˚and 30˚). The horizontal 
distances xtz1, xtz2 and xtz3 represent the widths of the transition (illuminated) zone behind the structure for 

the three cases. 
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Table 4.3. Setup of numerical cases and wave parameters simulated with the OLUCA-SP spectral wave 
model 

Set Case Tp  (sec) Y/L σθ (º) Δx = Δy 
(m) 

Notes 

A  
(Far 
Structure) 

1 4.5 41.49 (5,10,15,20,25,30) 20  
 
 
 
d= 14 m 
Y = 1300 m 
Hs = 1m 
γ=10 

2 5 38.186 20 
3 5.5 28.723 20 
4 6 24.821 20 
5 7 19.58 20 
6 8.5 15 20 
7 9 13.94 20 
8 10 12.24 20 
9 12 9.89 30 
10 14 8.32 30 
11 16 7.19 30 

B  
(Close 
Structure) 

12 7 6.31 (5,10,15,20,25,30) 20 d= 5.5 m 
Y = 300 m 
Hs = 1m 
γ=10 

13 14 3 20 
14 16 2.59 20 
15 18 2.29 20 

C 
(Very 
Close 
Structure) 

16 10 2.03 (5,15,30) 20 d= 2.55 m 
Y = 100 m 
Hs = 1m 
γ=10 

17 12 1.68 20 
18 14 1.44 20 
19 16 1.25 20 
20 18 1.11 20 
21 20 1.00 20 

 

4.4.2 Defining the Down-Coast Control Point (Threshold) 

When waves impinge a breakwater refraction and diffraction effects are present behind it, 

according to (González and Medina, 2001), three possible distinct regions exist, as seen in Fig. 

4.10. 

 
Fig. 4.10. Definition sketch of the regions generated in the lee of a breakwater, modified from González 

and Medina (2001) 
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In region (1), the breakwater has no influence on the wave field and the longshore gradients of 

the wave height are negligible and the waves remain unchanged. In region (3), which is defined 

as the shadow zone, wave height gradients as well as the turning of the wave crests due to 

refraction-diffraction effects are significant. In region (2), termed as the transition zone, wave 

height gradients and refraction are relevant. The down-coast control point (Po) defines the limit 

of that illuminated zone. In other words, it is the point that differentiates between the section of 

the beach affected by the coastal structure where wave height gradients start in both the 

illuminated and shadow zones due to the diffraction process, and the non-affected part of the 

beach where no longitudinal wave height gradients exist due to the breakwater. Hence, it 

represents the starting point of the straight segment of the beach where the shoreline is parallel to 

the wave fronts near the control diffraction point. In order to determine the location of the (Po) 

point numerically, the following criteria were utilized in this study as explained in Fig. 4.11 and 

the following steps. 

(1) The cross-shore evolution of the significant wave height was chosen along a profile far 

enough from the breakwater effect. 

(2) Point (P1) was selected just before the wave breaking depth in order to avoid the energy 

dissipation due to breaking and the corresponding spectral change. Also, to be able to 

estimate the diffraction coefficient (Kd). 

(3) The longshore evolution, parallel to the shoreline, of both the significant wave height and 

the mean wave direction was studied along a sector passing longshore through point (P1). 

(4) Point (P) was selected fulfilling the condition that it represents the closest point in the 

longshore direction which satisfies the following conditions: 

(i) The longshore change of the significant wave height is within +/- 1% of Hs 

(ii) The longshore change of the mean wave direction is within +/- 0.5 degree. 

(iii) The diffraction coefficient (Kd), being the ratio between the wave height at point 

(P) divided by the wave height at the breakwater tip, is not less than 1 (Kd ≥ 1). 

(5) Finally, the corresponding required (Po) point on the shoreline was determined, as 

illustrated in Fig. 4.11, and hence the (αPo) angle. In other words, the dimensionless width 

of the transition zone (X/L) was determined and thus the (αPo) angle could then be 

calculated. 
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Fig. 4.11. Definition sketch of the criterion used to define the location of the (Po) point for numerically 

simulated cases 

This procedure was applied to all the simulated cases listed in Table 4.3, determining the (αPo) 

angle. An example of this application for case no. (5) in Table 4.3 with (Hs = 1m, Tp = 7 sec, Y/L 

= 19.58 and σθ =20˚) is presented in Fig. 4.12. 
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Fig. 4.12. Determination of the location of the (Po) point using the procedure explained in section (4.4.2) 
for case no. (5) numerically simulated with the OLUCA-SP wave model using (Hs = 1 m, Tp = 7 sec, Y = 

1300m, Y/L = 19.58 and σθ =20˚). Longshore variations of wave height and mean wave direction are 
shown in the upper and lower panels, respectively.   

 

4.5 Results 

This section describes the obtained results from prototype cases as well as from the numerical 

modeling part. As mentioned before in section (4.2), the prototype cases were utilized to 

investigate the behavior of natural HBBs, whereas the numerical simulations were carried out for 

helping to comprehend the theory behind that behavior. 

4.5.1 Field Cases Observations 

Based on the best fit of the static equilibrium planform of the real headland bay beaches used in 

this study, defining the (αPo) angle for the location of the down coast control point (Po) as listed 

in Table 4.4, the relationship between that angle and the diffraction point distance from the 

shoreline (Y/L) for different degrees of wave directional spreading is shown in Fig. 4.13.  
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Table 4.4. Results of the best fit of the static equilibrium planform for field cases as well as the fitting 
applying the (αmin) approach of González and Medina (2001) 

No. Beach Y (m) d 
(m) 

Tp12 
(sec) 

σθEF (º) Y/L αPo (º) αmin (º) 

1 Barbate 1152 10 9.087 13.357 13.935 35.78 22.372 
2 Benidorm 578 10 6.73 27.89 10.16 45 25.897 
3 Hospitalet 514 6 9.1 20.56 7.825 44 29.1437 
4 La Pineda 2265 27 9.35 22.5 18.73 36 19.455 
5 Villajoyosa 468 10 6.61 29.3 8.372 46 28.274 
6 Peñiscola 512 6 9.954 19 7 40.7 31.978 
7 A Graña 1 1848 20 16.47 13.72 8.42 38 28.202 
8 A Graña 2 2327 20 16.47 13.72 10.61 34 25.388 
9 Gandia 851 9 9.73 15.135 9.93 35.45 26.17 
10 El mas mel 1036 6 8.28 28.95 10.03 47 26.05 
11 San Jose 1 526 8 9.27 8.1 7 34 30.62 
12 San Jose 2 648 8 9.27 8.1 8.5 32 28.08 
13 Itapiruba 1794 11 12.11 15.07 15.02 35 21.598 
14 Rosa 858 12 11.05 14.91 7.63 37.58 29.473 
15 Picarras 2435 9 9.22 12 30.27 29 15.445 
16 Enseada- Guaruja 1840 11 12.75 13 14.55 32.67 21.923 
17 Pereque- Guaruja 1140 7 12.33 3.7 14.43 24.58 22 
18 Indaia- Bertioga 2445 10 12.67 10.81 20.33 31.79 18.709 
19 Sao Lourenco- 

Bertioga 
1058 8 11.92 9.66 10.42 32.65 25.599 

20 Boraceia- Bertioga 1463 9 12.76 13.67 12.67 35.84 23.388 
21 Grande and Toninhas 920 10 10.53 6.96 9.40 33.34 26.832 
22 Copacabana 1331 16 12.78 11.7 8.90 37 27.505 
23 Guarapari 1318 11 9 7.98 15.52 30.16 21.267 
24 Fazendinha 2555 8 8.33 6.94 37.54 23.15 13.91 
25 Sau Lourenco 702 7 12.08 9.40 7.25 34.53 30.149 
26 Taquaras-

Taquarinhas 
1255 7 10.62 13.44 15.61 34 21.209 

27 Pinho 850 6 10.63 11.7 10.81 36 25.171 
28 Armacao 1106 8 10.35 9.21 12.71 30 23.354 
29 Garopaba 1548 11 9.70 5.21 16.67 27 20.561 
30 Balneario Camboriu 735 5 9.86 9.66 11.02 33 24.95 
31 Ingleses 2431 14 10.67 17 21 34 18.421 
32 Armacao Penha 2955 12 9 13.6 33.62 26.5 14.678 
33 Praia de boicucanga 541 10 6.75 5.63 9.5 29.74 26.703 
34 Grande 1419 12 12.153 18.8 11.38 40 24.582 
35 Cassino 4782 9.3 12.3 30.72 42.46 30 13.098 
36 Antoniopolis 3770 12 11.175 30.54 33.25 38 14.757 
37 Punta de diablo 1036 6 11.92 26.24 11.58 44 24.385 
38 Santa Monica 1459 9 10.41 24.256 15.76 40.24 21.114 
39 Castro 1 950 20 15.8 9.32 4.5 39 37 
40 Castro 2 250 8 16.14 8.33 1.8 52 52.16 
41 Merón 900 15 15.22 8.124 4.8 38 36.014 
42 Plentzia 1 800 12 14.95 5.55 5 35 35.402 
43 Plentzia 2 350 9 14.95 5.55 2.3 48 47.953 
44 Puntal I.S. Marina 800 20 15.87 7.666 3.8 40 39.634 
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Fig. 4.13. Relation between the (αPo) angle and the offshore distance (Y/L) of the diffraction point for 
different degrees of the directional spreading (σθEF) of the wave climate for field cases. Points exemplify 
the results of the best fit SEP for real cases whereas the lines represent the new proposed model defined 

as Eq. (4.13) based on the regression analysis of those results from field observations. 

 

The following trends can be observed from this figure. For the same distance (Y/L) between the 

diffraction point and the shoreline, the wider the directional spreading of the wave climate (σθEF) 

around the mean direction of energy flux at the diffraction point, the larger the (αPo) angle, and 

hence the farther the location of the down-coast control (Po) on the shoreline, as illustrated in Fig. 

4.14. Moreover, for the same degree of directional spreading, the farther the diffraction point from 

the shoreline, the smaller the part of the beach affected by the coastal barrier, as illustrated also in 

Fig. 4.14. Consequently, the results confirm that the location of the (Po) point is dependent not 

only on the distance from the coast (Y/L), but also on the directional variance of the wave climate 

expressed in terms of the directional spreading around the mean direction of energy flux (σθEF), 

i.e. the angle [αPo = f (Y/L, σθEF)]. In other words, the current study confirms the dependence of 

the planform shape and beach curvature of embayed beaches on the degree of variability of the 

wave directionality (wave climate directional spreading). These findings agree well with the 

conclusion of Montoya and Dally (2016) who outlined that the use of the fully directionally spread 

spectra in engineering calculations and modeling applications is likely to be essential and should 

be utilized in both the study of littoral processes as well as in  coastal engineering practice.  
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Fig. 4.14. Definition sketch of the effect of the governing parameters (offshore distance of the diffraction 
point and directional spreading of waves) on the location of the down-coast control point (Po). The upper 
panel illustrates the trend that, for the same distance (Y/L) between the diffraction point and the shoreline, 
the wider the directional spreading of the wave climate at the diffraction point, the larger the (αPo) angle, 

and hence the farther the location of the down-coast control (Po) along the shoreline. Furthermore, the 
lower panel shows the trend that, for the same degree of directional spreading, the farther the diffraction 

point from the shoreline the smaller the affected part of the beach, i.e. the smaller the (αPo) angle. 

 

4.5.2 Numerical Simulation Results 

In order to grasp the effect of the different wave parameters on the location of the downdrift 

control point (Po), the numerical simulations described in the previous section were carried out 

using wide domains of the most important parameters of this study (Y/L distance and the 

directional spreading of waves σθ). The location of point (Po) and the corresponding (αPo) angle 

were obtained following the procedure described in section 4.4.2 and the results are shown in Fig. 

4.15. 
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Fig. 4.15. Relation between the (αPo) angle and the offshore distance (Y/L) of the diffraction point for 

different degrees of the wave directional spreading (σθ) for the numerically simulated cases. The dashed 
line represents the (αmin) curve proposed by González and Medina (2001). The points represent the values 

of the (αPo) angle obtained from the numerical simulations applying the criterion described in section 
(4.2) whereas the solid lines represent the best fit of the results. 

 

The results indicate that the width of the part of the beach affected by the coastal structure is 

dependent on both the Y/L distance and the wave directional spreading σθ.  In other words, the 

location of the (Po) point for bay beaches varies depending on the directional variance of waves 

impacting the beach. The wider the wave directional spreading, the wider the illuminated zone in 

the lee of the coastal structure, i.e. the wider the area of lateral spreading of wave energy behind 

the coastal barrier, as shown previously in Fig. 4.9. Furthermore, the larger the offshore distance 

of the diffraction point, the narrower the illuminated zone. 

The numerical results demonstrate that the different curves of random directional waves have 

nearly the same trend close to the shoreline (Y/L ≤ 3). The curves are all matched, displaying the 

same behavior which is identical to the trend of very narrow directional spreading waves. It is 

observed that the dominant behavior agrees with the results and the (αmin) curve provided by 

González and Medina (2001), shown as a dashed line within its valid domain of (Y/L ≤ 9.5).  

The numerical results pattern obtained from the refraction-diffraction wave model served as an 

indicator of the trend of beaches in nature exposed to directionally random waves. In other words, 

they helped in understanding the theory behind the obtained results from field observations.  
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Both field observations and numerical results, shown in Fig. 4.13 and Fig. 4.15, respectively, 

revealed that within the range of (Y/L < 5), the dominant behavior agrees with that of the cases 

exposed to narrow banded waves, i.e. narrow directional spreading conditions due to the 

refraction effect. Furthermore, field cases showed that the value of the offshore distance (Y/L) 

affects the location of the (Po) point for its whole studies domain (Y/L ≤ 42.46). However, the 

numerical results indicated that, for wide directional spreading conditions (i.e. σθ ≥ 20˚), the 

location of (Po) is no longer influenced by the offshore distance when (Y/L > 25) for the same 

value of σθ. Nevertheless, the general trends from both analyses are quite similar for large (Y/L) 

distances.  

