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Abstract

This thesis studies the morphodynamic evolution of beach profiles under high and
low energy wave conditions using large-scale laboratory and long-term field measure-
ments. This work presents an important contribution towards a better understanding
of beach profile evolution under varying wave conditions, including storm sequences
and the relevance of the antecedent beach morphology.

First, beach profile evolution is studied using several large-scale data sets com-
prising one high energy (storm) followed by one low energy wave condition. These
data support the traditional understanding of high and low energy wave conditions
leading to beach erosion and recovery, respectively.

However, existing literature has postulated that several storms in quick succes-
sion (storm sequences) have a greater potential for erosion, as the beach has less
time to recover. Consequently, the RESIST data set is studied to explore beach
profile evolution under storm sequence conditions. This data set comprises three
storm sequences, which each consist of two storms followed by subsequent low en-
ergy conditions. Overall, in contrast to previous findings, no enhanced beach erosion
due to storm sequencing is observed. The beach evolves towards an equilibrium con-
figuration that is specific to each wave condition. This implies that the same wave
condition can generate bulk onshore or offshore sediment transport, depending on
the antecedent beach morphology. The antecedent morphology is shown to be very
important for the hydrodynamic-morphological coupling that leads to an equilibrium
configuration: while a large breaker bar promotes wave energy dissipation, shelter-
ing the beach and limiting shoreline erosion, a beach profile with a small bar allows
waves to propagate further onshore, resulting in erosion of the large swash berm.

Finally, the occurrence and influence of storm sequencing on beach profile evo-
lution are studied using long-term field measurements from Hasaki Beach, Japan.
Hasaki Beach is subjected to frequent storms that often cluster in sequences. De-
spite a tendency for storms and storm sequences with larger power to cause more
erosion, the present data set does not demonstrate increased beach erosion by storm
sequences. In fact, it is shown that some storms and storm sequences can also result
in recovery of the beach. Following these findings, the tendency of the beach to
evolve towards equilibrium and the importance of the antecedent beach morphology
are demonstrated.
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1
Introduction

1.1 Motivation and research context

Climate change presents one of the largest environmental challenges in our time
with various anticipated consequences for our planet. A major concern surrounding
the effect of climate change on coastal areas is related to changes in the frequency
and intensity of storm events. Several studies indicate an increase in the intensity
of storms as well as an increase in the frequency of the most extreme storms (e.g.
Emanuel, 2005; Webster et al., 2005; Bender et al., 2010; Knutson et al., 2010) even
though this is not entirely clear due to prediction uncertainties and large variability
between ocean basins (Landsea et al., 1996; Chan & Shi, 1996). Recently, Reguero
et al. (2019) reported an increase of 0.4% in global wave power due to global, and
associated oceanic, warming with potential influences on storm frequency and coastal
processes. In addition, some studies suggest a shift of storm tracks, i.e. the paths
along which storms preferentially travel, towards higher latitudes under a changing
climate (Bengtsson et al., 2006; Shaw et al., 2016). Shifts in storm tracks lead to
regional changes in storm occurrences, which can increase the intensity and frequency
of storms in some regions. Increased storm frequency means that storms are more
likely to occur in close temporal succession, such that they cluster in sequences,
which can increase their destruction potential (e.g. Cox & Pirrello, 2001; Ferreira,
2005; Karunarathna et al., 2014a). Even though predictions regarding the influence
of climate change on storm frequency and intensity are not entirely clear and they
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vary between regions, the overall consequences in terms of coastal erosion, flooding
and defence failure are anticipated to be overwhelmingly negative (Nicholls et al.,
2007).

In addition, various coastal areas around the world are traditionally exposed to
frequent storm impact, for instance in Japan and Australia (Karunarathna et al.,
2016). This high storm frequency is often the result of exposure to both tropical and
extra-tropical cyclone activity in these regions.

High storm frequency puts many people at particular risk of flooding, erosion and
personal damage as coastal regions are often densely populated (Small & Nicholls,
2003). Coastal areas are of high social and economic value as they provide various
benefits to people, such as recreational opportunities, transportation, water supply
and industrial settlements. These benefits are often perceived by coastal communities
to outweigh the risk of personal damage (Costas et al., 2015). The importance of the
coastal area for human habitations, industries and natural environments highlights
the need to study the influence of storms on coastal erosion and recovery in a climate
change scenario. A better understanding of storm sequencing and beach response
will be valuable for the development of improved coastal protection and management
strategies.

Therefore, this thesis aims to investigate the influence of sequences of high and
low energy wave conditions (storm sequences) on beach profile evolution. Storm
sequences may generate unexpectedly severe erosion because the beach does not have
time to recover between storm events (e.g. Birkemeier et al., 1999; Cox & Pirrello,
2001; Nunes et al., 2011; Karunarathna et al., 2014a; Sénéchal et al., 2017). Other
studies suggest that the beach evolves towards an equilibrium configuration without
a cumulative effect of storm sequences where beach erosion only continues if previous
wave energy levels are exceeded (e.g. Yates et al., 2009; Vousdoukas et al., 2012; Coco
et al., 2014).

Traditionally, research on coastal morphodynamics has focused on the impacts of
isolated storm events and their erosion potential on beaches by studying data from
field measurements, numerical simulations and physical modelling. In comparison to
beach erosion due to storms, subsequent beach recovery is less studied. Similarly,
in studies on storm sequencing, beach recovery is often neglected. Some studies
even define storm sequences as “a series of successive storms without beach recov-
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ery in between” (Ferreira, 2006). For storm sequences, beach recovery is, however,
of particular importance because it can restore beach resilience and reduce beach
vulnerability.

In the early stages of research on storm sequencing and beach response a limited
number of studies have addressed their relevance (Thom & Bowman, 1980; Wolf,
1994; Morton et al., 1995; Lee et al., 1998; Birkemeier et al., 1999; Cox & Pirrello,
2001; Morton, 2002; van Enckevort & Ruessink, 2003). In their early work, Thom &
Bowman (1980) were one of the first to associate severe beach erosion at the coast
of New South Wales, Australia, to the occurrence of storm sequences. Wolf (1994)
highlighted the importance of the pre-storm morphology and the storm chronology
within a sequence. Morton et al. (1995) reported that, due to insufficient recovery
between two major storms, the total erosion caused by two events was larger than
the cumulative erosion expected by the storms as single events. Using a sediment
budget analysis, Lee et al. (1998) and Birkemeier et al. (1999) found that at Duck,
North Carolina, USA, storm sequences generated larger morphological changes than
isolated events. Cox & Pirrello (2001) showed that, in a given period of time, a
statistically expected number of weak storms can generate far more erosion than a
single extreme event that would (statistically) occur only once in the same period
of time. Morton (2002) reported that the impact of storm sequences is not clear as
historical storm events have supported opposing outcomes of increased morphological
changes in some cases and no additional effects for other cases. Van Enckevort &
Ruessink (2003) used video observations to study bar migration rates on different
timescales at Noorwijk, the Netherlands. They found that bar migration rates were
determined by sequences of high energy events rather than by individual high energy
events.

Only in recent years have entire research projects been dedicated to the investi-
gation of the effects of storm sequencing on beach response, for instance in Europe
(e.g. Karunarathna et al., 2014b) and Australia (e.g. Woodroffe et al., 2012; Nichol
et al., 2016). This increasing research interest in storm sequences is clearly motivated
by the growing awareness of the coastal risks induced by more frequent and/or more
intense storms in the context of climate change as described above.

Most of the existing research has used field data or numerical modelling (e.g.
Loureiro et al., 2012; Karunarathna et al., 2014a; Splinter et al., 2014; Dissanayake
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et al., 2015a; Angnuureng et al., 2017; Morales-Márquez et al., 2018) but very few
studies have performed laboratory experiments comprising storm sequence conditions
(e.g. Gravois et al., 2016). This is likely related to the high expense and long time re-
quired for performing laboratory experiments, especially at a large scale, comprising
long series of alternating high and low energy wave conditions. Field measurements
capture natural conditions that are, however, uncontrolled. Hence, using field mea-
surements, different aspects of storm sequencing, such as storm chronology and the
influence of the antecedent morphology, cannot be isolated. Furthermore, field mea-
surements are frequently of limited temporal-spatial resolution and the pre-defined
intervals of beach profile measurements do not always match the storm occurrence
(Wolf, 1994; Karunarathna et al., 2014a). Numerical modelling allows perfect con-
trol of the input variables but they require extensive calibration and their ability
to model accretionary sediment transport is limited (van Rijn et al., 2011). Lab-
oratory experiments allow controlled and pre-defined storm sequence conditions as
well as hydrodynamic and morphological measurements at high temporal-spatial res-
olution. Laboratory experiments can help to isolate different influencing factors of
storm sequences, such as storm chronology, beach recovery within a sequence and
the influence of the antecedent morphology on beach evolution.

Despite growing research efforts on storm sequencing and beach response, studies
that focus on the influence of storm sequencing are scarce and the measurements
do not always provide the resolution needed for a detailed analysis. In this regard,
laboratory experiments and high-resolution field measurements are powerful tools to
improve our understanding of beach evolution under storm sequence forcing. A more
comprehensive knowledge of storm sequencing and beach response can eventually
support the development of improved coastal management practices that account
for storm sequencing.

1.2 Research objectives

The primary aim of this thesis is to investigate the influence of sequences of high and
low energy wave conditions on beach profile evolution in wave-dominated environ-
ments using large-scale laboratory and field measurements. To achieve this primary
research aim, the following research objectives will be pursued in this thesis.
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1.2 Research objectives

1. Obtain a better understanding of beach evolution under high compared to low
energy wave conditions using laboratory measurements.

• What characterises beach profile evolution under high and under low en-
ergy wave conditions?

• What is the morphodynamic feedback that leads to differences in beach
profile evolution under high and low energy wave conditions?

2. Investigate beach evolution under storm sequence forcing using controlled lab-
oratory experiments that comprise both high energy conditions (storms) and
low energy conditions in between storms.

• What is the influence of the chronology of storms within sequences on
beach profile evolution?

• Do storm sequences generate cumulative beach erosion?

• What is the role of low energy wave conditions in between storms in terms
of beach recovery?

3. Explore the influence of the antecedent beach morphology on beach evolution.

• How does the beach evolve under the same wave condition but commenc-
ing from different initial morphologies?

• What is the morphodynamic feedback associated with different initial
morphologies that determines beach profile evolution?

4. Study the occurrence and influence of storm sequencing on a natural, wave-
dominated beach.

• How can storms and storm sequences be identified from the long-term
data?

• What is the influence of storm sequences on beach changes compared to
individual storm events of equivalent power?

• What is the relevance of the equilibrium beach concept?
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1.3 Methodology

To achieve these research objectives, data from large-scale laboratory experiments
and field measurements are studied. These data primarily involve measurements of
beach profiles and water surface elevation, as well as observations of wave breaking
and bed sediment samples. The thesis focuses on the timescale of individual storm
events and storm sequences and their influence on beach evolution.

The majority of laboratory data used in this thesis were acquired in the large-
scale wave flume Canal d’Investigació i Experimentació Marítima (CIEM) at the
Universitat Politècnica de Catalunya (UPC) in Barcelona, Spain (see Figure 1.1).
The CIEM is 100m long, 3m wide and 4.5m deep and, hence, is one of the few
facilities available for large-scale testing of waves and beach profile evolution (see for
instance Dette et al., 2002, for an overview of large-scale wave flumes). New facilities
are still being built (e.g. Zhang & Geng, 2015), highlighting the ongoing demand for
morphological and hydrodynamic testing.

Figure 1.1: Photographs of the CIEM flume (view towards the wave paddle). (a) Empty flume
with prepared beach profile and instrumentation. (b) Flume being filled. (c) Waves arriving on
the beach.

Some of the laboratory data used were already available from previous mea-
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surement campaigns and comprised different data sets characterised by one high
energy followed by one low energy wave condition. These data are used to investi-
gate research objective 1. To expand the existing data base of large-scale laboratory
experiments and to study storm sequences, new large-scale laboratory experiments
were carried out in the CIEM wave flume. These experiments were performed within
the EU funded HYDRALAB+ project RESIST (“Influence of storm sequencing and
beach REcovery on SedIment tranSporT and beach resilience”). The data from
the RESIST project are used to study the morphological evolution under controlled
laboratory conditions comprising storm sequences (research objective 2) and to inves-
tigate the influence of different antecedent morphologies on beach profile evolution
(research objective 3).

The field measurements were acquired at the Hazaki Oceanographical Research
Station (HORS) located at Hasaki Beach, Japan (Figure 1.2). Hasaki is a longshore
uniform beach subjected to a micro-tidal, wave-dominated environment. The mea-
surements from Hasaki are analysed in terms of the occurrence and effects of storm
sequences on a natural beach (research objective 4). The data set spans 25 years
of weekly beach profile and two-hourly wave measurements allowing the definition
of storm sequences and identification of several storms and storm sequences. The
Hasaki data set is the result of one of the few ongoing high-resolution multi-decadal
morphological and hydrodynamic measurement programmes in the world (see Harley
et al., 2011; Turner et al., 2016, for an overview of multi-decadal high-resolution
coastal measurement programmes). Among these data sets, the weekly beach profile
measurements at Hasaki represent one of the highest resolution profile measurements
ongoing over such a long period of time. This high temporal resolution is essential to
study storm effects on the beach profile evolution as these cannot be captured if the
pre- and post-storm profiles are measured too long before and after the occurrence
of a storm (Wolf, 1994; Karunarathna et al., 2014a).

Both the laboratory and field measurements comprise sand as the beach material.
Therefore, the present thesis focuses on sandy beaches, i.e. beaches with a sediment
size between 0.063–2mm (British Standards Institute, 2015). Generally, the me-
dian sediment grain sizes in the present work are around 0.20mm, corresponding to
fine to medium sand (British Standards Institute, 2015), with a narrow grain size
distribution. Sand as beach material is representative for many beaches worldwide
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Figure 1.2: Hasaki Beach, Japan. Top panel: map with location. Bottom panel: view of the
beach with the HORS pier. Images by courtesy of the Port and Airport Research Institute, Japan.

(Luijendijk et al., 2018).
Both the laboratory and the field measurements investigated in this thesis corre-

spond to wave-dominated, micro-tidal environments with predominantly cross-shore
sediment transport. Despite the similar characteristics shared by the laboratory
and field measurements, the laboratory experiments were not designed to represent
a scaled version of Hasaki Beach. The laboratory experiments aimed to represent
general (qualitative) characteristics of natural beaches and their morphological evo-
lution, similar to what has been done in other studies of beach morphodynamics (e.g.
Baldock et al., 2017).

1.4 Thesis outline

The present thesis consists of seven main chapters. Chapters 2 to 7 are briefly
outlined below.
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Chapter 2 provides an introduction to the scientific context of the thesis. The
beach as a morphodynamic system is presented. Storm sequencing is defined and
methods to quantify the forcing of storm sequences are reviewed. Beach recovery
within storm sequences is addressed and the equilibrium beach concept is described.

Chapter 3 studies beach profile evolution under one high and one subsequent
low energy wave condition, with a specific focus on breaker bar evolution, using
large-scale laboratory data. The influence of the wave conditions and the initial
beach morphology on breaker bar evolution under low energy wave conditions is
investigated. Differences in the coupling between the breaking and the bar locations
are described. The breaker bar evolution is compared against numerous other beach
profile data sets from different large-scale wave flumes.

Chapter 4 investigates beach morphodynamics in large-scale experiments under
sequences of high and low energy wave conditions. The experimental setup and the
data acquisition are described. The evolution of the breaker bar is compared for
the different wave conditions and linked to the wave breaking location. The shore-
line location is also compared for the different wave conditions and the findings are
placed within the context of storm sequence effects on beach changes. Bulk sediment
transport is calculated for each wave condition and is linked to the antecedent beach
profile.

Chapter 5 explores the influence of the antecedent beach morphology on the
evolution towards the same final (equilibrium) beach morphology. To do so, beach
evolution and hydrodynamic measurements under one specific wave condition from
the data set presented in Chapter 4 are investigated in detail. This wave condition
was repeated three times, each time starting from a different initial morphology.
The beach evolution of the three cases is compared. Sediment transport rates are
calculated and linked to differences in hydrodynamics, such as wave breaking loca-
tions and wave heights. A conceptual model is developed that summarises the main
findings, linking them to two different initial beach morphologies.

Chapter 6 investigates the occurrence and influence of storm sequencing at
Hasaki Beach, Japan, a micro-tidal, wave-dominated environment using 25 years of
beach profile and wave measurements. The evolution of the beach over the measure-
ment period is described. A quantitative definition for storms and storm sequences
is developed for Hasaki Beach. Beach changes in response to individual storms and
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storm sequences are compared and beach evolution towards equilibrium is investi-
gated.

Chapter 7 summarises the main findings linking them to the research objectives
and provides suggestions for future work.
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2
Background

2.1 Introduction

In their fundamental work, Wright & Thom (1977) described morphodynamics as the
coupling between beach morphology and hydrodynamics in which sediment transport
is involved. The morphodynamic system can therefore be illustrated as a tripartite
feedback loop of hydrodynamics, sediment transport and morphology (Figure 2.1):
the hydrodynamics are influenced by the beach morphology and induce sediment
transport. Sediment transport leads to changes in the morphology, i.e. in morpho-
logical evolution, which again influences the hydrodynamics, resulting in a continuous
feedback loop. The morphodynamic system is generally observed to evolve towards
a state of maximum stability for both the morphology and the hydrodynamics.

Hydrodynamics

Sediment
transportMorphology

Figure 2.1: Tripartite morphodynamic feedback loop.
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The present chapter introduces important aspects of the morphodynamic evolu-
tion of beaches with a focus on alternating high and low energy wave conditions.
First, the chapter presents the beach system with its different zones, timescales of
evolution and tidal variations. The traditional understanding of beach evolution un-
der high and low energy wave conditions is briefly described. The chapter continues
with a review of research on storm sequencing and beach response. Parameters nec-
essary to define storm sequences are presented and ways to quantify the power of
storm sequences are reviewed. Finally, beach recovery in between storms is described
and the beach equilibrium concept is presented.

2.2 The beach system

Varying wave conditions induce morphological changes on beaches, where a range of
processes occur at different temporal-spatial scales (e.g. backwash, wave breaking,
tidal currents). Therefore, a definition of the beach system and its zonation resulting
from the prevalent processes is presented. Tidal variations and timescales of beach
evolution are also addressed.

2.2.1 Zonation of the beach system

The beach system forms part of the coastal area. It can be subdivided into different
zones, which each exhibit specific hydrodynamic and morphological characteristics.
The terminology of these zones can vary depending on the processes that a study
examines (hydrodynamics or morphology). The present thesis mostly adopts the
terminology presented by Short (1999a) (Figure 2.2).