4.6 Discussion 

When waves encounter an obstacle such as a breakwater or a protruding headland during 

propagation, diffraction and refraction are present in the lee of the structure. The dominant 

phenomenon is the lateral spreading of wave energy in the sheltered area which is caused by 

diffraction. This process plays an important role in sculpting the planform of embayed beaches. 

It is very sensitive to the directional spreading of waves approaching the breakwater. Goda (1985) 

stated that the degree of directional spreading of wave energy greatly affects the extent of wave 

refraction and diffraction. This indicates that wave directionality is very relevant to the 

determination of the sheltered area behind a coastal barrier and defines the part of the beach 

affected by the structure. Briggs et al. (1995), concluded that the directional spreading of waves 

is the most important factor governing the extent of wave diffraction in the lee of a breakwater 

and that it should be considered in diffraction analysis of engineering problems. Therefore, in 

order to properly define the static equilibrium planform of an embayed beach the directional 

spreading of waves is very important and has to be incorporated in the analysis. 

Considering the importance and influence of wave directionality, the behavior of real beaches and 

the numerical cases of the current study can be understood. The results clearly indicate that the 

wider the directional spreading around the mean direction of energy flux, the larger the affected 

part of the beach and the farther the down-coast control point (Po), which represents the end point 

of the curved part of the beach planform. This can be interpreted as the broader the directional 

spreading, the wider the extent of wave diffraction behind the coastal structure, and consequently, 

the larger the (αPo) angle which defines the location of (Po). This also confirms that the (αmin) 

approach underestimates the location of (Po) for beaches exposed to waves with high variability 

of wave directionality, and bay beaches with diffraction points far from the shoreline, as listed in 

Table 4.4. Diffracting points far from the coast means wider directional spreading conditions in 

most cases, in comparison with close, shallower control points where refraction plays an 

important role in narrowing and decreasing the directional spreading.  
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It is worth noting that the calculation of the (αmin) angle and the corresponding location of the (Po) 

point was derived by González and Medina (2001) based on the principle of monochromatic wave 

diffraction, ignoring the role of the directional spreading of the wave climate. Hence, that 

approach is valid only for structures close to the shoreline (Y/L < 9.5) with waves arriving from a 

dominant directional sector. Thus, it is valid for very shallow waters as waves arrive at the 

diffraction point from a narrow fan of directions due to refraction behaving like monochromatic 

waves. However, when the beach is exposed to a high variable modal wave climate and/or the 

diffraction point is far from the coast, the wave directional spreading plays a significant role in 

the diffraction process and should be considered utilizing the directional random waves’ 

diffraction concept which is quite different from that of monochromatic waves. In this regard, the 

diffraction diagrams of directionally irregular waves given by Goda et al. (1978) and the best fit 

formulations for these curves introduced by Kraus (1984) are very useful in understanding the 

influence of directional spreading on the extent of wave diffraction. The diffraction coefficient 

(Kd) is calculated as:  

KD=�PE(θ* )
100

=�0.5 �tanh �Smax
W

θ* �+1�                                                                                  (4.9) 

W=5.31+0.27Smax-0.000103Smax
2                                                                                            (4.10) 

Where PE(θ*) is the cumulative wave energy at a point with an angle (θ*) measured from the 

shadow line and Smax is the peak value of the (S) spreading parameter that defines the degree of 

concentration of the directional spreading. The wider the directional spreading of waves, the lower 

the spreading parameters (S and Smax) and the wider the directional width (σθ) which can be derived 

as follows, see Goda (1999) and Holthuijsen (2007):  

σθ=� 2
S+1

                                                                                                                              (4.11) 

Hence the diffraction coefficient is a function of the directional width of the wave energy 

directional distribution around the mean direction (Kd = f (σθ)). 

According to (González and Medina, 2001), the down-coast control point (Po), represents the end 

of the section of the beach affected by the breakwater, i.e. the end of the extent of diffraction, thus 

no effect of the structure, which yields to the condition that at Po the coefficient Kd is ≥1. 

Consequently, the location of the (Po) point is a function of the wave directional spreading (σθ). 

This explains the different behaviors of the obtained results for both real embayed beaches and 

numerical cases.  

Summing it all up, it can be concluded that the negligence of the directional spreading in 

diffraction analysis of engineering problems leads generally to unreliable results such as the 
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uncertainties in predicting the SEP of embayed beaches dominated by diffraction-refraction. In 

other words, the implementation of the variability of the directional wave climate is relevant and 

critical in defining the location of (Po) and therefore the SEP and the curvature of headland bay 

beaches.  

4.6.1 Proposed Model 

Based on the obtained results of the 44 real embayed beaches and the best fit of the SEP, a new 

formula has been derived to locate the down-coast control point (Po) of the parabolic shoreline in 

the lee of headlands. Employing a regression analysis of the results, an empirical equation was 

formulated correlating the part of the beach affected by the coastal barrier with both the directional 

variance of the wave climate at the diffraction point and the location of that point in relation to 

the shoreline. The empirical design model has physical and statistical significance covering a 

wide domain of design conditions. The formula has the following form: 

αPo
=a�σθEF�

b
�Y

L
�

c
                                                                                                         (4.12)  

Where a = 33.75, b = 0.258 and c = - 0.25, and the 100% confidence level is (αPo = αPo ± 

5º), leading to the expression: 

αPo
=33.75�σθEF�

0.258
�Y

L
�

-0.25
                                                                                         (4.13) 

Where the angle (αPo) defines the location of the (Po) point on the shoreline, (σθEF) is the 

directional spreading (variance) of the wave climate around the mean wave energy flux direction 

defined by Eq. (4.7) and (Y/L) is the scaled distance between the straight segment of the shoreline 

and the diffraction point. 

Statistically, the new formula has a squared multiple correlation coefficient (R2 = 0.9117) and a 

RMSE of 1.8297º. It provides a robust solution for determining the limit of the part of the beach 

affected by the headland breakwater. To evaluate the suitability and accuracy of the new formula, 

a comparison between the best fit values and the predicted ones using equation (4.13) is plotted, 

as seen in Fig. 4.16, showing good agreement between both values. Physically, the equation 

interprets the behavior of real beaches in nature in which the angle (αPo) is directly proportional 

to the directional variance of the wave climate, i.e. it increases, and thus the (Po) point moves 

farther along the shoreline with the augmentation of the directional spreading. It is, however, 

inversely proportional to the location of the diffracting point, meaning that the farther the 

diffraction point the smaller the affected part of the beach.  

It is worth noting that the new model is valid for different kinds of directional wave climates, 

ranging from very narrow directional banded conditions to broad directional ones with a valid 
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domain of (3.7 ˚≤ σθEF ≤ 30.72˚). This can be seen in Fig. 4.17 for the beaches at Pereque-Gauruja 

and Cassino in Brazil with narrow and wide directional banded wave climates, respectively. 

Moreover, it is suitable for structures both close to and far from the coastline with a range of (Y/L 

≤ 42.46). Furthermore, the model results agree well with those estimated using the criterion of 

González and Medina (2001) for narrow banded waves and close diffraction points, i.e. when 

(Y/L ≤ 10 and σθEF ≤ 10˚). This can be seen when comparing the values of both (αmin and αPo) 

angles for the last 6 cases in Table 4.4 where the two values are almost the same. Summarizing, 

this makes the proposed model a general design equation which is valid for a wide domain of 

design conditions. 

 

 
Fig. 4.16. Comparison between the best fit values of the (αPo) angle and the estimated ones using the new 

formula given in Eq. (4.13)  
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Fig. 4.17. Examples of the best fit (SEP) of the beaches at Pereque-Gauruja (upper panel) and Cassino 

(lower panel) in Brazil with narrow and wide directional banded wave climates, respectively. Wave roses 
and the directional distributions of the probability of wave energy flux are plotted for a wave climate time 
series of more than 60 years (from 1948 onwards) using the DOW database. Photos are based on Google 

Earth imagery. 
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4.7 Conclusion 

Headland bay beaches are among the most common physiographic features along the world’s 

coasts. The static equilibrium planform of these embayed beaches can be studied by applying the 

Parabolic Bay Shape Equation (PBSE) proposed by Hsu and Evans (1989). Employing 44 bay 

beaches in Spain, Brazil and Uruguay and exploiting the available long time series data of wave 

climates, the equilibrium shape in planform was studied using the PBSE proposed by Hsu and 

Evans (1989) with the modified down-coast alignment proposed by Tan and Chiew (1994). The 

directional wave climate close to the diffraction point of each embayed beach was analyzed 

defining the direction of the mean wave energy flux (θEF) and the directional spreading (σθEF) 

around it. The best fit planform of beaches indicated that the location of the down-coast control 

point (Po), defined by the (αPo) angle, from which the parabolic shoreline of the PBSE is valid, is 

a function of the offshore distance of the diffraction point from the straight segment of the 

shoreline (Y/L) and the directional variance of the wave climate (σθEF). It was found that for the 

same (Y/L) distance, the wider the directional spreading of waves, the farther the location of the 

point (Po). Moreover, for the same degree of wave directional spreading, the farther the diffraction 

point from the shoreline, the smaller the part of the beach affected by the coastal barrier. An 

extensive series of numerical simulations using the spectral wave model (OLUCA-SP) was also 

performed to model the combined effects of refraction-diffraction in the lee of a protruding 

breakwater, defining the section affected by the coastal structure, i.e. the location of the (Po) point, 

under different wave conditions and structure locations relative to the shoreline. The results of 

the numerical cases confirmed the obtained trend of real beaches and they agreed well with those 

of the field cases.   

A new formula was derived for calculating the (αPo) angle, Eq. (4.13), and thus the down-coast 

limit, (Po) point, from which the parabolic model is applicable for beaches with dominant 

refraction-diffraction effects. It is capable of defining the affected curved part of beaches for 

diffraction points both close to and far from the coast (Y/L ≤ 42.46). Moreover, it is valid for 

different types of directional wave climates ranging from narrow banded climates (σθEF ≈ 3.7º) to 

broad spreading ones (σθEF ≈ 30º). The model showed good results for several natural and artificial 

bay beaches with (R2 = 0.9117 and a RMSE = 1.8297˚) in the estimation of the (αPo) angle for 

locating the (Po) point. It could be used for testing the stability of existing beaches and also to 

design new static equilibrium pocket beaches, taking into account the directional characteristics 

of the wave climate in the studied area. 
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Chapter 5 

A new model of the dynamic 

equilibrium planform of embayed 
beaches 

  

Abstract* 

Equilibrium beach formulations are useful tools for diagnosing and managing coastal engineering 

problems, providing solutions for beach erosion problems. Headland Bay Beaches (HBBs) can 

be used as equilibrium coastal systems for stabilizing coastlines and mitigating erosion problems. 

These embayed beaches may exist in a state of static or dynamic equilibrium. Throughout the 

literature, several equations can be found for obtaining the Static Equilibrium Planform (SEP) of 

Headland Bay Beaches (HBBs) with almost negligible net littoral drift rates. However, the 

formulations used to define the Dynamic Equilibrium Planform (DEP) of embayed beaches with 

specific net sediment transport rates are scarce, and based on a limited number of studies. This 

chapter proposes a new derived formula for obtaining the planform shape of HBBs in dynamic 

equilibrium conditions. The formula represents a general form of the Parabolic Bay Shape 

Equation (PBSE) with modified coefficients as a function of both the wave obliquity (β) and the 

net littoral drift rate passing through the bay (Q). The angular difference (γd) between the direction 

of the mean wave energy flux at the diffraction point of the headland and the beach orientation 

down-coast is also incorporated in the proposed formula. The model was verified against natural 

HBBs in dynamic equilibrium with different net littoral drift rates along the Brazilian coast, 

producing good results. 

*This chapter is based on: Elshinnawy, A.I., Medina, R., González, M. “Dynamic equilibrium planform of embayed 
beaches: Part 1.  A new model and its verification.” Journal of Coastal Engineering (in press).  
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5.1 Introduction 

Crenulated-shaped bay beaches are a common physiographic feature all around the world. It is 

estimated that they occupy about half of the world’s coastlines (Inman and Nordstrom, 1971). 

Headland Bay Beaches (HBBs) on oceanic and coastal margins exist at the downdrift of 

protruding headlands and man-made breakwaters. They appear in different sizes and various 

configurations (Hsu et al., 2008). The planform of HBBs may be in a static equilibrium, dynamic 

equilibrium, unstable or natural reshaping state. A static equilibrium HBB is a state where the 

predominant waves are breaking simultaneously around the whole bay periphery; hence the net 

littoral drift produced by longshore currents is almost non-existent and no additional sediment is 

required to maintain its long-term stability (Hsu et al., 2010; González et al., 2010). In such 

conditions, the shoreline has its maximum indentation in the planform. On the other hand, a HBB 

is considered to be in a state of dynamic equilibrium when sediment, from updrift and/or a source 

within the embayment, is passing through the bay’s periphery in which the incoming and outgoing 

sediment transport rates are equal. In this dynamic condition, the shoreline is not as indented as 

that of the static equilibrium condition. If the sediment supply ceases, the shoreline will then 

recede towards the position defined by the static equilibrium.   

Several empirical equations can be found throughout the literature to obtain and fit the Static 

Equilibrium Planform (SEP) of embayed beaches, e.g. the well-known Parabolic Bay Shape 

Equation (PBSE) proposed by Hsu and Evans (1989) and its subsequent modifications, (e.g. by 

Tan and Chiew, 1994; Mita 2010; Uda et al., 2010).  However, equations used to obtain and best 

fit the Dynamic Equilibrium Planform (DEP) of an embayed beach with a specific net rate of 

littoral drift (Q) are rare in the literature and based on only a limited number of case studies, see 

Tan and Chiew (1993) and Tasaduak and Weesakul (2016). Furthermore, their application to 

practical engineering problems is limited and they cannot be used for the design of non-existing 

beaches in zones with dynamic equilibrium conditions.  

Accordingly, the aim of this study is to propose a new general formula that defines the shape of 

the equilibrium planform of embayed beaches in dynamic equilibrium conditions. The study 

hypothesizes that the (DEP) can be represented and defined using a second-order polynomial form 

like the PBSE, while taking into account the net littoral drift rate (Q) passing through the 

embayment. Furthermore, this new equation can be used for the design of non-existing HBBs in 

zones with known sediment transport rates.  