In the present thesis, the term “beach” refers to the entire active movable bed, i.e.
the bed from the onshore extent of the maximum runup limit to the offshore limit of
sediment movement due to wave action (depth of closure). Traditionally, the term
“beach” only refers to the emergent bed, i.e. the part of the coastal zone between the
low water level and the toe of a dune or cliff (e.g. Allen, 1972). However, in recent
years it has become common for the term “beach” to be used in a broader sense
for the entire active movable bed covering the swash, surf and shoaling zones, which
are described below (e.g. Grasso et al., 2011; Sánchez-Arcilla et al., 2011; Masselink
et al., 2016; Baldock et al., 2017; Birrien et al., 2018; Kuriyama & Yanagishima,
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Figure 2.2: Zonation of the coastal area (adapted from Short, 1999a).

Swash zone

The swash zone is the part of the beach that is alternately emerged and submerged
in response to the runup and rundown of waves. Hence, the swash zone extends
onshore from the cross-shore location of maximum wave runup to the offshore lo-
cation of maximum wave rundown (Allen, 1972; Short, 1999a). The morphological
feature within the swash zone is the beachface with a typically plane or concave slope
(Hughes & Turner, 1999). The swash zone is a highly dynamic zone in which various
processes influence sediment transport, such as wave-swash interactions, backwash
and sediment advection (e.g. Blenkinsopp et al., 2011a; Cáceres & Alsina, 2012;
Alsina et al., 2018; van der Zanden et al., 2019). Individual swash events can induce
net sediment transport of considerable magnitudes (up to a few hundred kilograms
per metre beach width (Blenkinsopp et al., 2011a)). Onshore and offshore sediment
transport in the swash zone was recently described to balance at an interswash rather
than an intraswash timescale (Blenkinsopp et al., 2011a; van der Zanden et al., 2019).

The coastal feature onshore of the runup limit to the toe of a dune or cliff is
referred to as the backshore. The backshore is only subjected to wave action during
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the most energetic storms and elevated water levels. Under normal water levels,
sediment is mainly moved by wind (aeolian sediment transport) in the backshore
(Hesp, 1999).

The interface between the land and water is defined as the shoreline (Boak &
Turner, 2005) (Figure 2.2). The shoreline is a widely used parameter to study overall
recession or advancement of the beach. Due to continuous changes in the land-water
interface, the shoreline can be defined at different temporal scales. For instance,
using measurements of high temporal-spatial resolution (O(s) and O(cm)), shoreline
evolution can be investigated at the timescale of individual swash events by defin-
ing the instantaneous locations of the water-land interface (e.g. Alsina et al., 2018;
van der Zanden et al., 2019). In contrast, to investigate shoreline changes at the
timescale of storm events or long-term trends, the shoreline is typically defined at a
specific water level, such as a tidal level for natural beaches (“tidal-based shoreline
location”) (Boak & Turner, 2005).

Surf zone

Seaward of the swash zone lies the surf zone, which is defined as the zone of wave
breaking and propagation of broken waves (Short, 1999a). The surf zone extends from
the rundown limit, i.e. from the offshore limit of the swash zone, to the breakpoint
of the largest waves (most seaward breaking location). The surf zone can be further
divided into the breaking zone, where most waves (large and small) break, and
the inner surf zone (onshore of the breaking of the smallest waves) in which waves
propagate as broken waves or turbulent bores (Svendsen et al., 1978) (Figure 2.2).

Depending on the wave steepness and beach slope, different types of wave break-
ing can be defined. Wiegel (1964) described three types of breaking waves in the surf
zone: spilling, plunging and surging breakers. Spilling breakers typically occur for
steep offshore waves and gentle beach slopes. They are characterised by white water
at the wave crest and gradual breaking rather than fast overturning. For intermediate
beach slopes and wave steepness plunging breakers predominate, typically charac-
terised by their overturning wave crests. Surging breakers occur for steep beach
slopes and relatively low steepness waves. Surging breakers initially have a steep
front face but the base of the wave propagates up the beach, preventing overturn-
ing of the wave crest. Generally, there is a gradual transition between the breaker
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types. Galvin (1968) defined collapsing breakers as a fourth type of breaker, being
an intermediate type between plunging and surging breakers. Collapsing breakers
are characterised by steepening and overturning of the lower part of the wave front
while the wave crest remains flat and unbroken. Generally, spilling and plunging
breakers are associated with higher energy beaches while surging breakers occur for
lower energy beaches (Wright & Short, 1984).

In terms of beach morphology, a typical morphological feature in the surf zone is
the breaker bar. A primary and widely studied process for the evolution of breaker
bars is the convergence of sediment due to wave breaking at the bar: sediment is
transported seaward in the surf zone due to the mean return flow (“undertow”) and
landward offshore of the breakpoint due to wave non-linearities (e.g. Gallagher et al.,
1998; Hoefel & Elgar, 2003; Mariño-Tapia et al., 2007; van der Zanden et al., 2017).
Typically, breaker bars are located further offshore under high energy conditions as
waves break seaward of the bar crest driving a strong mean return flow, while the op-
posite is the case for low energy wave conditions (e.g. Gallagher et al., 1998; Ruessink
& Terwindt, 2000; Mariño-Tapia et al., 2007; Pape et al., 2010). Frequently, natural
beaches exhibit a multi-barred profile of two to three bars that are subjected to mi-
gration cycles over the timescale of years (e.g. Ruessink & Terwindt, 2000; Ruessink
et al., 2003; Pape et al., 2010). A typical migration cycle consists of bar generation
near the shoreline, offshore migration and bar decay (Ruessink & Terwindt, 2000;
Ruessink et al., 2003). Ruessink & Terwindt (2000) reported offshore bar decay to
be important for the initiation of a new bar cycle as it leads to a more intense and
frequent occurrence of surf zone conditions at the inner bar, fostering its offshore
migration.

Shoaling zone

The shoaling zone lies seaward of the surf zone and is characterised by increasing
non-linearity of the waves due to wave shoaling. Shoaling is the process of wave
deformation for reducing water depth for reasons of energy flux conservation (as
presented for instance in Holthuijsen, 2008). As the water depth reduces, the wave
length reduces, causing a slight increase followed by a large decrease in the velocity
of a wave group. This initially leads to a small reduction in wave height followed
by a wave height increase as waves propagate into shallower water. The shoaling
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zone extends from the offshore end of the surf zone to the cross-shore location at the
depth of closure, i.e. the offshore limit of sediment movement due to wave action
(Hallermeier, 1978). Offshore of the shoaling zone lies the inner continental shelf,
where the bed is not significantly affected by wave action.

2.2.2 Tidal variations

Natural beaches are subjected to tidal variations. Tidal levels can be used to divide
the beach into tidal zones. These tidal zones are the supratidal beach (beach above
the mean high water spring), the intertidal beach (beach between the mean high and
mean low water spring) and the subtidal beach (beach below mean low water spring)
(following e.g. Wright et al., 1982).

Using tidal ranges, Davies (1964) classified natural beaches into three primary
groups:

• micro-tidal beaches with a tidal range of < 2m (these are sometimes also de-
scribed as “tideless beaches” as the effect of tides is assumed to be small);

• meso-tidal beaches with a tidal range between 2m and 4m; and

• macro-tidal beaches with a tidal range of > 4m.

Some beaches experience much larger tidal variations than the threshold of 4m
for macro-tidal beaches, such as Sefton Coast in the UK with a tidal range of up to
8.2m (Dissanayake et al., 2015a) or Kimberley Coast in Northwest Australia with a
tidal range of up to 11m (Short, 2011). These beaches are sometimes referred to as
“hyper-tidal” or “mega-tidal” beaches.

Masselink & Short (1993) introduced the relative tide range to distinguish be-
tween wave- and tide-dominated beaches. The relative tide range is calculated as
RTR = TR/Hb with TR being the tide range and Hb the breaking wave height.
Using RTR, beaches can be classified as wave-dominated (RTR< 3), tide-modified
(3<RTR< 10) and tide-dominated (RTR> 10) (Short, 2006).

2.2.3 Temporal and spatial scales of beach evolution

Beaches evolve at various temporal and spatial scales, spanning from seconds to
millennia and from centimetres to hundreds of kilometres (Cowell & Thom, 1994).
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An overview of the different evolution scales is shown in Figure 2.3 following Cowell
& Thom (1994) with examples of coastal features of interest for this thesis.

Cowell & Thom (1994) classified four primary scales of evolution: instantaneous
evolution and evolution at an event-, engineering-, or geological-scale, which each
cover a range in both time and space. Instantaneous evolution refers to almost
immediate changes of the morphology at relatively small spatial scales, such as swash
zone evolution due to individual waves. Evolution at an event-scale encompasses
morphological variations due to the succession of high and low energy wave conditions
as well as seasonal variations in the wave climate. An example is the onshore and
offshore migration of breaker bars due to storm and recovery conditions. Engineering-
scales of evolution are associated with several variations in wave conditions, such as
cycles of bar migration. Geological-scales refer to very long-term trends associated
with changes in environmental conditions.

Time-
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days

seasons

years
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100km10km1km100m
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ripples
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Figure 2.3: Temporal and spatial scales of coastal evolution (adapted from Cowell & Thom, 1994).