The chapter is organized as follows: First, a general introduction to embayed beaches and their 

equilibrium states is presented. This is followed by a brief review of some of the previous 

investigations of dynamic equilibrium bayed beaches, which is detailed in section (5.2). The 

derivation of the new formula is given in section (5.3), and its verification against HBB cases 
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from the field is presented in section (5.4). A discussion of the verification results of the new 

model is delineated in section (5.5), and, finally, the conclusions of this study are given in section 

(5.6). 

5.2  Previous Investigations 

Hsu and Evans (1989) derived the PBSE, which is a second-order polynomial equation derived 

from fitting the planform of 27 mixed cases of prototype and model bays believed to be in static 

equilibrium as explained in Fig. 5.1 and is given as: 

R
Ro

= C0+C1 �
β
θ
�+C2 �

β
θ
�

2
                                                                                                         (5.1) 

 
Fig. 5.1. Definition sketch of the Parabolic Bay Shape Equation (PBSE) for an embayed beach in static 

equilibrium proposed by Hsu and Evans (1989). 

Where (Ro) is the length of the control line joining the updrift diffraction point to the down-coast 

control point (Po) and inclined (β) to the wave front at the diffraction point. The three C 

coefficients are functions of the wave obliquity (β), i.e. the angle between the incident wave front 

and the control line. The radius (R), measured from the tip of the headland breakwater, defines 

the locations of the shoreline at an angle (θ), measured from the wave crest.  

Tan and Chiew (1993; 1994) noted that the original PBSE of Hsu and Evans (1989) did not 

account for the tangential boundary condition at the down-coast control point (Po) when (R=Ro & 

β=θ), and they therefore considered the following boundary conditions at that point: 

C0+C1+C2=1                                                                                                                           (5.2) 

C1+2C2=βcotβ                                                                                                                             (5.3) 
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 Consequently, they derived a new version of Eq. (5.1), proposing the following form: 

R
Ro

=(1-βcotβ+α)+(βcotβ-2α) �β
θ
�+α �β

θ
�

2
                                                                        (5.4) 

As a result, they reduced the number of unknown coefficients from three to one, (α), which 

represents the C2 coefficient in Eq. (5.4). They derived the (α) parameter as a function of the wave 

obliquity (β), based on measured shapes of the model beaches, and proposed the following 

expressions for both static and dynamic equilibrium conditions: 

αst=0.277-0.0785*10( βπ
180)                    for static equilibrium                                                   (5.5) 

αdy=-0.004-0.113*10( βπ
180)                   for dynamic equilibrium                                              (5.6) 

Where the (α) parameter has the values of (αst) and (αdy) for static and dynamic equilibrium 

conditions, respectively. They stated that the application of Eq. (5.4) using the (α) parameter 

values given in Eqns. (5.5) and (5.6) provides the lower and the upper enveloping conditions of 

an equilibrium beach corresponding to a zero littoral transport rate and the maximum littoral 

transport rate, respectively, as shown in Fig. 5.2. Furthermore, they stated that the region enclosed 

by the two curves corresponds to the infinite number of cases of dynamic equilibrium conditions 

with different littoral drift rates. In other words, the application of  Tan and Chiew (1993)’s Eq. 

(5.4), using the (αdy) parameter defines a unique planform shape in which the curved shoreline 

intersects with the tip of the headland structure, i.e. the diffraction point, as seen in Fig. 5.2, and 

this makes Eq. (5.4) confined to very limited field conditions. Finally, they concluded that in order 

to establish a relationship to define the DEP, the equation must contain the littoral drift rate.  

 
Fig. 5.2. Static Equilibrium Planform (SEP) shape of Tan and Chiew (1994) applying Eq. (5.4) using the 
(αst) parameter in addition to the dynamic planform shape for the case of maximum littoral transport rate 
as defined by Tan and Chiew (1993) applying Eq. (5.4) using the (αdy) parameter, modified from Tan and 

Chiew (1993). 
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More recently, Tasaduak and Weesakul (2016) expressed the three C coefficients in Eq. (5.1) as 

a function of the wave obliquity (β) and the Sediment Supply Ratio (SSR) parameter, based on 18 

experimental cases with sediment supply rates from a source within the modeled embayment. 

They defined the (SSR) as the ratio between the sediment supply rate into the bay and the potential 

longshore sediment transport rate, computed using the wave conditions around the bay’s 

periphery of (Ro), i.e. at wave obliquity (β), see Weesakul and Tasaduak (2012). Furthermore, 

they proposed that the maximum potential littoral drift could be calculated using the CERC 

formula (USACE, 1984, 2003) using deepwater wave conditions, see Tasaduak et al. (2014).  

However, Tasaduak and Weesakul (2016)’s model cannot be applied to practical engineering 

problems nor to the design of beaches. This is due to the fact that the longshore sediment transport 

equations were originally derived to be applied with the wave conditions at breaking, not those at 

deepwater. Moreover, their model mainly depends on the estimation of the (SSR) parameter, 

which is greatly affected by the length and orientation of the control line (Ro). Additionally, the 

(Ro) is significantly influenced by the determination of the location of the down-coast control 

point (Po) which is not clearly defined in the model due to the restricted modeled bays between 

two artificial headlands in the laboratory, i.e. a fixed restricted (Po) point without a straight section 

of the embayed beach. However, this is not always the situation in nature, where lots of HBBs lay 

in the lee of single headland structures, revealing a curved planform with a straight section of 

shoreline. Accordingly, this underscores the need for a new model to obtain the (DEP) of embayed 

beaches, rather than the existing models in the literature.  

5.3  Dynamic Equilibrium Planform (DEP) Model 

Careful analysis of the geometry of the planform of the dynamic equilibrium shoreline, as shown 

in Fig. 5.3, shows that the tangent to the (DEP) at the down-coast control point (Po) is not parallel 

to the wave crest of incident waves. Physically, this non-parallelism is mandatory, and is a result 

of the state of dynamic equilibrium where a net littoral drift rate (Q) keeps passing through the 

embayment, and hence a littoral current exists. In other words, the shoreline beyond (Po) maintains 

an angle (γd) between it and the orientation of the wave front. In mathematical terms, in the 

vicinity of point (Po): 

R sinθ-z=Ro sinβ-z                                                                                                                   (5.7) 

Where (z) represents the difference between the tangent to the DEP at (Po) and the wave front, 

maintaining an angle (γd) which is considered to be the agent of the net littoral drift (Q). Therefore 

Eq. (5.7) can be re-written as follows: 

Rsinθ-Rcosθ tan γd =Rosinβ-Rocosβ tan γd                                                                            (5.8) 
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Fig. 5.3. Definition sketch of both the Static Equilibrium Planform (SEP) and the Dynamic Equilibrium 
Planform (DEP) of HBBs, where (γd) is the angular difference between the dynamic beach orientation 

(θDB) and the direction of the wave mean energy flux (θEF) at the diffraction point. Furthermore, the wave 
obliquity (β) is the angle between the wave front corresponding to (θEF) at the diffraction point and the 

control line (Ro).  

The location of the planform in the Cartesian (x, y) plane could be mapped on a (β/θ, R/Ro) plan 

as R/Ro= f (β/θ) within the limit (0 ≤ β/θ ≤ 1) and (θ>0), (Tan and Chiew, 1994). The point (Po) 

corresponds to the point (1, 1) in the (β/θ, R/Ro) plan where (R=Ro & β=θ). The gradient or rate 

of change of the function R/Ro= f (β/θ) can then be evaluated as the first derivative of the function 

as f´(β/θ). Starting from Eq. (5.8), it can be shown that at (Po) the first derivative is given as:  

f´ �β
θ
�= β cos β+β sin β tan γd

sin β- cos β tan γd
= Ψ                                                                                                   (5.9) 

A detailed derivation of Eq. (5.9) is included in Appendix (D), noting that for static equilibrium 

conditions, i.e. (γd = 0), the equation will lead to f´(β/θ) = βcotβ, which is the solution provided 

by Tan and Chiew (1994) for embayed beaches in static equilibrium.  

Following the procedure of Tan and Chiew (1994), applying the boundary conditions at (Po), i.e. 

(R/Ro = 1 & β/θ =1), in Eq. (5.1), will lead to the condition given in Eq. (5.2) and the following 

equation: 

f´ �β
θ
�=C1+2C2= Ψ                                                                                                                (5.10) 

Physically, point (Po) represents the limit point of the part of the beach affected by the headland 

structure (González and Medina, 2001). In other words, it is the point that differentiates between 

the part of the beach affected by the refraction-diffraction processes where wave height gradients 

start in the shadow and transition zones, and the non-affected part of the beach where no 

longitudinal wave height gradients exist due to the breakwater. Consequently, the location of the 

(Po) point is the same for both (SEP) and (DEP) as the refraction-diffraction pattern and extent 
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are almost unchanged, and it can be defined using the (αPo) angle computed using Eq. (4.13), see 

section (4.6.1).  

Mathematically, (Po) represents the undulation point, a special case of inflection points, of both 

the (SEP) and (DEP) curves, which is defined as a point where the curvature vanishes but the sign 

does not change. Within a small region around the point (Po), the curvature terminates at the 

beginning of the straight beach and it also starts on the other side of the point. As the two curves 

pass through (Po), the curvature of the planform, only at that particular point, is the same for both 

the (SEP) and (DEP). Accordingly, this provides a third boundary condition at (Po) based on the 

curvature of the shoreline at that point. The curvature, may be defined mathematically by the 

second derivative, f´´(β/θ), of the function R/Ro= f (β/θ), which is a function of the (C2) coefficient 

and is expressed as:  

f´´ �β
θ
�=2C2                                                                                                                            (5.11) 

The value of the (C2) coefficient has already been defined by Tan and Chiew (1994) as the (αst) 

parameter given in Eq. (5.5) for the (SEP). As a result, applying that boundary condition and 

substituting the known (αst) value into Eqns. (5.2) and (5.10) results in the new general 

coefficients Cog and C1g , given as:  

C1g=Ψ-2αst                                                                                                                              (5.12) 

Cog=1-Ψ+αst                                                                                                                           (5.13) 

Where the subscript (g) denotes general. In other words, it is valid for both static and dynamic 

equilibrium conditions. Additionally, (Ψ) is a function of both the (β) and (γd) angles. Substituting 

from Eqns. (5.5), (5.12) and (5.13) into Eq. (5.1) leads to the new version of the PBSE for dynamic 

equilibrium conditions of HBBs, written as: 

R
Ro

=(1-Ψ+αst)+(Ψ-2αst) �
β
θ
�+αst �

β
θ
�

2
                                                                            (5.14) 

Fig. 5.4 shows the values of the Cog and C1g coefficients of Eq. (5.14) as a function of the wave 

obliquity (β) for different values of the (γd) angle starting from the static equilibrium conditions 

with (γd = 0), covering a wide domain of (β ≥ 30˚). An example of the shapes of the DEP for a 

case with wave obliquity (β = 50˚) for different net littoral drift rates, i.e. various values of the 

angle (γd), is shown in Fig. 5.5. 
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Fig. 5.4. C0g and C1g of the PBSE for the DEP, Eq. (5.14), of embayed beaches as a function of the wave 
obliquity (β) and the angle (γd) between the dynamic straight beach orientation and the wave front 

corresponding to the wave mean energy flux direction at the diffraction point. 
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Fig. 5.5. Example of the shape of the Dynamic Equilibrium Planforms (DEPs) plotted using Eq. (5.14) for 
a case with wave obliquity (β = 50˚) for various values of the (γd) angle. 

It should be noted that in order to fulfill the mathematical signification of the undulation point 

(Po) where the second derivative maintains its sign, Eq. (5.14) is valid in the range of  (β ≥ 30˚) 

in which the (αst) coefficient derived by Tan and Chiew (1994) keeps its negative sign unchanged. 

Practically, this is the actual design domain of HBBs in nature, and this is also in accordance with 

the findings of González and Medina (2001) and also the results of Chapter (4), where the wave 

obliquity can be defined as: 

β=90˚-αPo                                                                                                                              (5.15) 

Where the (αPo) angle, (αmin in González and Medina, 2001), defines the location of the down-

coast control point (Po), see Fig. 5.1, and was found to have values within the domain (20˚≤ αmin 

≤ 60˚), which is consistent with the valid range of Eq. (5.14), see González et al. (2010). 

Consequently, this equation can be considered to be a general version of the PBSE that can be 

used to obtain the (DEP) of HBBs. Moreover, substituting (γd = 0) into Eq. (5.14) gives the same 

expression as Tan and Chiew (1994) for embayed beaches in static equilibrium, i.e. Eq. (5.4). 
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5.4  New Model Verification  

The new model was verified against HBB cases from the field. A description of the employed 

beach cases, the available data for the current study, and the verification of Eq. (5.14) are listed 

in the subsequent sections. 

5.4.1 Beach Cases  

This study employed 6 embayed beach cases along the Brazilian coastline, as shown in Fig. 5.6, 

in order to verify the newly proposed model. Four cases were selected along the coastline of Santa 

Catarina state on the southeastern coast, which is characterized by a series of headland bay 

beaches in different equilibrium states (Klein et al., 2010; 2016). Additionally, two other cases 

were selected along the north and northeastern Brazilian coastline. Beach selection was carefully 

carried out according to specific conditions; in particular, dynamic equilibrium headland bay 

beaches were chosen. Moreover, they are characterized by clear straight segments in the planform 

representing fully developed beaches (González and Medina, 2001). The selected cases are the 

embayed beaches of Cardozo, Galheta, Ribanceira, Barra da Lagoa, Pecem and Ponta Negra. 

According to Klein et al. (2010) and Silveira et al. (2010), the first four beaches are classified as 

HBBs in dynamic equilibrium. The Cardozo beach is located at the southern section of the Santa 

Catarina coast and is composed of very fine quartz sand with a median grain size (D50) of 0.21 

mm. The beaches at Galheta and Ribanceira are located to the north of the Cardozo beach. Those 

two beaches are also composed of fine quartz sand with (D50 = 0.19 mm). Along this section of 

the Santa Catarina coast, a net northerly sediment transport is evident, and headland bypassing is 

likely to occur around many of the headlands, see Klein et al. (2016). 