It should be noted that, even though the evolution scales are typically studied
separately, there are linkages between them. For instance, the evolution at small
scales can affect the evolution at larger scales, such as changes in offshore hydrody-
namics, promoting the continuation of bar evolution cycles (Ruessink & Terwindt,
2000) or specific wave conditions, fostering the evolution of large coastal features
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over decades (Ashton et al., 2001).
The present thesis focuses on the influence of high and low energy wave condi-

tions on beach profile evolution and, hence, usually refers to event-scale evolution,
following Figure 2.3. Therefore, individual wave conditions are herein referred to as
short-term beach evolution whereas trends of beach evolution over several years to
decades are denoted as long-term.

2.2.4 Beach evolution and vulnerability

Beaches continuously evolve in response to changes in the wave conditions (see Fig-
ure 2.1). These wave conditions commonly range between high (storm) and low
energy conditions.

Numerous studies have looked into isolated events of storms and/or low energy
conditions using field measurements (e.g. Morton, 1976; Birkemeier, 1979), numerical
simulations (e.g. van Rijn et al., 2011; Kalligeris et al., 2020) and laboratory exper-
iments (e.g. Dette et al., 2002; Cáceres et al., 2008). High energy wave conditions
have generally been associated with beach erosion, shoreline recession and offshore
bar migration (e.g. Birkemeier, 1979; Cáceres et al., 2008; Masselink et al., 2016).
In contrast, low energy wave conditions have generally been recognised to result in
beach accretion, shoreline advancement and onshore bar migration (e.g. Birkemeier,
1979; Cáceres et al., 2008; Masselink et al., 2016). Beach response to low energy
wave conditions is generally less well studied and this severely influences the skill of
numerical models, resulting in much less accurate morphological predictions for low
energy, compared to high energy, conditions (van Rijn et al., 2011).

Regarding storm events and beach response, the “vulnerability” of a beach has
been defined as “the potential of a beach to be affected by a major storm” (Coco et al.,
2014). Beach vulnerability depends on storm frequency and recovery rates as well as
on the incident wave conditions, sediment availability (i.e. sediment reservoirs, such
as dunes) and breaker bars that protect the beach from ocean wave impact (Coco
et al., 2014).

To assess the beach vulnerability to realistic wave climates, including storm se-
quences, the traditional understanding of beach response to storm and low energy
wave conditions might, however, not be sufficient as the antecedent beach morphol-
ogy or the cumulative wave influence might affect beach response. In essence, it is
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not clear whether beach response to one storm and/or low energy conditions can
be upscaled to several storms with limited recovery in between, and whether the
influence of storm sequences is equal to the linear sum of beach erosion of each storm
in a sequence (Coco et al., 2014). Previous studies have highlighted the importance
of the antecedent morphology on beach evolution (Wolf, 1994; Yates et al., 2009;
Baldock et al., 2017; Morales-Márquez et al., 2018) but its influence is still rela-
tively poorly studied, which is insufficient to predict beach response to cyclic storm
events. Therefore, the study of sequences of storm events deserves further detailed
investigation.

2.3 Storm sequencing

If several high energy events occur in close temporal succession with only limited
duration of low energy wave conditions in between, they are called a “storm se-
quence”, “storm group”, “storm cluster” or a “series of storms”. When studying
beach response under storm sequence forcing, various influencing factors have to be
considered. These do not only consist of the incident wave conditions and their du-
ration but also include the chronology of storms, the number of storms in a sequence
and the influence of the antecedent morphology.

In this section, relevant parameters to define storm sequences are described and
available definitions of storm sequences at various field sites are presented. Methods
to quantify the forcing of storm sequences and recent research on storm sequencing
and beach response are reviewed.

2.3.1 Definition of storm sequences

Traditionally, storm sequences have been defined as storms in close temporal suc-
cession without significant recovery between events (e.g. Ferreira, 2005; Vousdoukas
et al., 2012; Karunarathna et al., 2014a). This definition implies that storms erode
the beach and that low energy conditions in between the storms result in beach re-
covery. Therefore, Gravois et al. (2018) distinguished between “morphological storm
sequences” and “sequences in the wave climate”. The definition of a “morphological
storm sequence” accounts for the morphological response, such as beach recovery in
between storms. In contrast, a “sequence in the wave climate” is defined from the
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wave record as high and low energy wave conditions in quick succession and the beach
might not respond with erosion and accretion to storm and low energy conditions,
respectively.

To identify storm sequences from measurements, first, storms need to be defined
from a wave record. Second, storm sequences are identified from these storms (Fig-
ure 2.4). Harley (2017) described three essential parameters to identify storms from
wave records:

1. a threshold of the offshore (significant) wave height Hs,lim;

2. a minimum storm duration Dmin; and

3. the “meteorological independence criterion” I.

Waves exceeding the pre-selected threshold wave height Hs,lim for a duration
longer than Dmin are taken as storm waves (dashed line in Figure 2.4). This approach
is well-known as the peak-over-threshold (POT) method (Goda, 2010). Hs,lim has
commonly been defined as the 95th percentile of the wave record (e.g. Splinter et al.,
2014; Castelle et al., 2015; Harley, 2017), which intrinsically accounts for the modal
wave conditions (Harley, 2017). The “meteorological independence criterion” I refers
to the duration for which the wave height can drop below Hs,lim without defining a
new storm for the subsequent exceedance of Hs,lim. While Hs,lim is a fundamental
parameter to identify storms from wave records, Dmin and I are not defined in every
study (as will become further evident in Section 2.3.2).

To identify which storms are members of sequences and which storms are indi-
vidual events, a time interval tr to separate storm sequences needs to be defined.
Some studies refer to this time as “recovery period” (e.g. Dissanayake et al., 2015a),
implying a link between tr and the morphological evolution. Therefore, the term

Time

Wave
height

Storm sequence

S1 S2 S3 S4

�t3 > tr

D1 D2 D3 D4

�t2 < tr�t1 < tr

Hs,lim

Figure 2.4: Definition of a storm sequence (consisting of storms S1–S3 ) and important parameters:
the threshold wave height Hs,lim, the storm duration D, the time interval between storms ∆t and
the separation time tr.
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“separation time” is used as a more generic description of tr in this thesis. In Fig-
ure 2.4, the first three storms (S1, S2 and S3) are members of the same sequence
because the time intervals ∆t between the storms is less than the separation time tr.
The fourth storm (S4) does not belong to the storm sequence because ∆t3 exceeds
tr.

In several studies, it can be observed that the thresholds of the parameters to
define storms and storm sequences are not very rigidly applied. For instance, Vous-
doukas et al. (2012) counted one event as a storm that resulted in considerable beach
profile change even though the pre-defined storm wave height threshold was not ex-
ceeded. Similarly, Coco et al. (2014) considered one event as a storm that did not
exceed the threshold wave height but lasted for a long time compared to other events
in the sequence and generated important beach changes. Also Loureiro et al. (2012)
reported that in the identified storm sequences not every storm exceeded Hs,lim.
These studies usually comprised relatively short periods (one month in Vousdoukas
et al. (2012) and Coco et al. (2014) and two years in Loureiro et al. (2012)) so that
peculiarities of each high energy event can be taken into account when identifying
storms and storm sequences.

2.3.2 Quantitative definitions of storm sequences at field sites

Quantitative definitions of storm sequences have been presented for sites in the USA,
Europe and Australia. These quantifications, including thresholds for storm wave
heights and separation times, are summarised in Table 2.1. Note that the table
only presents studies with a quantitative definition of storm sequences. For instance,
Castelle et al. (2007, 2008) studied the impact of a storm sequence at Broadbeach,
Gold Coast, Australia, but did not present a general definition of storm sequences
and, hence, it is not listed here. The study by Birkemeier et al. (1999) presents an
extension of the work by Lee et al. (1998) using an extended period of time and
a modified storm definition. The storm definition applied by Karunarathna et al.
(2014a) originates from Lord & Kulmar (2000) and Kulmar et al. (2005, 2013), who
extensively presented the collection of wave data and an analysis of the wave climate
along the coast of New South Wales, Australia.

Table 2.1 reveals that quantitative definitions of storm sequences have been es-
tablished for the following three major geographical regions:

21



Chapter 2: Background

• the Australian East Coast (Narrabeen Beach (Karunarathna et al., 2014a) and
the Gold Coast (Splinter et al., 2014));

• the European West Coast/European Atlantic Coast (three sites in Portugal
(Ferreira, 2005; Loureiro et al., 2012; Vousdoukas et al., 2012), two sites in
France (Coco et al., 2014; Angnuureng et al., 2017), and one site in the UK
(Dissanayake et al., 2015a,b,c)); and

• the East Coast of the US/US Atlantic Coast (Duck, North Carolina (Lee et al.,
1998; Birkemeier et al., 1999)).

The data sets in Table 2.1 cover a wide variety of wave regimes (as indicated by
the different storm wave height thresholds) and tidal ranges. Most of the studied data
sets were obtained in a micro-tidal environment (Lee et al., 1998; Birkemeier et al.,
1999; Karunarathna et al., 2014a; Splinter et al., 2014; Morales-Márquez et al., 2018),
a few in meso- and macro-tidal environments (Loureiro et al., 2012; Coco et al., 2014;
Angnuureng et al., 2017) and Sefton Coast is a mega-tidal environment (Dissanayake
et al., 2015a,b,c).