The embayed beach at Barra da Lagoa along the coast of Santa Catarina island is characterized 

by coarser sand with (D50 = 0.36 mm) and the net sediment transport rate is  towards the north, 

see G. Miot da Silva et al. (2012).  

The Pecem beach is located on the northern Brazilian coast in the lee of the port of Pecem, in 

Ceará, and presents another case of an embayed beach in dynamic equilibrium. In this zone, 

longshore sand transport is to the west, driven by the east-northeasterly waves impinging on the 

coast. Furthermore, the dunes in the area play an important role in sediment supply rates to the 

coast, which is composed of medium sand with a median grain size of the order 0.25 mm, see 

Pinheiro et al. (2016). 

The Ponta Negra beach at Natal is located on the eastern coast of the Rio Grande do Norte on the 

northeastern Brazilian coast. In this area, significant Aeolian sedimentations are present and the 

predominant Aeolian transport direction is from the southeast to the northwest, and the longshore 
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currents at the beach mainly flow northward, see Vital et al. (2016). The beach is characterized 

by sand with a median grain size of the order 0.24 mm. 

The average orientation in the planform of the straight segment of each of the dynamic 

equilibrium beaches, hereinafter denoted as (θDB), was defined based on an assessment of the 

historical images of the beaches’ geometry and planform shape, revealing that the orientation was 

almost unchanged. Vertical aerial images of the beaches based on Google Earth imagery were 

used for this assessment and thus for the model verification. The particular characteristics of the 

selected beaches are listed in Table. 5.1.  

 
Fig. 5.6. Location of selected headland bay beaches in dynamic equilibrium along the Brazilian coast. 
Beach cases are: (1) Cardozo, (2) Galheta, (3) Ribanceira, (4) Barra da Lagoa, (5) Ponta Negra and (6) 

Pecem. Photos are courtesy of Google Earth imagery. 
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5.4.2 Bathymetric and Wave Data 

Bathymetries of the coastal zones of Brazil collected by the Environmental Hydraulics Institute 

(IH Cantabria) were used in this study. This digitalized bathymetric data is incorporated in the 

IH-Data module of the Coastal Modeling System (SMC) (González et al., 2007; Raabe et al., 

2010; González et al., 2016) for littoral areas of the entire Brazilian coast. 

For wave data, the DOW (Downscaled Ocean Waves) database (Camus et al., 2013) was used in 

this study. It is a downscaled wave re-analysis of coastal zones from the Global Ocean Waves 

(GOW) database (Reguero et al., 2012), representing a period of more than 60 years (i.e. from 

1948 onwards). It provides different wave parameters for each sea-state (e.g. the significant wave 

height Hs, the spectral peak period Tp, the mean wave direction θm, etc.) with a temporal resolution 

of one hour. Moreover, it is available for the entire Brazilian coast with a spatial resolution of 

0.01˚ (i.e. each 1 km). 

5.4.3 Dynamic Equilibrium Planform  

For each embayed beach of the cases selected for this study, DOW points of wave data time series 

were selected close to the diffraction point of the protruding headland. Moreover, the wave 

climate was characterized by calculating the energy flux (EF) for each sea-state as the product of 

the wave energy (E) and the group celerity (Cg) as: 

EF=E*Cg= 1
16

*ρ*g*Hs
2*Cg                                                                                                   (5.16) 

Where ρ is the water density, g is the gravitational acceleration, and Hs is the significant wave 

height. Furthermore, the direction of the mean wave energy flux (θEF) was calculated for the whole 

wave climate as: 

θEF=arctan Fy

Fx
=arctan ∑ Fi  sinθi

n
i=1

∑ Fi
n
i=1  cosθi

                                                                                          (5.17) 

Where Fi and θi are the value and the direction, respectively, of the wave energy flux for each 

sea-state. Since the directional wave climates impinging on the beach cases are characterized by 

almost symmetrical uni-modal (SDD), the direction (θEF) and the corresponding directional 

variance of the wave climate (σθEF) were calculated based on the whole time series, following 

Elshinnawy et al. (2017). The direction (θEF) is recommended to represent the wave front 

orientation at the diffraction point to be used in equilibrium planform studies of pocket beaches, 

see González and Medina (2001) and Hsu et al. (2010). Eq. (4.13) was used in order to estimate 

the angle (αPo) that defines the location of the down-coast control (Po) as a function of both (σθEF) 

and the scaled distance (Y/L) between the straight segment of the shoreline and the diffraction 

point. The orientation of (θEF), which should be parallel to the straight segments of HBBs in static 
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equilibrium, was compared with the orientation of the straight parts of the selected cases. 

Consequently, the angle (γd), defined as the angular difference between the dynamic beach 

orientation (θDB) and (θEF), was defined for each case. The calculated values of the above-

mentioned parameters are also listed in Table 5.1. Accordingly, Eq. (5.14) was applied using the 

direction of the mean energy flux as well as the angle (γd) to plot the (DEP) of each HBB as shown 

in Fig. 5.7 for all the cases. The results of the application of the new derived formula show that 

Eq. (5.14) properly fits and defines the equilibrium planform of embayed beaches in dynamic 

equilibrium, with a squared multiple correlation coefficient (R2 = 0.99) and a RMSE less than 

0.75% of the length of the control line (Ro) for all the cases, e.g. 4.88 m and 6.481 m for Ponta 

Negra and Cardozo beaches, respectively. 

Table 5.1. Summary of dynamic equilibrium beaches and the different parameters used for plotting the 
DEP by means of Eq. (5.14) 

No. Beach Location σθEF  
(º) 

Y/L αPo (º) Ro  
(m) 

β (º) θDB  
(º) 

θEF  
(º) 

γd 
(º) 

1 Cardozo Santa Catarina 20.30 6.56 40.849 1133.8 49.151 156 149 7 
2 Galheta Santa Catarina 12.60 8 39.851 1456 50.149 134 141 7 
3 Ribanceira Santa Catarina 11.41 7.14 40.564 1306 49.436 104 109 5 
4 Barra da Lagoa Santa Catarina 16.32 22.10 38.633 3971.3 51.367 116 121.5 5.5 
5 Ponta Negra 

(Natal) 
Rio Grande  
do Norte 

8 28 32.788 2740 57.212 86 98 12 

6 Pecem Ceará 19.1 35.3 28.561 7373.8 61.439 44 55 11 
 

 
(a) 
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(b) 

 
(c) 
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(d) 

 
(e) 
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(f) 

Fig. 5.7. Plots of the Dynamic Equilibrium Planform (DEP), using Eq. (5.14), for the beaches cases: (a) 
Galheta, (b) Cardozo, (c) Ribanceira, (d) Barra da Lagoa (e) Ponta Negra, and (f) Pecem along the 

Brazilian Coast. The continuous solid black line corresponds to the SEP shape, however the dotted line 
corresponds to the DEP. Wave roses are plotted for a wave climate time series data of more than 60 years 

(from 1948 onwards) using the DOW database. Photos are courtesy of Google Earth imagery. 

 

5.5 Discussion 

The indentation of an embayed beach is dictated by the amount of sediment passing through it 

from upcoast, or from a river debouching into the bay. In this situation, the bay is said to be in 

dynamic equilibrium with a continuous rate of littoral drift (Hsu et al., 1993; Silvester and Hsu, 

1997). Referring to Fig.5.8 and according to González and Medina (2001), the dynamic 

equilibrium planform (DEP) can be obtained as: 

DEP=WFB-[∫ K4dH+∫ K4K5Vody]  yj
yo

  Hj
Ho

                                                                            (5.18) 
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Fig. 5.8. Definition sketch of the dynamic equilibrium shape in the planform (DEP) of a HBB and the 

Wave Front at Breaking (WFB), modified from González and Medina (2001). 

Where, WFB is the Wave Front at Breaking, dH represents the wave height gradients, Vo is the 

velocity of the mean-time averaged longshore current and K4 and K5 are coefficients which are 

dependent on the beach slope, bottom friction, the breaking angle of waves and the breaker index, 

see González and Medina (2001). This means that the (DEP) can be obtained from the position 

of the wave front at breaking, minus a term that is proportional to the longitudinal wave height 

gradients, as well as another term which is proportional to the longshore current velocity. 

However, in static equilibrium conditions, the velocity of the longshore current is almost non-

existent, i.e. (Vo= 0), and thus the shoreline is controlled only by the wave height gradients. This 

illustrates that the curved part of the (DEP) is more seaward than that of the (SEP), taking into 

account that (dH) is not the same for both cases. Furthermore, even in the case where no wave 

height gradients exist, the shoreline in dynamic equilibrium will not be parallel to the wave front 

at breaking, as is the case with static equilibrium conditions. This is attributed to the existence of 

a littoral current (Vo), which is responsible for the generation of the net littoral drift rate (Q), and 

this is interpreted as the angular deviation (γd) between the straight part of the (DEP) and the 

predominant waves orientation as seen in Fig. 5.3.  

In terms of the balance of the generated currents within the system, for static equilibrium 

conditions, the currents induced by wave height gradients are balanced by those generated due to 

the angular difference between the WFB and the curved shoreline position. However, in dynamic 

equilibrium conditions, the currents generated due to (dH) are weaker than those driven by the 

obliquity between the curved (DEP) and the WFB. This can be illustrated by the seaward 

movement of the dynamic curved shoreline as a result of sediment supply to the bay, increasing 

the angle between the curved beach and the WFB, generating stronger currents than those induced 

by (dH), and the resultant of that imbalance of velocities is equal to the littoral current (Vo). Thus, 
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this current keeps passing through the bay in order to generate a littoral drift rate out of the bay 

that is equal to the sediment supply rate coming into the system.  

Accordingly, the proposed model, Eq. (5.14), can be used as a solution that satisfies Eq. (5.18).  

The formula plots the position of the shoreline planform shape, taking into account the net rate of 

sediment transport (Q) within the embayment interpreted in terms of the (γd) angle. It employs the 

direction of the mean wave energy flux (θEF) at the diffraction point to obtain the (DEP) as a 

function of both the wave obliquity (β) and the (γd) angle which is the angular deviation between 

the orientation of the straight segment of the dynamic beach (θDB) and (θEF). 

The results of the model verification, have proved the hypothesis that the (DEP) of HBBs may be 

fitted and obtained utilizing the general form of the PBSE. Physically, the model interprets the 

behavior of prototype beaches in dynamic equilibrium in nature, defining their shape 

appropriately. Mathematically, the modified coefficients (C0g and C1g) include the (Ψ) parameter 

which reflects the influence of the (γd) angle which serves as an agent of the littoral drift rate 

passing through the bay. Moreover, the (C2) coefficient is taken as equal to the (αst) parameter 

derived by Tan and Chiew (1994) for static equilibrium conditions. This is attributed to the 

definition of the down-coast control point (Po) as the point that differentiates between the section 

of the beach affected by the headland structure where wave height gradients start due to the 

diffraction process, and the non-affected part of the beach where no longitudinal wave height 

gradients exist. In other words, (Po) is the limit point of the diffraction extent which depends on 

the local wave climate close to the tip of the diffracting structure, see Goda (1985). As a result, 

under the same wave climate impinging on the bay, both the (SEP) and (DEP) curves intersect at 

the point (Po) which represents the particular unique location where the wave height gradients are 

identical for both curved beaches. As a result, the curvature, which is induced by the gradients, is 

the same for both curves at Po, and, consequently, this clarifies the validity of the formula using 

(C2 = αst).  

It is worth noting that the new model may be considered as a general formula that can be used to 

fit and obtain the dynamic equilibrium parabolic shape of HBBs in zones where the specific net 

rate of sediment transport (Q) is known. The equation is valid for the domain (β ≥30˚) covering a 

wide range of practical design conditions for pocket beaches. 

5.6 Conclusion 

Headland Bay Beaches (HBBs) are one of the most common physiographic features along oceanic 

and coastal margins all over the world. These coastal systems may be in static equilibrium, when 

there is no sediment supply passing through the bay, or they may exist in a state of dynamic 

equilibrium when the bay has a net littoral drift rate (Q) passing through it from the upcoast, or 
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from a riverine source within the embayment. Throughout the literature, although several 

empirical formulations have been derived to obtain the Static Equilibrium Planform (SEP), those 

used to define the equilibrium planform shape in dynamic conditions are rare. A new formula, 

Eq. (5.14), has been derived to define and plot the Dynamic Equilibrium Planform (DEP) of 

embayed beaches with specific net littoral drift rates. The equation has the same form of the 

Parabolic Bay Shape Equation (PBSE), modifying its C0 and C1 coefficients and keeping the C2 

parameter equal to that defined by Tan and Chiew (1994) for static equilibrium cases. The two 

former coefficients were altered to be functions of both the wave obliquity (β) and the angular 

deviation (γd) between the orientation of the straight segment of the (DEP) and the direction of 

the wave mean energy flux at the diffraction point. 