From Table 2.1 it becomes evident that the quantitative definition of storms
and storm sequences is site-specific. The definition depends on the method and
on the specific wave records that are used to identify storms. For instance, Coco
et al. (2014) and Angnuureng et al. (2017) studied storm sequence effects at beaches
located approximately 50 km away from each other at the Bay of Biscay and used
slightly different wave heights to identify a storm. Nevertheless, because the data in
Table 2.1 were obtained at several sites around the world, the table provides useful
precedents for defining storm sequences at further sites.

The data sets in Table 2.1 span periods between three weeks and 20 years. Ob-
servation periods of several years to decades comprise several storm sequences, which
can be used for a more general comparison of the influence of storm sequences com-
pared to individual storms. In contrast, the focus of short observation periods is
the investigation of the immediate influence of a particular storm sequence on beach
evolution.
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Table 2.1: Field data sets and associated definitions of storms and storm sequences. The threshold wave heights Hs with asterisks mark the threshold
conditions defined using the 95th percentile. 1From Lee et al. (1998). 2From Turner et al. (2016).

Study site Threshold
conditions

Dmin tr Study period Mean offshore
wave conditions

Reference(s)

Duck, N.C., Field Re-
search Facility, USA

Hs > 4m - - ca. 10 years
(1981–1991)

Hs = 1m,
Tp = 8.3 s

Lee et al. (1998)

Duck, N.C., Field Re-
search Facility, USA

Hrms > 3.15m
(Hs > 4.45m)

> 12 hours < 40 days ca. 18 years
(1981–1998)

Hs = 1m,
Tp = 8.3 s 1

Birkemeier et al. (1999)

Northwest Portuguese
Coast

Hs > 6m - < 21 days between storm
peaks or < 14 days between
end and start of storms

ca. 12 years
(1981–1992)

Hs = 2.2m,
Tp = 11.4 s

Ferreira (2002, 2005)

Narrabeen Beach, New
South Wales, Australia

Hs > 3m > 1 hour < 9 days ca. 20 years
(1981–2000)

Hs = 1.6m,
Tp = 10 s 2

Karunarathna et al. (2014a)

Biscarrosse Beach, South-
west France

Hs * > 3.68m > 12 hours < 10 days ca. 6 years
(2007–2012)

Hs = 1.4m,
Tp = 6.5 s

Angnuureng et al. (2017)

Faro Beach, South Portu-
gal

Hs > 3m - < 30hours 21days
(2009–2010)

Hs = 0.92m,
Tp = 8.2 s

Vousdoukas et al. (2012)

Truc Vert Beach, Atlantic
Coast, France

Hs > 4.1 m,
Tp > 10.1 s

- between 3 and 5 days ca. 1month
(2008)

Hs = 1.4m,
Tp = 6.5 s

Coco et al. (2014)

Sefton Coast, Liverpool
Bay, UK

Hs > 2.5m > 1 hour > 12 hours; < 1month ca. 2months
(2013–2014)

Hs = 0.5m,
Tp = 5 s

Dissanayake et al. (2015a,b,c)

Cala Millor, Northeast
Coast of Mallorca, Spain

Hs > 1m > 6 hours Between 1 and 3 days ca. 2weeks
(2014)

Hs< 0.9m,
Tp = 4–7 s

Morales-Márquez et al. (2018)

Gold Coast, Queensland,
Australia

Hs * > 2m - between a few days to less
than 2months

ca. 6months
(1967)

- Splinter et al. (2014)

Southwest Portugal Hs > 5m - - ca. 2 years
(2007–2009)

Hs = 1.5–2m,
Tp = 9–13 s

Loureiro et al. (2012)
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The presented long-term data sets provide an insight into the frequency of the
occurrence of storm sequences at different sites (Table 2.2). This frequency strongly
varies between sites among which Narrabeen Beach is the most frequently affected
by storm sequences. Narrabeen Beach is subjected to an energetic wave climate
with storm events almost all year round, which frequently cluster in sequences
(Karunarathna et al., 2014a, 2016). For Biscarrosse Beach it has to be considered
that possibly not all storm sequences were taken into account due to gaps in the data
(Angnuureng et al., 2017).

Table 2.2: Frequency of storm sequence occurrence at different field sites. Study periods are given
in Table 2.1; nseq is the number of storm sequences over the study periods.

Site nseq Frequency Reference

Duck, N.C., USA 4 0.4/year Lee et al. (1998)

Duck, N.C., USA 10 0.56/year Birkemeier et al. (1999)

Northwest Portuguese Coast 15 1.25/year Ferreira (2005)

Narrabeen Beach, Australia 80 4/year Karunarathna et al. (2014a)

Biscarrosse Beach, France 13 2.17/year Angnuureng et al. (2017)

2.3.3 Quantification of the forcing of storm sequences

Three parameters have primarily been used in the context of storm sequences to
quantify the power of individual storms and of entire sequences. These parameters
are the integrated wave power Ps (e.g. Splinter et al., 2014), the maximum storm
power index Pmax (e.g. Karunarathna et al., 2014a) and the integrated storm power
index P (e.g. Dissanayake et al., 2015a; Angnuureng et al., 2017). Ps, Pmax and P
represent measures of the power of each identified storm. For sequences of storms,
the cumulative (or total) power index of a sequence is defined as the sum of the
measure of storm power used (Pmax, P or Ps).

Splinter et al. (2014) used the time-integrated offshore wave power Ps to assess
the effect of storm sequences on beach evolution. Ps is calculated as the product of
time-integrated wave energy E and group velocity cg. E is obtained as:

E =
∫ t2

t1

1
8ρgH

2
rmsdt, (2.1)
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where t1 and t2 indicate the start and end time of the wave condition, Hrms is the
root mean square wave height, ρ is the density of water and g is the gravitational
acceleration.

Using cg = gT
4π (for deep water) (e.g. Holthuijsen, 2008) yields:

Ps =
∫ t2

t1

ρg2

32πH
2
rmsTdt, (2.2)

where T is the wave period (typically the peak period Tp or the significant wave
period Ts).

For a Rayleigh distribution of waves Hs =
√

2Hrms (e.g. Holthuijsen, 2008) and
hence:

Ps =
∫ t2

t1

ρg2

64πH
2
s Tdt. (2.3)

Splinter et al. (2014) found that both the cumulative wave power and the cumu-
lative wave energy were similarly related to the eroded dry beach volume, indicating
that both parameters can be used to study beach changes due to storm forcing.

While Ps is the physical quantification of wave power (e.g. Holthuijsen, 2008),
proxies to quantify the forcing of wave conditions have also frequently been used.
Dolan & Davis (1992, 1994) defined the maximum storm power index Pmax, which
they referred to as “relative storm power”. Pmax is obtained from the maximum
significant wave height Hs,max during a storm and the duration D of a storm as:

Pmax = H2
s,maxD. (2.4)

Using Pmax, Dolan & Davis (1992, 1994) defined five storm classes and qual-
itatively described the coastal impact of these storms in terms of beach erosion,
overwash and property damage. The higher Pmax, the more severe the anticipated
damage to the beach (Dolan & Davis, 1992, 1994; Karunarathna et al., 2014a). Fur-
ther definitions for storm severity, which solely account for the peak storm wave
height, exist, such as the “storm severity index” (You & Lord, 2008). This shows
that the wave height is generally recognised as one of the most crucial parameters
to determine storm severity.

Dissanayake et al. (2015a) and Angnuureng et al. (2017) presented a modified
version of the power index that accounts for the wave height variation during a wave
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condition:
P =

∫ t2

t1
Hs(t)2dt. (2.5)

P avoids overestimation of the storm power that results from computing Pmax

using the maximum significant wave height during a storm. It should be noted that
P is directly related to the wave energy through a factor that involves the density of
water ρ and the gravitational acceleration g, more specifically P/E = 16/ρg. Pmax

and P are relatively simple descriptors, accounting for two important factors (wave
height and duration), to determine the power of a wave condition.

2.3.4 Storm sequencing and beach response

Methodologies to study beach response to storm sequencing

Beach evolution under varying wave forcing has been studied using field measure-
ments, numerical modelling and laboratory experiments. These methodologies are
often combined in order to improve measurement and modelling techniques or to
obtain more detailed insights into morphodynamic processes. Figure 2.5 shows the
major links between the methodologies.

Field
measurements

Numerical
modelling

Laboratory
experimentsPrototype

Comparison

Validation
Study further

scenarios

Validation

Figure 2.5: Methodologies to study beach morphodynamics and their major links.

Field measurements have been the main tool to study storm sequences and beach
response (e.g. Lee et al., 1998; Birkemeier et al., 1999; Ferreira, 2002, 2005; Loureiro
et al., 2012; Vousdoukas et al., 2012; Coco et al., 2014; Angnuureng et al., 2017). Field
measurements allow the investigation of the influence of storm sequences on beach
evolution under natural conditions. However, natural conditions are highly variable
and different aspects of storm sequence effects cannot be isolated and controlled. A
major issue regarding the study of storm sequences using field measurements is the
availability of suitable data sets. Usually, data sets do not span the long (decadal)
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periods of time required for determining a general definition for storm sequences at a
site (however see Harley et al., 2011; Turner et al., 2016, for a summary of available
decadal morphological monitoring programmes). In addition, limited frequency of
beach profile measurements (usually monthly or less frequent) does not permit direct
investigation of storm effects on beach evolution (Wolf, 1994; Karunarathna et al.,
2014a).

To overcome some of the limitations when using field measurements, process-
based numerical models (typically XBeach) have often been used. The main appli-
cations for process-based models in the context of storm sequencing have been:

• the comparison of the influence of storm sequencing against the influence of
individual storm events on beach evolution using historic (Dissanayake et al.,
2015a,b,c) and future (Dissanayake et al., 2016) storm sequence scenarios;

• the investigation of the erosive effect of different storm chronologies (Splinter
et al., 2014; Dissanayake et al., 2015c); and

• the determination of pre- and post-storm beach profiles where profile mea-
surements did not match the storm occurrence (Karunarathna et al., 2014a;
Morales-Márquez et al., 2018).

Numerical modelling allows perfect control of the input storm sequence condi-
tions, hence permitting the investigation of defined storm sequence scenarios. On
the other hand, numerical models require extensive calibration, accumulate numer-
ical errors during simulation times, which is critical for long sequences, and they
show rather poor performance when it comes to modelling recovery phases (van Rijn
et al., 2011), even though recent studies have shown the capability of process-based
models to simulate beach recovery (Pender & Karunarathna, 2013; Karunarathna
et al., 2014a).

Compared to field measurements and numerical modelling, studies based on labo-
ratory experiments that investigate storm sequencing and beach evolution are scarce.
Laboratory experiments allow the precise definition of storm sequence conditions, in-
cluding the wave conditions, storm chronology as well as initial beach morphologies.
In addition, detailed temporal-spatial measurements of beach profile evolution and
hydrodynamic parameters can be obtained in laboratory experiments. On the other
hand, there are also shortcomings of laboratory experiments. These shortcomings
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include the large resources (time, capital and manpower) required to run long se-
quences of alternating high and low energy wave conditions, especially at large-scale.
In addition, laboratory experiments are a representation of real conditions, typically
run at a model scale. Hence, scale effects can occur, even though these are usu-
ally small for experiments in large-scale wave flumes (Sánchez-Arcilla et al., 2011).
Furthermore, accurate wave generation is often complex in laboratory facilities and
seiching (i.e. a standing wave) and spurious free long waves (i.e. long waves that
are not bound to the wave groups) might be present due to limitations in the ac-
tive wave absorption system (Dean & Dalrymple, 1991; Hughes, 1993). Although
in morphodynamic studies seiching and spurious waves are usually of small magni-
tudes compared to the incident wave components (e.g. Sánchez-Arcilla et al., 2011;
Alsina et al., 2016), it needs to be ensured that seiching and spurious waves are not a
dominating component in order to reduce their influence on sediment transport and
beach evolution.

One of the few laboratory experiments comprising storm sequences is the medium-
scale measurement campaign presented by Gravois et al. (2016). They performed
experiments on a 1/15 sloped beach profile that comprised two immediately con-
secutive storm events, i.e. without a recovery period between the two events. To
investigate the influence of the chronology of the storms in a sequence, each sequence
was carried out twice, where the order of the two storms was reversed the second
time. An important finding of their work was that the beach profile resulting from a
highly energetic event was very similar in both cases, regardless of whether it started
from a plane beach profile or from the morphology after the antecedent weaker storm.

Beach response to storm sequencing

The central question in the field of beach response to storm sequencing is whether
a storm sequence generates cumulative beach erosion, i.e. the effect of the storms
within the sequence adds up. Increased erosion, which means that storm sequences
generate more erosion than individual storms of equivalent power, has also been re-
ported (e.g. Karunarathna et al., 2014a). Using field measurements and numerical
modelling, several studies also reported that storm sequences with small return pe-
riods can induce the same erosion as an individual storm with a much higher return
period (Cox & Pirrello, 2001; Ferreira, 2002, 2005; Karunarathna et al., 2014a). This
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means that the impact of storm sequences on beach erosion is underestimated. On
the other hand, recent studies support beach evolution towards equilibrium under
storm sequence conditions, suggesting no increased erosive effect (e.g. Coco et al.,
2014; Morales-Márquez et al., 2018).

Lee et al. (1998) and Birkemeier et al. (1999) reported increased beach erosion
due to the occurrence of storm sequences. They suggested the “destabilising hy-
pothesis” to describe the influence of storm sequencing on beach response. The
“destabilising hypothesis” works on the assumption that fast offshore bar migration
during storms leaves a bed with loosely packed sediment that is easily remobilised.
Similarly, Forsberg et al. (2018) described increased erodibility during subsequent
storms in a coastal lagoon due to the early storms having left the bed with a top
layer of sediment that is easily resuspended. Consequently, the early storms in a
sequence destabilise the bed, which is prone to further erosion during the following
storms.

Particular attention has been paid to the most extreme storm in a sequence.
As described above, Gravois et al. (2016) performed wave flume experiments and
found that very energetic conditions generated the same beach profile regardless of
whether it occurred first or second in a sequence of two storms. This shows the large
impact of extreme storms and indicates that, for the effect of an extreme storm, the
storm chronology is of minor importance. The numerical study by Dissanayake et al.
(2015c) supports this finding. Their results showed that the upper beach volume that
eroded during an extreme storm is very similar and almost consistently the largest in
the sequence regardless of whether a weaker storm occurred beforehand. Coco et al.
(2014) investigated the case in which the most extreme storm occurs at the beginning
of the sequence. They found that, because the first storm caused strong erosion,
the following weaker storms had a minor erosive effect. These studies highlight the
importance of very energetic storms and they support an equilibrium concept stating
that storm sequences do not cause cumulative erosion (see also Section 2.5).

Overall, the number of studies on beach changes in response to storm sequences
is limited and results are not always in line with each other. While some studies
report increased erosion due to storm sequences, other investigations report beach
evolution towards equilibrium and limited erosion during a subsequent storm.
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2.4 Beach recovery

Traditionally, beach recovery has been associated with low energy wave conditions
while beach erosion has been linked to high energy waves (e.g. Birkemeier, 1979;
Cáceres et al., 2008; Masselink et al., 2016). The recovery of beaches has usually
received less scientific attention than beach evolution during high energy conditions,
although the number of numerical and field studies on post-storm recovery is increas-
ing (e.g. Pender & Karunarathna, 2013; Scott et al., 2016; Dodet et al., 2019; Phillips
et al., 2019). The number of laboratory experiments in which low energy wave condi-
tions were used is also limited. Some of these experiments indicated that, during low
energy waves, beach profile changes associated with beach erosion can continue, such
as continuing shoreline erosion (Sánchez-Arcilla et al., 2011; Baldock et al., 2017).
This shows that, at least in laboratory experiments, relating beach profile response
to high and low energy wave conditions is not always straightforward.

In terms of storm sequencing and beach evolution, most previous research has
also focused on the erosive impact of the storms rather than the interspersed beach
recovery (see Section 2.3). Most studies acknowledge that the beach recovers to a
certain extent between successive storms but usually the beach recovery is considered
small and is therefore neglected. This is particularly the case in studies using process-
based numerical models (Splinter et al., 2014; Dissanayake et al., 2015a,b). In these
models, the post-storm profile is usually employed as the initial profile of a subsequent
storm.

Beach recovery has been studied using different parameters of which the most
commonly used are:

• the recovery of the shoreline location (e.g. Phillips et al., 2017; Angnuureng
et al., 2017);

• the recovery of a previously eroded sediment volume (e.g. Birkemeier et al.,
1999; Castelle et al., 2007; Biausque & Senechal, 2019); and

• the change to a pre-defined beach state, such as the modal beach state (e.g.
Ranasinghe et al., 2012).

The shoreline location is a widely used parameter to study overall advancement
or recession of beaches. Shoreline recovery was shown to be influenced by the prox-
imity of the bar to the shoreline in several studies (e.g. Phillips et al., 2017, 2019;
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Angnuureng et al., 2017), where welding of the bar to the shoreline can lead to rapid
shoreline advancement.

Recovery of previously eroded sediment volumes usually refers to the recovery of
the upper beach volume. The submerged beach can often experience an increase in
sediment volume during storm events that is eroded from the inner surf and swash
zones and results in growth of nearshore bars. This sediment volume can contribute
to the recovery of the upper beach during low energy conditions.

Recovery times can vary depending on the studied parameter to quantify beach
recovery. For instance, Birkemeier et al. (1999) studied storm sequencing and beach
response at Duck, North Carolina, USA using beach profile and offshore wave mea-
surements. They performed a sediment budget analysis and used a recovery time of
40 days to separate storm sequences. Ranasinghe et al. (2012) studied ARGUS video
data from the same site and, by investigating changes in the beach state, suggested
a recovery time of seven days, which had, however, a high standard deviation of five
days. These differences highlight that the determination of a recovery time depends
on the studied parameter, the type of measurements and is, to a certain extent, a
subjective quantification.

Beach recovery times have been considered to be essential for the study of storm
sequencing. Beach recovery times ideally determine the separation time for the
definition of storm sequences (see Section 2.3.1) and it has been postulated that
limited recovery can increase beach vulnerability during a subsequent storm (e.g.
Lee et al., 1998; Birkemeier et al., 1999; Forsberg et al., 2018). However, in contrast,
Scott et al. (2016) reported that storms eroded larger volumes of sediment if they
made landfall on a fully recovered beach due to increased sediment availability. The
latter is in line with the concept of equilibrium-type beach evolution (Wright et al.,
1985; Yates et al., 2009), which is described in more detail in the following section.