 The proposed formula can be applied to obtain both the (SEP) and (DEP). For static equilibrium 

conditions, using (γd= 0), the formula will have the same form as that provided by Tan and Chiew 

(1994). Moreover, in dynamic equilibrium conditions, i.e. when (γd > 0), Eq. (5.14) properly 

defines the (DEP). The model has been verified against (HBB) cases from the field that are in 

different states of dynamic equilibrium, and the model showed good results. The equation is valid 

for embayed beaches with wave obliquity in the range (β≥30˚), which is practically the usual 

domain applicable in most field conditions. Consequently, this makes the proposed model a 

general design formula that could be used for testing the stability of existing beaches, in addition 

to facilitating the design of new pocket beaches in zones with specific sediment supply rates. 
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Chapter 6 

Dynamic equilibrium planform of 
embayed beaches: Design Procedure 

and Engineering Applications 

  

Abstract* 

The design of equilibrium beach systems employing beach nourishment techniques in conjunction 

with coastal support structures has received increased interest from coastal engineers in recent 

years. One such solution to remedy coastal erosion problems is to design an equilibrium pocket 

beach in order to stabilize the shoreline. Such coastal landforms may exist in nature in static or 

dynamic equilibrium states. The concept of the Static Equilibrium Planform (SEP) has received 

much more attention from coastal engineers than that paid to the Dynamic Equilibrium Planform 

(DEP). This chapter presents a design procedure for embayed beaches in dynamic equilibrium 

which have a specific net littoral drift rate. The proposed methodology employs the net sediment 

transport rate passing through the bay, together with the time series of the wave climate impinging 

on the beach, in order to compute the angle (γd). This angle represents the difference in degrees 

between the direction of the mean wave energy flux at the diffraction point (θEF) and the 

orientation of the dynamic equilibrium beach (θDB), to be utilized in a newly derived DEP formula 

to predict the shoreline shape in the long term. The procedure was applied and validated using 

prototype bays in dynamic equilibrium with different net sediment transport rates along the 

Brazilian coast, producing good results. Furthermore, it was employed as a tool to investigate the 

influence of changes in the net annual littoral drift rate on the (DEP) shape in a case study along 

the Spanish coast. Taken together, these confirm its utility as a valuable tool for coastal 

management and engineering practice.  

*This chapter is based on: Elshinnawy, A.I., Medina, R., González, M. “Dynamic equilibrium planform of embayed 
beaches: Part 2.  Design procedure and Engineering Applications.” Journal of Coastal Engineering (in press).  
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6.1 Introduction 

Equilibrium beach formulations are viable tools for coastal engineering applications, providing 

remedial solutions to beach erosion problems. In the 1980s, after the failure of many hard 

measures for protecting sandy beaches (e.g. breakwaters, groins, or seawalls), it became evident 

from both a technical and economic point of view that the use of soft engineering dynamic 

approaches like beach nourishment was a viable and valuable alternative (Kraus, 2001; 

Capobianco et al., 2002). Nowadays, an increasingly popular option is the integration of beach 

nourishment with additional supporting structures where necessary (Capobianco et al., 2002; 

González et al., 2010). In order to facilitate and better design beach nourishment projects, 

equilibrium planform and equilibrium profile concepts have been widely used (Hanson et al., 

2003; González et al., 2010). The equilibrium planform is used for morphological modeling on 

macro-scales (hundreds of meters to kilometers and years to decades). The aim of this long-term 

analysis is to determine the final shape of the beach planform on a scale of years, which is 

important for providing solutions for erosion problems.  

Headland Bay Beaches (HBBs) may be utilized as equilibrium systems for stabilizing coastlines 

and mitigating erosion problems (Silvester and Hsu, 1993; González and Medina, 2001; Hsu et 

al., 2010). According to Hsu et al. (2010), the planform of this coastal feature may be in static 

equilibrium, dynamic equilibrium, or natural reshaping. A dynamic equilibrium HBB is a state in 

which a net littoral drift rate continuously passes through a bay’s periphery where the incoming 

and outgoing sediment transport rates are equal. In such conditions, the shoreline is not as 

indented as it is in a bay that is defined by static equilibrium conditions, i.e. it is more seaward. 

The static equilibrium bay concept has been widely studied throughout the literature, with an 

extensive review of parabolic bays and their usage in coastal stabilization and management having 

been carried out by Hsu et al. (2010). González and Medina (2001) proposed a design procedure 

for pocket beaches in static equilibrium, using the Parabolic Bay Shape Equation (PBSE) 

provided by Hsu and Evans (1989) in tandem with artificial nourishment, see also González et al. 

(2010). Moreover, Hardaway and Gunn (2010) applied the same concept to design (HBBs) in 

Chesapeake Bay in the USA.  

However, the literature lacks a design methodology for embayed beaches in dynamic equilibrium 

conditions, due to the scarcity of formulations that define the Dynamic Equilibrium Planform 

(DEP) shape in the presence of a significant net sediment transport rate passing through the 

embayment. 

To redress this omission, the aim of this study is to propose a design procedure for pocket beaches 

in dynamic equilibrium conditions with specific known net littoral drift rates. The study employs 
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a new version of the PBSE for dynamic equilibrium HBBs, see section (5.3), as a long term tool 

for the design of beaches and nourishment projects. 

The chapter is organized as follows: First, a general introduction to the equilibrium beach concept 

and its design is presented. This is followed by a description of the proposed design procedure in 

section (6.2). The employed methodology, tools and data are described in section (6.3). Then, the 

application and validation of the methodology to real cases from the field, as well as the results 

are presented in section (6.4). Some engineering applications employing the design procedure are 

delineated in section (6.5) and, finally, the conclusions of this study are given in section (6.6). 

6.2 Design Procedure 

A new version of the PBSE for embayed beaches in dynamic equilibrium, proposed in Chapter 

(5), is used to define the DEP and is given as: 

R
Ro

=(1-Ψ+αst)+(Ψ-2αst) �
β
θ
�+αst �

β
θ
�

2
                                                                              (6.1) 

Where (Ro) is the length of the control line joining the updrift diffraction point to the down-coast 

control point (Po), see Fig. 6.1. The radius (R), measured from the tip of the headland breakwater, 

defines locations on the shoreline at an angle (θ), measured from the wave crest. (αst) and (Ψ) are 

defined as follows: 

αst=0.277-0.0785*10( βπ
180)                                                                                                         (6.2) 

Ψ= β cos β+β sin β tan γd
sin β- cos β tan γd

                                                                                                                 (6.3)  

 
Fig. 6.1. Definition sketch of both the Static Equilibrium Planform (SEP) and the Dynamic Equilibrium 
Planform (DEP) of HBBs, where (γd) is the angular difference between the dynamic beach orientation 

(θDB) and the direction of the wave mean energy flux (θEF) at the diffraction point. The wave obliquity (β) 
is the angle between the wave front corresponding to (θEF) at the diffraction point and the control line 

(Ro).  
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Where (β) is the wave obliquity, i.e. the angle between the control line (Ro) and the wave front at 

the diffraction point, which corresponds to the direction of the mean wave energy flux of the wave 

climate (θEF), as recommended by González and Medina (2001) and Hsu et al. (2010). (γd) is the 

angular difference between (θEF) and the orientation of the dynamic equilibrium beach (θDB), as 

shown in Fig. 6.1.  Physically, for a beach in static equilibrium, the straight segment of the 

planform should be parallel to (θEF), resulting in (γd ≈ 0). However, when a HBB is in a state of 

dynamic equilibrium, the straight segment of the DEP is not parallel to the direction of the wave 

crest corresponding to the direction of the mean wave energy flux at the diffraction point, but is 

inclined at an angle (γd >0) to (θEF), as is also shown in Fig. 6.1. This angle (γd) represents the 

driver of the net littoral drift rate that continuously passes through the bay, thus maintaining its 

dynamic equilibrium. Consequently, (γd) depends on the net sediment transport rate (Q). 

Generally, an embayed beach may exist either as a Fully Developed Beach (FDB) or as an 

undeveloped beach. A fully developed HBB is characterized by a curved shoreline in the lee of 

its headland structure, followed by a straight section of the coast. On the other hand, an 

undeveloped embayed beach is characterized by a curved coastline without a straight beach 

segment. The new DEP model, Eq. (6.1), can be used to verify the stability of an existing (FDB) 

where the orientation of the dynamic equilibrium beach (θDB) is already known, in addition to 

(θEF). Then, the angle (γd) can be estimated directly from the beach as:  

γd= |θEF-θDB|                                                                                                                             (6.4) 

Consequently, a straightforward application of Eq. (6.1) can be performed, defining the DEP. 

Note that the down-coast control point (Po) can be defined using the (αPo) angle, (αmin in González 

and Medina, 2001), see Fig. 6.1 and also section (4.6.1). Thus, both the wave obliquity (β), as 

well as the control line (Ro) can be calculated as: 

β=90˚-αPo                                                                                                                                    (6.5) 

and, 

Ro= Y
cos αPo

                                                                                                                                      (6.6) 

On the other hand, in cases where the beach does not yet exist and is to be created, the angle (γd) 

must be estimated in order to apply Eq. (6.1) to plot the DEP for the proposed embayed beach. In 

other words, for design purposes, for a FDB or for an undeveloped beach where the straight 

segment of the bay is absent, the angle (γd) must be computed as a function of the existing net 

sediment transport rate (Q) passing through the bay. In this regard, (Q) can be defined as the 

cumulative sediment transport of each sea state (qi) of the wave climate impinging on the beach. 
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Employing the energy flux approach (Inman and Bagnold, 1963; Komar and Inman, 1970), (Q) 

is given as: 

Q= ∑ qi
  i=m
  i=1 =∑ K Hrms

2.5  i=m
  i=1 sin (2γi)                                                                                     (6.7) 

Where Hrms is the root mean square wave height of each sea state, and K is the empirical 

proportionality coefficient, which according to the CERC formula (USACE, 1984; 2003), can be 

defined as: 

K=K1 ( ρw�g
16�ρs-ρw�(1-n)�γb

)                                                                                                              (6.8) 

Where, ρs and ρw are the sediment and water density, respectively, g is the gravitational 

acceleration, n is the porosity, γb is the breaker index and the K1 coefficient is dependent on the 

median sediment size D50 and can be calculated using the formula of del Valle et al. (1993):  

K1=1.4 e-2.5D50                                                                                                                           (6.9) 

Referring to Fig. 6.2, (γi) represents the angle between the mean propagation direction of each sea 

state (θi) and the orthogonal to the straight segment of the DEP, which can be expressed as: 

 γi=ϕi+γd                                                                                                                                (6.10) 

Where (ϕi) is the angle between (θi) and (θEF), see Fig. 6.2. Accordingly, Eq. (6.7) can be re-

written as: 

Q=K ∑  Hrms
2.5  i=m

  i=1 sin 2(ϕi+γd)                                                                                              (6.11) 

or, 

Q= K∑  (Hrms
2.5  i=m

  i=1 sin 2ϕi cos 2γd+ Hrms
2.5 cos 2ϕi sin 2γd )                                                  (6.12) 

The angle (γd) is the only unknown in Eq. (6.12). Consequently, utilizing the time series of the 

wave climate impinging on the beach, together with the known sediment transport rate (Q) and 

beach sediment size (D50), (γd) can be estimated. It can then be substituted in Eq. (6.1) in order to 

predict the DEP of the embayed beach.  
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Fig. 6.2. Definition sketch of the different angles used in the proposed design procedure. 

6.3 Methodology, Tools and Data  

The study employs prototype cases of HBBs in dynamic equilibrium conditions in order to apply 

the procedure described in section (6.2). For this purpose, long time series of wave data, as well 

as some numerical tools were utilized. The work methodology can be summarized in the 

following steps: 

1- Determination of the net sediment transport rate (Q) in the studied bay zone. This littoral 

drift rate may be known beforehand. Otherwise, wave propagation and the calculation of 

the net littoral drift rate will need to be performed using numerical tools, e.g. the Coastal 

Modeling System (SMC) software (González et al., 2007; González et al., 2016). 

2- Computing the calculated angle (γd), hereinafter denoted as (γd)c,  as a function of (Q), 

applying Eq. (6.12). 

3- Plotting the (DEP) of the embayed beach, applying Eq. (6.1) using the computed angle 

(γd)c. 
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In order to apply the aforementioned steps, descriptions of the numerical tools employed, as well 

as the bathymetric and wave data are given in this section, with the application of the procedure 

listed in the subsequent section. 

6.3.1 Coastal Modeling System (SMC)  

The Coastal Modeling System (SMC) is a user-friendly software package developed by the 

University of Cantabria (UC) for the Dirección General de Costas (the State Coastal Office) of 

the Spanish Environmental Ministry, see González et al. (2007). It includes some numerical 

models that allow the methodologies and formulations proposed in various manuals elaborated 

for the ministry to be applied in coastal projects. The latest version of the system (SMC 3.0) is 

structured in a manner which divides the numerical models and data into two main tools, namely: 

(SMC-Tools) and (SMC Model). The former incorporates 3 modules: (a) IH-DATA, (b) IH-

AMEVA and (c) IH-DYNAMICS, while the SMC model includes both short-term and long-term 

modules for studies on a scale of hours to days and a scale of years, respectively, in addition to a 

terrain module (for further details see González et al. (2007), Raabe et al. (2010) and González et 

al. (2016)).  

The IH-DATA module (Gomes and Silva, 2014; González et al., 2016) has three databases. One 

is associated with time series of coastal waves called DOW (Downscaled Ocean Waves), (Camus 

et al., 2013). The other two databases are associated with sea level time series: one is for 

astronomical tides, called GOT (Global Ocean Tides), see González et al. (2016), and the other is 

for storm surges or meteorological tides, called GOS (Global Ocean Surges), see Cid et al. (2014).  

The IH-AMEVA module is used to statistically analyze the IH-DATA consisting of wave climates 

and sea level time series, and later, for the statistical characterization of the results. Finally, the 

IH-DYNAMICS module is used in the post-processing stage, providing extensive data and 

results. It calculates the wave mean energy flux, littoral sediment transport, run-up and flooding 

levels, in addition to climate change impacts on the coast. Regarding the calculation of the littoral 

drift rates, the SMC applies the CERC formula (USACE 1984; 2003) using the wave parameters 

of each sea state at the breaking point, for the whole time series of the wave climate. In other 

words, the system estimates the littoral drift hour by hour, computing the cumulative sediment 

transport of the whole time series and providing the net mean annual rate of the studied beach. In 

this regard, it employs the formula of del Valle et al. (1993), Eq. (6.9), to estimate the K1
 parameter 

of the CERC formula. This procedure has already been validated against sediment transport rates 

calculated based on assessments of satellite images of different beaches in many countries, (e.g. 

Spain, Brazil, Venezuela and Oman) producing reliable results, see González et al. (2016) and 

Roig (2016). 
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In this study, the wave data incorporated in the IH-DATA module was analyzed using IH-

AMEVA, and then the OLUCA wave model of the SMC was used to propagate the waves. 

Additionally, the IH-DYNAMICS module was used to estimate the net mean annual sediment 

transport rate for each beach. A description of the wave model and data is given in the subsequent 

sections. 