2.5 Equilibrium beach concept

The equilibrium beach concept presents a widely accepted concept when studying
beach morphodynamics. The equilibrium beach concept states that, for a given wave
condition, the beach morphology evolves towards a stable, i.e. equilibrium, condition
with no sediment transport gradients (Wright & Thom, 1977; Zhou et al., 2017). In
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most cases, a strict equilibrium condition is not reached and, hence, researchers often
refer to a quasi-equilibrium where beach changes are not exactly zero but approach
zero (Wright & Thom, 1977; Zhou et al., 2017). Under laboratory conditions, a stable
(equilibrium) profile can be approached closely because the same wave conditions can
be run for a long duration. Several studies comprising wave flume experiments of
different scales reported the evolution of the beach towards an equilibrium profile (e.g.
Grasso et al., 2009; Baldock et al., 2017; Bayle et al., 2020). Under natural conditions,
however, wave conditions are not constant for a long time. Since beach response times
are usually larger than the timescales of wave height variability, beach features, such
as breaker bars, are out of equilibrium (i.e. in disequilibrium) most of the time
but consistently evolve towards an ever-changing equilibrium condition (Pape et al.,
2010). The disequilibrium of the beach profile is defined as the difference between
the antecedent profile and the equilibrium profile of the incident wave condition.

Several studies have highlighted the importance of the beach equilibrium con-
cept for storm sequence conditions (e.g. Coco et al., 2014; Angnuureng et al., 2017;
Morales-Márquez et al., 2018). Equilibrium evolution for storm sequences means
that the beach evolves towards an equilibrium that is specific to each storm in a
sequence as well as to the low energy conditions in between the storms. Because
the beach does not have much time to recover in between storm events, storms that
occur later in a sequence become less effective in eroding the beach. Consequently,
storms in a sequence would not necessarily lead to cumulative beach erosion.

The antecedent beach morphology is particularly important for beach evolution
towards equilibrium under storm sequence conditions because storms in a sequence
make landfall on varying morphologies. The antecedent morphology determines how
far the beach is from the equilibrium configuration, i.e. the extent of the disequi-
librium, for the incident storm condition and, hence, how much erosion a storm
generates for the beach to reach the equilibrium configuration.

2.5.1 Equilibrium beach states

Wright & Short (1984) presented the concept of the equilibrium beach states that
result from dominant surf zone wave forcing for wave-dominated beaches. This con-
cept built on previous works by Short (1979) and Wright et al. (1979). Using beach
surveys and hydrodynamic measurements from numerous beaches with contrasting
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2.5 Equilibrium beach concept

environments around Australia, Wright & Short (1984) classified six beach states
(Figure 2.6). These beach states range from dissipative to reflective beaches, cor-
responding to high and low energy beaches, respectively. In between these two
extremes, four intermediate beach states are defined.

High energy beaches Low energy beachesIntermediate energy beaches

Dissipative

- "storm" profile

- low gradient surf zone

- spilling breakers

Reflective

- "accreted" profile

- steep beachface

- surging breakers

Longshore

bar-trough

Rhythmic bar

and beach

Transverse

bar and rip

Ridge-runnel

Figure 2.6: Spectrum of beach states described in Wright & Short (1984).

Each beach state is characterised by certain morphological beach features of which
the bar and the berm are two of the most striking in the two-dimensional plane. A
bar and a small onshore berm are generally associated with higher energy beach
states (Wright & Short, 1984) where the bar promotes wave breaking and wave
energy dissipation (Gallagher et al., 1998; Hoefel & Elgar, 2003; Mariño-Tapia et al.,
2007; Baldock et al., 2017). A large and wide berm is generally associated with low
energy beaches (Wright & Short, 1984). The presence of a berm has been linked
to berm overwash and sediment accumulation on the berm crest (Weir et al., 2006)
and the horizontal sediment advection and the consequent cross-shore distribution
of sediment transport (Alsina et al., 2005, 2018).

2.5.2 Mean equilibrium profile

The evolution of the beach profile towards equilibrium in response to the incident
wave conditions is associated with the evolution and migration of beach features,
such as bars and the berm. However, over longer, i.e. annual timescales, it can be
observed that the profile of a beach is represented by a relatively smooth concave
curve (“long-term mean equilibrium profile”) (Bruun, 1954; Dean, 1991; Goda, 2010;
Karunarathna et al., 2016).

An expression for this mean equilibrium profile was developed by Bruun (1954)
as:

h(x) = Ax2/3, (2.6)

where h is the water depth at a cross-shore location x and A (with the dimen-
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sion of m1/3) is the profile scale parameter. Using this equilibrium beach profile
shape, Bruun (1962) derived an expression for shoreline recession due to sea level
rise (“Bruun rule”) from geometric considerations. The applicability of Equation
2.6 has been shown for various field sites using long-term beach profile data (e.g.
Karunarathna et al., 2016).

The mean equilibrium profile highlights that the beach evolves towards equilib-
rium at different timescales, including the long-term evolution described by Equation
2.6, while there is also event-scale evolution in response to the incident wave con-
ditions (e.g. Pape et al., 2010) as well as evolution at much shorter (instantaneous)
timescales, such as in between swash events (e.g. Blenkinsopp et al., 2011a; van der
Zanden et al., 2019) (see also Figure 2.3).

2.6 Conclusions

The beach system (“active beach profile”) extends from its onshore boundary at the
maximum runup location to the depth of closure at its offshore boundary. The beach
system can be divided into three main zones according to their hydrodynamic and
associated morphological characteristics: the swash, the surf and the shoaling zones.
The beach morphology evolves in response to changes in the wave conditions. Wave
conditions are typically distinguished as high and low energy wave conditions and
associated with beach erosion and recovery, respectively. Beach recovery has tradi-
tionally been less well studied than processes of beach erosion, although recovery of
beaches is considered essential to restore beach resilience against subsequent storms.

If several high and low energy wave conditions alternate in close temporal succes-
sion, they are referred to as a storm sequence. The influence of storm sequences on
beach profile evolution is not well understood. While some studies reported cumula-
tive or even increased beach erosion due to storm sequences, other studies reported
that storms that occur later in a sequence become less and less effective in eroding
the beach, which is in line with equilibrium beach evolution.

Most of the existing studies used field measurements and numerical modelling to
investigate beach response to storm sequencing. Quantitative definitions for storm
sequences have only been presented for a limited number of field sites but they provide
useful precedents for the definition of storm sequences at further sites. Compared
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to field measurements and numerical modelling, laboratory experiments comprising
storm sequencing are scarce. The limited number of laboratory experiments and the
complexity of beach response under storm sequences highlight the demand for fur-
ther investigations, including laboratory experiments. Investigating beach evolution
under controlled laboratory conditions and obtaining detailed temporal-spatial mea-
surements will improve the understanding of isolated factors that influence beach
evolution during storm sequences, including the investigation of beach recovery and
the influence of the antecedent morphology.
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3
Beach profile evolution under high

and low energy wave conditions in

large-scale experiments

3.1 Introduction

As highlighted in Chapter 2, traditionally, research on coastal morphodynamics has
focused on beach evolution under high energy wave conditions, such as major storm
events, often neglecting subsequent low energy conditions (e.g. Morton, 1976; Birke-
meier, 1979; Kalligeris et al., 2020). This is likely because storm events are associated
with most severe beach changes, which can have devastating impacts for human ac-
tivities at the coast (e.g. Costas et al., 2015). In addition, sediment transport and
beach evolution occur more slowly under low energy conditions (Kriebel & Dean,
1993; Pape et al., 2010; Morales-Márquez et al., 2018) with smaller sediment concen-
trations, which makes data acquisition more challenging and requires much longer
experimental durations. However, low energy wave conditions following a storm are
essential to understand the resilience of beaches and their evolution on a timescale
longer than the duration of a storm event.

Therefore, in the present chapter, beach profile evolution under one high energy
followed by one low energy wave condition is studied using three large-scale labora-
tory data sets of morphological and hydrodynamic measurements. A specific focus
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3.2 The SANDS and WISE IV data sets

of this chapter is the evolution of the breaker bar and its coupling with the wave
conditions. This analysis is relevant for an improved understanding of beach profile
evolution under high energy wave conditions and post-storm recovery. It is also of in-
terest for storm sequencing as it can serve as a benchmark case when studying beach
response to several successive storm events where further aspects, such as varying
initial morphologies, can affect beach response.

This chapter starts with a description of the experimental setup. Subsequently,
the beach profile evolution with a focus on the breaker bar dynamics is studied.
Differences in breaker bar evolution between the wave conditions are identified and
linked to sediment transport patterns. The identified breaker bar evolution is com-
pared against numerous other large-scale beach profile data and the results are dis-
cussed. Most of the work presented in this chapter has been published in Eichentopf
et al. (2018).

3.2 The SANDS and WISE IV data sets

The data studied in this chapter were acquired in the SANDS and WISE IV EU
funded HYDRALAB projects in the Canal d’Investigació i Experimentació Marítima
(CIEM) at the Universitat Politècnica de Catalunya (UPC) in Barcelona, Spain (see
Figure 1.1 for photographs of the CIEM flume). The experimental setup of SANDS in
Barcelona was described in detail by Alsina & Cáceres (2011); detailed information
on the WISE IV project can be found in Cáceres & Sánchez-Arcilla (2015). This
section summarises the most relevant aspects of the experimental setup.