6.3.2 Wave Model 

The spectral wave model OLUCA-SP is a combined refraction-diffraction model which was 

originally based on the REF/DIF 1 model (Kirby and Dalrymple, 1992) of the University of 

Delaware. It is based on the parabolic approximation of the mild slope equation that governs the 

refraction, diffraction and shoaling of water waves propagating over a gently sloping bathymetry. 

The model is suitable for determining wave fields in open coastal areas even in the presence of 

coastal structures. It is capable of modeling and reproducing most wave propagation processes, 

such as shoaling, refraction and diffraction, as well as forward scattering and dissipation of wave 

energy due to bed friction and breaking. The model can read both frequency and directional 

spectrums directly from files or from a TMA frequency spectra (Bouws et al., 1985), together 

with the wrapped normal directional spreading function of Borgman (1984). Additional details 

are described in González et al. (2007). 

6.3.3 Bathymetric and Wave Data 

Bathymetries of the coastal zones of both Brazil and Spain collected by the Environmental 

Hydraulics Institute (IH Cantabria) were used in this study. This digitalized bathymetric data is 

incorporated in the IH-DATA module of the Coastal Modeling System (SMC) (González et al., 

2007; Raabe et al., 2010; González et al., 2016) for littoral areas along the Brazilian and Spanish 

coasts. 

For wave data, the DOW (Downscaled Ocean Waves) database (Camus et al., 2013) was used in 

this study, representing a period of more than 60 years (from 1948 onwards). The DOW database 

is a historical reconstruction of coastal waves. In other words, it is a downscaled wave re-analysis 

of coastal zones from the Global Ocean Waves (GOW) database (Reguero et al., 2012). The GOW 

database was generated using the WAVEWATCH III model (Tolman, 1992) forced by 

(NCEP/NCAR) wind field re-analysis (Kalnay et al., 1996) (for more details see Reguero et al. 

(2012)). The GOW database was then directionally calibrated using satellite data to avoid 

deviations and bias in the results (for more details see Minguez et al. (2011a)). This calibrated 

(GOW) dataset was used to select a representative subset of sea states in the deepwater, which 

guarantees that all possible conditions were represented, including extreme events, see Camus et 

al. (2011b).  The selected sea states were propagated using the SWAN spectral wave model (Booij 

et al., 1999) with a high spatial resolution over detailed bathymetries. Finally, time series of the 
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propagated sea state parameters at each location were reconstructed, see Camus et al. (2011a). 

The DOW wave climate database is available for the entire Spanish and Brazilian coasts with a 

spatial resolution of 0.01˚ (i.e. each 1 km) along the coastlines. It provides different wave 

parameters for each sea state (e.g. the significant wave height Hs, spectral peak period Tp, mean 

wave direction θm, etc.) with a temporal resolution of one hour. 

For each embayed beach in the cases selected for this study, the wave data time series DOW 

points were selected close to the diffraction point of the protruding headland. Moreover, the wave 

climate was characterized by calculating the energy flux (EF) for each sea state as the product of 

the wave energy (E) and the group celerity (Cg) as: 

EF=E*Cg= 1
16

*ρw*g*Hs
2*Cg                                                                                                (6.13) 

Where ρw is the water density, g is the gravitational acceleration and Hs is the significant wave 

height. The direction of the mean wave energy flux (θEF) was calculated for the whole wave 

climate as: 

θEF=arctan Fy

Fx
=arctan ∑ Fi  sinθi

n
i=1

∑ Fi
n
i=1  cosθi

                                                                                          (6.14) 

Where Fi and θi are the value and the direction of the wave energy flux for each sea state, 

respectively. 

6.4 Procedure Application and Results 

In order to better demonstrate the application of the proposed procedure, five FDB cases were 

employed. Those cases were the Cardozo, Galheta, Ribanceira, Barra da Lagoa and Ponta Negra 

beaches which lie along the Brazilian coastline, see section (5.4.1) for a detailed description of 

these sites. Additionally, an undeveloped beach case at Ubatuba, in the south of Brazil, was also 

used in this study and is described in section (6.4.2). The application of the proposed procedure 

was carried out following the steps mentioned in section (6.3).  

6.4.1 Application to fully developed beaches 

The Cardozo beach case study is presented in this section. The beach is located on the southern 

section of the Santa Catarina coast, as shown in Fig. 6.3. The coast is characterized by very fine 

quartz sand with a median grain size (D50) of 0.21 mm, see Klein et al. (2016). Silveira et al. 

(2010) and Klein et al. (2010) classified this embayed beach as a HBB in dynamic equilibrium 

conditions. The beach is protected by a rocky headland at its eastern boundary and waves 

approach the coast from the south-east quadrant.  
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Fig. 6.3. Location of the embayed beach in dynamic equilibrium at Cardozo, on the Santa Catarina coast 

in Brazil. 

For propagation of the waves, a DOW point was selected offshore of the headland structure, in 

the deepwater. Then, a representative subset of sea states was selected to be propagated with the 

OLUCA-SP spectral wave model, following Camus et al. (2011a). This subset guarantees that all 

possible sea states, including extreme events, were selected in order to represent the whole 

directional wave climate. This clustering of the wave climate was carried out using the Maximum 

Dissimilarity Algorithm (MDA) (Camus et al., 2011b), which is already incorporated in the IH-

AMEVA module of the Coastal Modeling System. Camus et al. (2011b) particularly 

recommended using the (MDA) to select at least 100 sea states in order to be sufficiently 

representative of the entire wave climate. Accordingly, 121 cases were selected for propagation 

with the spectral wave model, using three sea levels, and covering the whole domain and 

boundaries of the data space, as shown in Fig. 6.4. The time series of the propagated sea state 



Dynamic equilibrium planform of embayed beaches: Design procedure and engineering applications 

 

131 
 

parameters were then reconstructed along the beach using a non-linear interpolation technique 

based on the Radial Basis Function (RBF) (Camus et al., 2011a), which is also included in the 

SMC. Fig. 6.5 shows the wave propagation of three different sea states for Cardozo beach. 

 

 

Fig. 6.4. Distribution of the sea state parameters (Hs, Tp, θi) of the whole wave climate time series for a 
period of more than 60 years (from 1948 onwards) using the DOW database (shown in black). The 121 

representative cases selected for wave propagation using the MDA algorithm are shown in red. 
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Fig. 6.5. Wave propagation of three different sea states for Cardozo beach, using the OLUCA-SP spectral 
wave model. 

 

The sediment transport rate was then calculated using the whole time series along three profiles 

on the straight section of the beach, employing the CERC formula (USACE, 1984; 2003), as 

shown in Fig. 6.6. Consequently, the net mean annual littoral drift rate of the whole wave climate 

was computed, rendering a value of (Q = 391658 m3/year). This rate was used in the application 

of Eq. (6.12), together with the time series of another DOW point close to the diffraction point of 

the embayed beach, in order to compute the (γd) angle. In this regard, the following values of the 

different parameters of the CERC formula were used in the current study:  ρs = 2650 kg/m3, ρw = 

1025 kg/m3, g = 9.81 m/sec2, n = 0.4, and a breaker index of (γb = 1), see Weggel (1972) and 

USACE (2003). The calculated angle (γd)c had a value of 6.6˚, which is quite close to the measured 

value of  (γd)m = 7˚, derived from the application of Eq. (6.4), which was originally used in best 

fitting the DEP of the beach, as can be seen in Fig. 6.7. 
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Fig. 6.6. The location of the cross-shore profiles along the straight section of the Dynamic Equilibrium 
Planform (DEP) of Cardozo beach, showing the direction and value of the net mean annual sediment 

transport rate passing through the bay. 

 

Fig. 6.7. Plot of the Dynamic Equilibrium Planform (DEP), using Eq. (6.1), for Cardozo beach. The solid 
black line corresponds to the SEP shape, while the dotted line corresponds to the DEP. The wave rose is 
plotted for a wave climate time series data of more than 60 years (from 1948 onwards) using the DOW 

database. The photo is courtesy of Google Earth imagery. 
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This same procedure was also applied to the Galheta, Ribanceira, Barra da Lagoa and Ponta Negra 

beaches, following the same strategy of wave propagation and sediment transport calculation. The 

values of the net littoral drift rates and both the (γd)c and (γd)m  angles are listed in Table 6.1.  

Table 6.1. Summary of the dynamic equilibrium beaches and the different parameters used to compute the 
angle (γd) and validate the proposed design procedure 

No. Beach D50 
(mm) 

Q (m3/year) θDB  (º) θEF  (º) (γd)m (º) (γd)c (º) 

1 Cardozo 0.21 391658 156 149 7 6.6 
2 Galheta 0.19 224669 134 141 7 7.83 
3 Ribanceira 0.19 260560 104 109 5 4.41 
4 Barra da Lagoa 0.36 283274 116 121.5 5.5 5.86 
5 Ponta Negra 0.24 586285 86 98 12 11.85 

 

The comparison between the values of the (γd)m and (γd)c angles, applying Eqns. (6.4) and (6.12) 

respectively, is shown in Fig. 6.8, and reveals that the two angles are quite similar, with a squared 

multiple correlation coefficient of (R2 = 0.978), proving the validity of the proposed design 

procedure. Accordingly, it can be used for designing fully developed headland bay beaches in 

dynamic equilibrium conditions. 

 

Fig. 6.8. Comparison between the (γd)m and (γd)c  angles for the embayed beach cases employed in this 
study. 
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6.4.2 Application to an undeveloped beach 

In order to check the applicability of the proposed procedure to undeveloped bay beaches, the 

undeveloped beach at Ubatuba was assessed. This beach is located along the northern coast of the 

Santa Catarina State in Brazil, as shown in Fig. 6.9. The coast is characterized by medium-fine 

sand with a median sediment size of 0.3 mm, experiencing northerly sediment transport trends, 

see Klein et al. (2016). According to Silveira et al. (2010), the headland bay beach at Ubatuba is 

in a dynamic equilibrium state. The beach is sheltered by a rocky headland at its southern 

boundary. Moreover, it is bounded by another rocky crop at its northern extremity, as shown in 

Fig. 6.9. The beach represents an undeveloped embayed beach, where there is no straight segment 

in the planform. In other words, the orientation (θDB) of the dynamic beach is unknown. The waves 

approach the coast from the south-east quadrant.  

The proposed procedure was applied to this undeveloped beach in order to obtain the (γd) angle 

to plot the DEP of the beach. Once again, a DOW point was selected offshore for propagating the 

waves, as can also be seen in Fig. 6.9. Next, 140 representative sea states were selected and 

propagated using the OLUCA-SP model. Fig. 6.10 shows the wave propagation of a sea state with 

Hs = 1.615 m, Tp = 5.13 sec, θi = 149.3˚ and a mean sea level of +1.01 m. The SMC software was 

then used to estimate the net mean annual sediment transport rate passing through the bay, using 

the CERC formula (USACE, 1984; 2003), employing the whole time series of the wave climate 

along cross shore profiles at the northern section of the bay. The estimated net littoral drift rate 

had a value of (Q = 181517 m3/year), moving northwards.  

 

 

Fig. 6.9. Location of the undeveloped headland bay beach in dynamic equilibrium at Ubatuba, on the 
Santa Catarina coast in Brazil, as well as the offshore DOW point used to propagate the waves. 
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Fig. 6.10. Wave propagation of a sea state (Hs = 1.61 m, Tp = 5.13 sec, θi = 149.3˚, using the mean sea 

level = +1.01 m), for Ubatuba beach, using the OLUCA-SP spectral wave model 

The time series of a DOW point close to the tip of the southern headland, where the waves start 

to diffract, was used in conjunction with the net littoral drift rate and substituted in Eq. (6.12), 

resulting in a computed (γd) angle with a value of 4.1˚. Consequently, the DEP was plotted, using 

that value of (γd), as well as the direction of the mean energy flux at the diffraction point (θEF= 

102˚) and an angle (β = 60.86˚), as seen in Fig. 6.11. The down-coast control point (Po) was 

determined by means of the angle (αPo), applying Eq. (4.13) using the following values (σθEF = 

18.48˚ and Y/L = 34). The DEP shape provided a good result, with a squared multiple correlation 

coefficient of (R2 = 0.99) and a RMSE less than 0.75% of the length of the control line (Ro). 

Consequently, the validity of the proposed procedure to predict the DEP of an undeveloped 

embayed beach in dynamic equilibrium has been proven. 
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Fig. 6.11. Plot of the Dynamic Equilibrium Planform (DEP), applying Eq. (6.1) using (θEF = 102˚, β = 
60.86˚and γd = 4.1˚) for the undeveloped beach at Ubatuba. The solid black line corresponds to the static 
equilibrium planform shape, while the dotted line corresponds to the DEP. The wave rose is plotted for a 
wave climate time series data of more than 60 years (from 1948 onwards) using the DOW database. The 

photo is courtesy of Google Earth imagery. 

6.5 Engineering Applications 

An embayed beach reaches a state of static equilibrium when the net littoral drift produced by 

longshore currents is almost non-existent (Hsu et al., 2010), i.e. the SEP corresponds to (Q = 0) 

in Eq. (6.7). In such conditions, the SEP can be predicted using the PBSE of Hsu and Evans 

(1989), using the wave front corresponding to the direction of the mean wave energy flux at the 

diffraction point. Furthermore, the straight shoreline section is parallel to (θEF). Consequently, 

there is no need for any further sediment transport rate calculations in order to design the beach. 

In other words, the SEP can be predicted based solely on the wave climate impinging on the bay. 

Conversely, for dynamic equilibrium conditions, the straight beach part is not parallel to (θEF), 

due to the net existing littoral drift (Q) passing through the bay. Accordingly, this DEP cannot be 

predicted based solely on the local wave climate affecting the beach, but also depends on the net 

sediment transport rate that maintains the bay’s equilibrium state.  

The procedure proposed in the current study can be utilized for the assessment of shoreline 

positions which may vary due to changes in sediment transport rates. For instance, if the sediment 

supply rate coming into a bay from a river is reduced due to anthropogenic works, the procedure 
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can be used to define the new (γd) angle as a function of the local wave climate and the modified 

(Q). Thus, the new DEP of the shoreline can be predicted, identifying the areas which will 

potentially be eroded and the corresponding volume of sand which may be lost. Additionally, the 

methodology can be employed as a useful tool for nourishment design projects in order to create 

equilibrium embayed beaches in zones characterized by a continuous sediment transport rate, 

defining the planform shape of the shoreline in the long term. Thus, the amount of sand needed 

for the design process can be estimated. The following subsection presents an explanation of these 

engineering applications. 

6.5.1 Influence of changes in the net littoral drift rate 

In order to better explain the effect of changes in the net sediment transport rate on the equilibrium 

planform shape of a HBB, an example of an embayed beach case with a wave obliquity of  (β = 

55˚) and a distance (Y = 1000 m) was employed. The current shoreline position of the equilibrium 

bay, i.e. its DEP, is characterized by a littoral drift rate which is driven due to an angle (γd = 12˚) 

and defined by the radius Rdp, as shown in Fig. 6.12. Changing the net littoral drift rate (Q) means 

changing its driver, which is the angle (γd). Accordingly, under the same wave climate, (i.e. the 

direction (θEF) is the same), reducing the angle (γd) leads to a reduction in the net sediment 

transport rate (Q) of the bay, and thus different resulting DEP shapes can be plotted as shown in 

Fig. 6.12. The equilibrium planform shapes are plotted applying Eq. (6.1) to the cases of γd = 2˚, 

4˚, 6˚, 8˚ and 10˚, corresponding to Δγd = 10˚, 8˚, 6˚, 4˚ and 2˚, respectively. The angular reduction 

(Δγd) leads to a retreat of the shoreline positions with radii Rd, as a result of the changes in Q. 

Accordingly, plotting the radii ratio (Rd/Rdp) against the angle (θ-β) can be carried out for the 

different positions of the shoreline, corresponding to the various degrees of reduction of (γd), as 

shown in Fig. 6.13. It should be noted that the larger the angle (γd), the higher the littoral drift of 

the bay and the smaller the ratio (Rd/Rdp). 
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Fig. 6.12. Dynamic Equilibrium Planform (DEP) shapes plotted using Eq. (6.1) for a case with wave 
obliquity (β = 55˚) for the cases of (γd ) = 0˚, 2˚, 4˚, 6˚, 8˚, 10˚ and 12˚. The actual shoreline position is 

characterized by (γd )= 12˚ and is defined by the radius Rdp. Ro is the control line, and the radius Rd 
corresponds to the various shoreline positions with different (γd) angles.  

Fig. 6.13 represents a graphical depiction of the influence of the reduction of the bay’s net littoral 

drift on the equilibrium planform shape. The larger the reduction of (Q), the higher the ratio 

(Rd/Rdp) as the shoreline moves landward, and the radius (Rd) increases accordingly. Fig. 6.13 also 

shows that the largest deviations between the various shoreline positions, i.e. the different DEPs, 

occur in the shadow zone in the lee of the headland structure. In other words, the highest 

diversions between the curves take place within the range of (90˚ ≤θ ≤ 180˚). Consequently, Fig. 

6.13 can be used as a valuable tool for evaluating the effect of the reduction of sediment transport 

rates in the bay zone due to river damming or reduced bypassed drift from the upcoast on the DEP 

shape. The new reduced net littoral drift rate can be used together with the wave data time series, 

applying Eq. (6.12) in order to get the new angle (γd). Hence, the new shoreline position with its 

radius (Rd) can be plotted using Eq. (6.1), and thus the potential eroded area can be estimated.  
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Fig. 6.13. Effect of the reduction in the net mean littoral drift rate (Q) on the DEP shape for a HBB with 
(Y = 1000 m) and a wave obliquity (β = 55˚) for the cases of (γd ) = 2˚, 4˚, 6˚, 8˚ and 10˚ corresponding to 
(Δγd ) = 10˚, 8˚, 6˚, 4˚ and 2˚, respectively. The actual shoreline position is characterized by (γd ) = 12˚, 

i.e. (Δγd ) = 0, and is defined by the radius Rdp. The radius Rd corresponds to the various shoreline 
positions with different (γd) angles. 

6.5.2 A prototype case study 

An application of the design procedure to a prototype case exposed to fluctuations in the net 

sediment transport rate (Q) is presented in this section. The embayed beach at Sant Pol de Mar, 

Barcelona, Spain was employed in order to clarify the effect of changes in (Q) on the DEP and 

the shoreline position. Sant Pol de Mar is located in the north-eastern part of Spain, along the 

Catalan coast, see Fig. 6.14. The beach is characterized by coarse sand with a median grain size 

of 0.45 mm. This section of the Catalan coast is nourished by a fluvial discharge from the Tordera 

River, which is located to the north of Sant Pol de Mar, as can also be seen in Fig. 6.14. The 

Tordera basin (894 km2) is located 60 km north-east of the city of Barcelona, and its median daily 

discharge is 1.75 m3/sec (Batalla et al., 2005). The waves at Tordera are limited to the eastern and 

southern sectors, with the most energetic waves originating from the east (Sánchez-Arcilla et al., 

2008), experiencing a south-westerly littoral drift trend, see Fig. 6.14. Accordingly, the beach at 

Sant Pol de Mar is fed by sediment transport from the upcoast, bypassing the headland structure. 
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Fig. 6.14. Location of the headland bay beach in dynamic equilibrium at Sant Pol de Mar, Barcelona, 
Catalonia, Spain, showing the location of the Tordera River and the direction of the net littoral drift 

trends. The wave rose is plotted for a wave climate time series data of more than 60 years (from 1948 
onwards) using the DOW database. Photos are courtesy of Google Earth imagery. 

 

The proposed procedure was applied to this beach in order to investigate the influence of changes 

in the net annual littoral drift rate on the shape of the DEP. An offshore DOW point was selected 

for propagating the waves using the OLUCA-SP model, and SMC software was employed to 

estimate the net annual sediment transport rates passing through the bay for different years using 

the CERC formula (USACE, 1984; 2003), as delineated in Table 6.2. These rates were calculated 

utilizing cross-shore profiles along the beach section upcoast from the headland breakwater. Eq. 

(6.12) was then applied using the time series of a DOW point close to the tip of the structure, 

together with the (Q) values, in order to compute the corresponding angles (γd), also listed in 

Table 6.2. The values of the angle (γd) were calculated using the net annual littoral drift rates for 

the years 2005, 2008, 2009, 2013 and 2015. The DEP shapes of the shoreline were then plotted 

for the different years, applying Eq. (6.1) and using the direction of the mean energy flux at the 

diffraction point (θEF= 141˚) and an angle of (β = 36.86˚) as shown in Fig. 6.15. The down-coast 

control point (Po) was determined by means of the angle (αPo), applying Eq. (4.13) using the 

following values (σθEF = 18.31˚ and Y/L = 3.84). The results show clear changes in the shoreline 

position between the different years due to the changes in (Q).   
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Table 6.2. Net annual littoral drift rates and the corresponding values of the angle (γd) for different years 
for the case study of the embayed beach at Sant Pol de Mar  

Year Q (m3/year) (γd) (º) 
2005 38108.60 4.55 
2008 30008.73 6.60 
2009 49815.64 6.99 
2013 62728.10 8.10 
2015 43112.84 5.20 

 

Fig. 6.15. Dynamic Equilibrium Planform (DEP) shapes plotted using Eq. (6.1) for the HBB at Sant Pol 
de Mar, Catalonia, Spain with wave obliquity (β = 36.86˚) for (A) The year 2005 with (γd = 4.55˚), (B) 

The year 2013 with (γd = 8.10˚), and (C) various years. The direction of the wave mean energy flux of the 
wave climate close to the diffraction point (θEF = 141˚). 
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Furthermore, the various DEP shapes indicate that the largest changes in the shoreline position 

took place in the lee of the headland breakwater within the shadow zone. This can be demonstrated 

by defining the DEP for the year 2013 by the radius Rdp, and defining the equilibrium shorelines 

corresponding to the other years by the radius Rd. Plotting the radii ratio (Rd/Rdp) against the angle 

(θ-β) as illustrated in Fig. 6.16 shows that the largest deviations between the various shoreline 

positions occur within the range of (θ-β) ≥ 50˚, i.e. in the domain (90˚ ≤θ ≤ 180˚). This can also 

be seen in Fig. 6.15, where the deviations between the DEPs of the different years with the largest 

changes occur just behind the headland breakwater. This is attributable to the changes in the net 

annual sediment transport rate passing through the HBB (which originates from the upcoast), as 

a result of changes in the fluvial sediment supply rates nourishing that section of the coast.  

 

Fig. 6.16. Effect of fluctuations in the net annual littoral drift rate (Q) on the DEP shape for the HBB at 
Sant Pol de Mar, Catalonia, Spain. The wave obliquity (β = 36.86˚) and the values of the angle (γd) 

correspond to the years 2005, 2008, 2009, 2013 and 2015. The shoreline position corresponding to the 
year 2013 is defined by the radius Rdp. The radius Rd corresponds to the various shoreline positions with 

different (γd) angles for the other years. 

In summary, the adopted methodology requires the net littoral drift rate in the studied area and 

the time series of the local wave climate to be ascertained beforehand, in order to check the 

stability of existing equilibrium bays and/or design new ones. Moreover, it can be used as an 

engineering tool to analyze changes in the DEP shape, and thus in the shoreline position, due to 

temporal fluctuations in net sediment transport rates. This makes the procedure outlined herein a 

general design methodology valid for wide practical applications in coastal engineering. 
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6.6 Conclusion 

Beach equilibrium mechanisms have increasingly been included as a decisive element in the 

advanced modeling of coastal morphological changes. Headland Bay Beaches (HBBs) represent 

a common coastal landform along oceanic margins that can be used for stabilizing coastlines. 

Several studies have reported the usage of static equilibrium bay beaches for the mitigation of 

coastal erosion problems. This study presented a design procedure for embayed beaches in 

dynamic equilibrium conditions, i.e. those characterized by a net sediment transport rate that 

continuously passes through their embayments. The methodology employs a new version of the 

PBSE for the Dynamic Equilibrium Planform (DEP), Eq. (6.1), as a tool for designing both fully 

developed and undeveloped HBBs. The angular difference (γd) between (θEF) and the dynamic 

beach orientation (θDB) is computed as a function of both the net sediment transport rate (Q) of 

the bay and the time series of the wave climate impinging on the bay’s beach. The proposed 

procedure has been applied to prototype HBBs in dynamic equilibrium using their net littoral drift 

rates and wave data time series in order to calculate the (γd) angle. The results have shown that 

the angle (γd)c calculated from the wave time series and (Q) is almost the same as the angle (γd)m 

directly measured between (θEF) and the beach orientation in the planform. Consequently, (γd)c  

can be applied in Eq. (6.1) in order to plot the DEP, verifying the equilibrium state of the existing 

beach under that specific net littoral drift rate and the local wave climate. The results have 

validated the proposed procedure, making it a useful tool for designing beach nourishment 

projects, and for stability studies of both undeveloped and fully developed HBBs in zones 

characterized by continuous net sediment transport rates. Furthermore, the design methodology 

can be employed in coastal management and in the assessment of shoreline changes in situations 

where the sediment supply rate changes or is reduced from its originating source (e.g. fluvial 

discharges, sand bypassing, or from an updrift source). The procedure was also applied to a case 

study which was subjected to fluctuations in its net annual littoral drift rate and thus to changes 

in its shoreline position. The application of the procedure has produced good results regarding the 

fitting of various shorelines from different years. This validates the proposed methodology a 

useful tool for a range of applications in coastal engineering. 
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Chapter 7 

Summary, Conclusions and Future 

research 

 

 

7.1 Summary 
The main objectives of this study were to: (i) investigate the influence of the directional variability 

of the wave climate on the shape of the equilibrium planform of embayed beaches, (ii) to 

determine the representative direction of wave energy flux that dictates the orientation of beaches 

in static equilibrium conditions, and (iii) to model and fit the dynamic equilibrium planform of 

headland bay beaches characterized by net littoral drift rates. Most of the work presented in this 

thesis is based on the analysis of directional wave climates impacting prototype beach cases in 

equilibrium conditions. The study employed field date from several beaches in Spain and Latin 

America and utilized vertical aerial images of the selected beaches. Moreover, the Coastal 

Modeling System (SMC) was used as a helpful tool for different purposes within this thesis such 

as the modeling of wave transformation in the lee of headland breakwaters, estimation of net 

sediment transport rates and plotting the equilibrium planform shape of the beaches over vertical 

images.  

An extensive review of the research topic was addressed in Chapter 2. Next, the effect of beach 

sediment size and the Shape of the Directional Distribution (SDD) of the energy flux of the wave 

climate on the direction that dictates the static equilibrium beach orientation was investigated in 

Chapter 3. Field data from 32 beaches along the Spanish coast and available long-term databases 

of directional wave climates were employed. Moreover, initiation of sediment motion due to wave 

action was taken into account in order to filter the directional wave climate to consider only waves 

that are capable of moving the sediment. The results indicated that the direction of the mean 
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energy flux of filtered waves is more appropriate for the determination of the (SEBO) than that 

of whole waves. This direction was identified as the morphologically representative direction of 

the wave energy flux.  

Chapter 4 investigated the methodology for locating the down-coast control point (Po) point of 

the SEP of embayed beaches, exploring the role of wave climate directional spreading and 

employing 44 HBBs in Spain and Latin America. It correlated the planform shape in the long 

term with the directional variability of the wave climate at the diffraction point. Additionally, an 

extensive series of numerical simulations using a spectral wave model was carried out to model 

the combined effects of refraction-diffraction in the lee of a breakwater, defining the part affected 

by the coastal structure under different wave conditions. The results clarified the importance of 

wave directional spreading in locating the (Po) point. Additionally, a new formula was derived to 

locate the down-coast control point (Po) of the parabolic part of the shoreline as a function of the 

directional variance of the wave climate and the location of the diffraction point with relation to 

the straight shoreline. 

The planform shape of embayed beaches in dynamic equilibrium conditions was explored in 

Chapter 5, proposing a new derived formula to obtain the DEP of (HBBs). The model represents 

a general form of the Parabolic Bay Shape Equation (PBSE) with modified C coefficients as a 

function of both the wave obliquity (β) and the net littoral drift rate that is passing through the 

bay. The angular difference (γd) between the direction of the mean wave energy flux at the 

diffraction point of the headland and the beach orientation down-coast is utilized in the proposed 

model as the driver of the net longshore sediment transport rate. The model was verified against 

natural HBBs in dynamic equilibrium characterized by various net littoral drift rates along the 

Brazilian coast, producing good results. Furthermore, a design procedure was presented in 

Chapter 6 to be used for stability studies and design of pocket beaches in dynamic equilibrium 

conditions. The proposed methodology employs the net sediment transport rate passing through 

the bay together with the time series of the wave climate impinging on the beach in order to 

compute the angle (γd) in order to plot and identify the DEP. Furthermore, the design methodology 

can be employed in coastal management and in the assessment of shoreline changes in situations 

where the sediment supply rate changes or is reduced from its originating source (e.g. fluvial 

discharges, sand bypassing, or from an updrift source). 

7.2 Conclusions 
The conclusions firstly address the hypotheses raised in Chapter 1. 

The proposed hypotheses have been validated throughout this thesis, as it has been 

comprehensively shown that the directional variability of wave climate significantly controls the 
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orientation of equilibrium beaches. Moreover, it affects the location of the down-coast control 

point of the SEP of embayed beaches. Additionally, it has been indicated that the Shape of the 

Directional Distribution (SDD) of the energy flux of the wave climate and the beach sediment 

size greatly affect the determination of the direction of the energy flux that dictates the static 

equilibrium beach orientation. Finally, the results of the study have proved the hypothesis that the 

DEP of HBBs can modeled using a second-order polynomial form such as the PBSE, taking into 

account the net littoral drift rate passing through the embayment. 

Eventually, the conclusions are presented in response to the research questions posted 

in Chapter 1. 

7.2.1   What is the representative direction of wave energy flux to be used 
for design of equilibrium beaches?  

7.2.2   What is the effect of the entire directional spectra shape and beach 
sediment size on defining the representative direction of the energy flux?  

These two questions were addressed in Chapter 3, concluding that the morphologically 

representative direction of wave energy flux that dictates the Static Equilibrium Beach Orientation 

(SEBO) can be determined by the mean energy flux direction of the filtered wave climate (θFef) 

which considers only morphologically effective waves, i.e. waves that are capable of moving the 

sediment. This has been found to be especially relevant when the beach sediment is coarse and/or 

the directional wave climate is characterized by an asymmetrical multi-modal distribution shape.  

7.2.3   How can we obtain the Static Equilibrium Planform (SEP) for 
embayed beaches exposed to multi-modal directional wave climates?  

This question is addressed in Chapter 3, clarifying that the SDD of the wave climate should be 

analyzed and the wave time series must be filtered based on the beach sediment size in order to 

obtain the new filtered SDD. Accordingly, the new mean energy flux direction of filtered waves 

is the morphologically representative direction of the energy flux that should be used together 

with the corresponding directional spreading to plot the SEP for such cases. 

7.2.4   How can the wave climate’s directional variance affect the curvature 
and planform shape of headland bay beaches?  

This question is addressed in Chapter 4, concluding that the location of the down-coast control 

point (Po), defined by the (αPo) angle, from which the parabolic shoreline of the PBSE is valid, is 

a function of the offshore distance of the diffraction point from the straight segment of the 

shoreline (Y/L) and the directional variance of the wave climate (σθEF). In other words, the location 

of (Po) varies depending on the directional spreading of the wave climate impacting the bay. 
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Consequently, the curvature and the planform shape of HBBs significantly depends of the 

directional variance of waves close to the diffraction point. 

7.2.5   Are the existing formulae in literature valid for defining the down-
coast control point (Po) of the SEP for HBBs with far diffraction points from 
the coast?  

This question is addressed in Chapter 4, concluding that the (αmin) approach of González and 

Medina (2001) underestimates the location of (Po) for beaches exposed to waves with high 

variability of wave directionality, and bay beaches with diffraction points far from the shoreline. 

This is attributed to the original derivation of the (αmin) angle which was based on the principle of 

monochromatic wave diffraction, ignoring the role of the directional spreading of the wave 

climate. Hence, that approach is valid only for structures close to the shoreline (Y/L < 9.5) with 

waves arriving from a dominant directional sector, i.e. waves arriving at the diffraction point from 

a narrow fan of directions due to refraction behaving like monochromatic waves. 

7.2.6   What are the main parameters governing the static equilibrium 
planform and orientation of crenulated beaches? 

This question is addressed in Chapters 3 and 4, indicating that the SEP can be estimated based on 

the morphologically representative direction of the wave energy flux and its corresponding 

directional spreading of the filtered wave climate. Consequently, both the Shape of Directional 

Distribution (SDD) of the energy flux of the wave climate and the beach sediment size are 

effective parameters. However, for symmetrical uni-modal SDD, the representative direction of 

the energy flux almost matches the direction of the mean energy flux of all waves, regardless what 

sediment size is present. 

7.2.7   Can we obtain the Dynamic Equilibrium Planform (DEP) for pocket 
beaches characterized by significant net sediment transport rates? 

This question is addressed in Chapters 5, concluding that the new derived model, which represents 

a general form of the Parabolic Bay Shape Equation (PBSE) with modified C coefficients as a 

function of both the wave obliquity (β) and the net littoral drift rate passing through the bay, 

properly fits the DEP of embayed beaches. The angular deviation (γd) between the orientation of 

the straight segment of the (DEP) and the direction of the wave mean energy flux at the diffraction 

point is involved in the formula as the driver of the existing net littoral drift rate.  
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7.2.8   How can we design an undeveloped bay beach in dynamic 
equilibrium conditions? 

This question is addressed in Chapters 6, indicating that the proposed design procedure can be 

utilized for designing both undeveloped and fully developed HBBs in zones characterized by 

continuous net sediment transport rates. The procedure employs the net sediment transport rate 

passing through the bay zone together with the time series of the wave climate impinging on the 

bay in order to compute the angle (γd). Consequently, this angle is applied in the new version of 

the PBSE for dynamic equilibrium conditions to estimate the DEP of the undeveloped embayed 

beach.  

7.3 Future research 

Based on the overall evaluations of this thesis, there are some topics that are still open for further 

investigation in the future. Those main issues that should be addressed in future research work 

are as listed as follows: 

1- The literature still lacks a model or a methodology to best fit the (SEP) of curved 

shorelines in lee of small gap widths between two diffracting structures, i.e. when the 

lines that define the location of the down-coast control points on the shoreline intersect.  

 
2- The influence of wave climate’s directional dispersion should be investigated in future 

research work to be included in modeling the (SEP) of headland bay beaches with double 

curvatures due to the presence of a small gap between two far diffraction points from the 

shoreline. 

 

3- Regarding the planform shape of beaches in dynamic equilibrium conditions, further 

work is required to apply the proposed model, Eq. (5.14), to model the (DEP) of an 

asymmetrical salient and/or tombolo in dynamic equilibrium states in the lee of 

breakwaters.  

 
4- Future research investigation is also needed in order to employ the proposed design 

procedure, of embayed beaches in dynamic equilibrium conditions, in studying the 

influence of changes in the direction of the wave mean energy flux due to climate changes 

on the (DEP) shape. In other words, the shape of the (DEP) in such conditions should be 

assessed and the design methodology should be validated using data from field for 

prototype cases with observed alteration in the direction (θEF) due to changes in the 

directional wave climate in the future. 
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Appendix (A) 

Wave directional parameters: Kuik’s 
et al. (1988) method  

 

 

Kuik et al. (1988) proposed a method for routine analysis of wave data in which the directional 

distribution of wave energy D(θi) is characterized by the first 4 Fourier coefficients (a1, b1, a2 and 

b2) given as: 

a1=∫ cos(θ)D(θi)
2π

0                                                                                                               (A.1) 

b1=∫ sin(θ)D(θi)
2π

0                                                                                                (A.2) 

a2=∫ cos(2θ)D(θi)
2π

0                                                                                                                 (A.3) 

b2=∫ sin(2θ)D(θi)
2π

0                                                                                                                      (A.4) 

And the centered Fourier coefficients can be estimated using the previous coefficients as follow: 

m1=∫ cos�θ-θef�D(θi)
2π

0 =a1cos(θef)+b1sin(θef)=�a1
2+b1

2  

=�(( ∫ cos(θi)D(θi)
2π

0 )
2
+(∫ sin(θi)D(θi)

2π
0 )

2
)                                                                          (A.5) 

m2=∫ cos(2(θi-θEF))D(θi)
2π

0 =a2cos(2θEF)+b2sin(2θEF)                                         (A.6) 

n1=∫ sin(θi-θEF)D(θi)
2π

0 =b1 cos(θEF) -a1 sin(θEF) =0                                                  (A.7) 

n2=∫ sin(2(θi-θEF))D(θi)
2π

0 =b2 cos(2θEF) -a2sin(2θEF)                                                (A.7) 

 

Accordingly, the directional distribution D(θi) may be characterized by four directional 

parameters; viz. the direction of the mean wave energy flux (θEF), the directional width 

(spreading) (σθEF), the skewness (γθEF), and the kurtosis (δθEF). They are calculated as follows: 
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θEF= arctan �b1
a1
�=arctan( ∫

sin(θi)D(θi)
2π
0

∫ cos(θi)D(θi)
2π
0

)                                                                          (A.8) 

σ𝜃𝜃𝐸𝐸𝐸𝐸=�2(1-m1)                                                                                                                        (A.9) 

γ𝜃𝜃𝐸𝐸𝐸𝐸= -n2

[2(1-m1)]
3
2
                                                                                                                                  (A.10) 

δθEF=
6-8m1+2m2

[2(1-m1)]2                                                                                                                                  (A.11) 

They used a combination of both the skewness (γθ) and kurtosis (δθ) to define the domain of both 

uni-modal and bimodal directional distribution. They suggested that any arbitrarily shaped 

directional distribution, see Fig. A1, is considered to be uni-modal if its δ value is larger than the 

cutoff kurtosis (δ') value defined as:   

 

Fig. A1 A definition sketch of the directional distribution shape, i.e. the directional spreading 

function, of wave energy and the one-sided directional width (σθ), Holthuijsen (2007).  

δ' = 2 + �γθ�   for  δθ ≤ 4                                                                                                  (A.12) 

δ' = 6             for  δθ ≥ 4                                                                                                  (A.13) 

And 

The distribution is uni-modal if δ > δ'. Otherwise, the distribution is bimodal when δ < δ'. 
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Appendix (B) 

Filtered and unfiltered directional 
distributions of wave climates  

 

Shape of Directional Distribution (SDD) of all the wave climate time series as well as for the 

filtered directional wave climate for beach cases listed in Chapter 3. Wave roses and the 

directional distributions of the wave energy flux probability are plotted with their corresponding 

mean directions estimated for a wave climate time series of 68 years (1948-2015) using the DOW 

database. Photos are courtesy of Google Earth imagery. 
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Appendix (C) 

Best fit of the Static Equilibrium 
Planform of embayed beach cases 

 

Best fit of the Static Equilibrium Planform of beach cases listed in Table 4.1. Wave roses and the 

directional distributions of the wave energy flux probability are plotted with their corresponding 

directional parameters estimated for a wave climate time series of more than 60 years (from1948 

onwards) using the DOW database. Photos are courtesy of Google Earth imagery. 
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Appendix (D) 

Dynamic Equilibrium Planform 
model: Derivation of Eq. (5.9) 

 

 

 

Fig. D.1. Definition sketch of both the Static Equilibrium Planform (SEP) and the Dynamic 
Equilibrium Planform (DEP) of HBBs, where (γd) is the angular difference between the dynamic 

beach orientation (θDB) and the direction of the wave mean energy flux (θEF) at the diffraction 
point. Furthermore, the wave obliquity (β) is the angle between the wave front corresponding to 

(θEF) at the diffraction point and the control line (Ro).  

 

At the down-coast control point (Po), from geometry: 

R sinθ-z=Rosinβ-z                                                                                                                     (D.1) 

Which can be re-written as:  

Rsinθ-Rcosθ tan γd =Rosinβ-Rocosβ tan γd                                                                           (D.2) 

Or  

R
Ro

(sinθ-cosθ tan γd) =sinβ-cosβ tan γd                                                                              (D.3) 
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For a given wave obliquity and a specific net littoral drift rate, β, γd and Ro are constant. By 

introducing a new variable (Φ= R/Ro) and (λ = β/θ), then (θ = β/λ). This is valid as (θ ≠0). 

Eq. (D.3) could be rearranged as: 

Φ(sin β
λ
-cos β

λ
tan γd) =sinβ-cosβ tan γd                                                                                (D.4) 

Differentiating Eq. (22) with respect to λ gives: 

d
dλ

(Φsin β
λ
-Φcos β

λ
tan γd) =0                                                                                                       (D.5) 

dΦ
dλ

sin β
λ
-Φ � β

λ2
� cos β

λ
- dΦ

dλ
cos β

λ
 tan γd -Φ tanγd �

β
λ2
� sin β

λ
=0                                               (D.6) 

And: 

dΦ
dλ
�sin β

λ
- cos β

λ
 tan γd�=Φ � β

λ2
� cos β

λ
+ Φ tanγd �

β
λ2
� sin β

λ
                                                   (D.7) 

Or: 

dΦ
dλ

=
Φ� β

λ2
�cosβλ + Φ tan γd�

β
λ2
�sinβλ

(sinβλ- cosβλ tan  γd)
                                                                                                           (D.8) 

At the point Po, (R=Ro & β=θ). Thus, λ = 1 and Φ = 1. Substituting in Eq. (D.8) leads to: 

dΦ
dλ

= β cos β+β sin β tan γd
sin β- cos β tan γd

=Ψ                                                                                                                 (D.9) 

Where (dΦ/dλ) is the first derivative f´(β/θ) of the function R/Ro= f (β/θ), which is renamed as 

(Ψ) for convenience. 
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