3.2.1 Wave flume and measurements

The CIEM is a large-scale wave flume of 100m length, 3m width and 4.5m depth.
The water depth at the wave paddle h0 was 2.47m in SANDS and 2.5m in WISE IV.
In the CIEM, waves are generated by a wedge-type wavemaker for which steering
signals are based on first-order wave generation. Active absorption was not used as
reflection of the short wave is minimal because of wave breaking energy dissipation
on the beach slope. In addition, the long wave components are of low frequencies for
which active absorption is known to be less effective (Baldock et al., 2000), primarily
due to a limited paddle stroke compared to the long wave lengths (Hughes, 1993).
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Chapter 3: Beach profile evolution in large-scale experiments

Seiching and spurious waves associated with first-order wave generation are addressed
in Section 3.2.2.

The wave paddle is installed at the deep water end of the wave flume. An initial
plane beach profile was manually created using well-sorted, commercial sand with a
narrow grain size distribution (d50 =0.25mm, d10 =0.154mm, d90 =0.372mm) and a
measured sediment settling velocity of ws =0.034m/s (e.g. Cáceres & Alsina, 2012).
The grain size parameters d10, d50 and d90 are the 10th, 50th and 90th percentiles
obtained from the cumulative sediment grain size distribution, i.e. 10%, 50% and 90%
of the total sediment mass are smaller than d10, d50 and d90, respectively (see Figure
A.4 in Appendix A for an example of a cumulative sediment grain size distribution).

The beach profile was measured using a mechanical profiler, which moves along
the centre line of the flume. The bed profile measurements had a spatial resolution
of ∆x = 0.02m and an estimated vertical accuracy of 0.01m (Baldock et al., 2011).
Beach profile data were obtained approximately every 30min in WISE IV and at
varying time intervals in SANDS (average time intervals of 115min).

The time-varying water surface elevation was measured during tests of approx-
imately 30min in both SANDS and WISE IV. The experimental setup to acquire
water surface elevation data is shown in Figure 3.1 (WISE IV consists of WISE 1
and WISE 2 as described in Section 3.2.2). Resistive wave gauges (RWGs), pressure
transducers (PTs; only applied in WISE IV) and acoustic wave gauges (AWGs) were
placed along the flume to measure the water surface elevation in the deep water part
of the flume and the shoaling region (primarily by RWGs) as well as in the surf and
swash zones (primarily PTs and AWGs). The spatial resolution of the measurements
of water surface elevation was usually circa 3m in the deep water part of the flume
and the shoaling region, and circa 1m in the surf and swash zones.

The experiments were performed in a large-scale facility and, hence, the exper-
imental scale is close to real conditions and scale effects can be considered small
(Sánchez-Arcilla et al., 2011). The SANDS experiment was part of a project in
which beach profile evolution in the CIEM flume was compared to prototype condi-
tions (GWK wave flume in Hanover, Germany) applying undistorted geometric and
Froude scaling with a geometric scale relationship of approximately 1:2. The results
showed very good agreement of the beach profile evolution between the different
flumes (Sánchez-Arcilla et al., 2011), which means that the results correspond to a
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Figure 3.1: Experimental setup at the start of SANDS, WISE 1 and WISE 2.

geometric scaling relation of approximately 1:2.

3.2.2 Wave conditions

Starting from the initial 1/15 sloped beach profile, a test series of high energy followed
by a test series of low energy wave conditions were run. In WISE IV this procedure
was carried out two times, i.e. after the first high and subsequent low energy wave
conditions, the beach profile was reshaped to its initial 1/15 slope and high and
subsequent low energy wave conditions were run for a second time. Therefore, the
present work refers to WISE IV as two experiments: WISE 1 comprising the first
high and its subsequent low energy wave conditions and WISE 2 consisting of the
second high and its subsequent low energy wave conditions. Hence, each experiment
(SANDS, WISE 1 and WISE 2) consisted of one high and one subsequent low energy
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wave condition and each wave condition consisted of several tests, each test lasting
for circa 30min.

The wave conditions represented random waves with a Jonswap spectrum with
a peak enhancement factor of 3.3. Table 3.1 summarises details of the target wave
conditions at generation, including the significant wave height Hs, the peak period
Tp, the durationD of the wave conditions and the dimensionless sediment fall velocity
Ω. The dimensionless sediment fall velocity Ω is calculated as:

Ω = H

wsTp
, (3.1)

where H is a characteristic wave height (Aagaard & Masselink, 1999), which is taken
as the target Hs for the SANDS and WISE data. Ω has traditionally been used to
determine the overall tendency of a beach to erode or accrete under a given wave
climate (Gourlay, 1968; Dean, 1973; Dalrymple, 1992). Hs is commonly used as a
characteristic wave height for random waves. Some studies also use the root mean
square wave height Hrms, which can be obtained from the significant wave height as
Hrms = Hs/

√
2 (e.g. Holthuijsen, 2008).

Table 3.1: Target wave conditions in SANDS, WISE 1 and WISE 2: wave height Hs, wave period
Tp, dimensionless sediment fall velocity Ω and duration D of high and low energy wave conditions.

Experiment Hs (m) Tp (s) Ω (-) D (min)

High energy

SANDS 0.53 4.14 3.77 1410

WISE 1 0.47 3.7 3.74 240

WISE 2 0.47 3.7 3.74 240

Low energy

SANDS 0.32 5.44 1.73 1225

WISE 1 0.32 4.7 2.00 930

WISE 2 0.27 5.3 1.50 960

The high energy wave conditions and test durations were the same in WISE 1 and
WISE 2. This resulted in a similar profile in WISE 1 and WISE 2 at the end of the
high energy conditions from which the low energy conditions commenced. The low
energy wave condition was different in WISE 1 andWISE 2 with a much less energetic
condition in WISE 2 (smallest Hs and Ω). In SANDS, both the low energy wave
condition and the initial morphology from which the low energy condition started
were different from those in WISE 1 and WISE 2.
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A standing wave due to basin seiching with a frequency of f ≈ 0.024Hz was
observed after each test. This is close to the frequency of the seiching wave that was
previously reported from data obtained in the same wave flume but with different
wave conditions (Alsina & Cáceres, 2011; van der Zanden et al., 2018). Spectral
analysis of the water surface signal measured at 14.95m (SANDS) and at 7.72m
(WISE) from the wave paddle revealed typical amplitudes of < 1 cm at this frequency,
which is considered small compared to the amplitudes of the short wave frequencies.

Furthermore, spurious free long waves may occur due to limitations of the first-
order wave generation by the wave paddle and the absence of an active wave absorp-
tion system for long waves. For experiments in the same wave flume and involving
bichromatic waves, Alsina et al. (2016) reported that close to the wave paddle free
incident long waves represented up to 27% of the energy of the group frequency.
This means that < 1% of the total energy is due to spurious long waves. In addition,
Alsina et al. (2016) found that changes in the breaker bar location were explained by
variations in the breaking location with negligible influence of long waves. Therefore,
the influence of seiching and spurious long waves on short wave propagation, wave
breaking and the morphological evolution is expected to be small.

3.3 Data analysis

3.3.1 Water surface elevation

Water surface elevation data were obtained at more than 20 cross-shore locations in
each experiment. From these data, the significant wave height Hs is computed by
means of spectral analysis as Hs = 4√m0 wherem0 represents the zero order spectral
moment (e.g. Holthuijsen, 2008). The wave height to water depth ratio γ = Hs/h

is also calculated at each location of water surface elevation measurement where h
represents the local water depth accounting for wave set-up/set-down. The location
of depth-induced wave breaking xb is subsequently determined as the maximum of
the wave height to water depth ratio within the surf zone (e.g. Alsina et al., 2016;
Padilla & Alsina, 2017).
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3.3.2 Shoreline and bar definitions

The coordinate system used here is an x-z-coordinate system (see Figure 3.2). It
has its origin at the shoreline of the initial 1/15 sloped beach profile (intercept
between the still water level and the initial beach profile). The x-coordinate is the
horizontal coordinate, positive landward. The z-coordinate is vertically directed,
positive upwards. The water depth at the wave paddle is denoted by h0.

z

SWL (z = 0m)

z

x

x

Wave
paddle

Evolved
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Initial
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Initial
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Figure 3.2: Definition of coordinate system and profile parameters.

The shoreline and the breaker bar locations are frequently used indicators to
study beach response. Both can be defined for each measured beach profile. The
definition of the bar and the shoreline is illustrated in Figure 3.2. The shoreline
location x0 is the cross-shore location where the still water level (SWL) intersects
the profile, which is a well-defined and common approach for defining the shoreline
location in laboratory experiments (e.g. Grasso et al., 2011; Sánchez-Arcilla et al.,
2011; Baldock et al., 2017). Shoreline erosion (recovery) is defined as how much
the shoreline recedes (advances) in the cross-shore direction during a specified time
interval.

The breaker bar location xbar is defined as the cross-shore location of the maxi-
mum difference in elevation between the studied and the initial plane beach profile
(“global maximum elevation”) (following e.g. Alsina et al., 2012). The water depth
at the breaker bar is denoted by hbar. A smaller, secondary bar exists under some
wave conditions. This secondary bar is defined as the second largest local elevation
difference (see Figure 3.2).
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3.3.3 Sediment transport rates

The total sediment transport rate, i.e. suspended and bed load transport, can be
calculated using the sediment mass conservation. This equation is also known as the
Exner-equation after Exner (1925) who quantified bed level changes in rivers due to
the flow of water.

Using sediment mass conservation, the sediment transport rate q (in m3/s per
metre beach width or m2/s) at each cross-shore location xi can be obtained from the
change in bed elevation ∆zi during a corresponding time interval ∆t (e.g. Baldock
et al., 2011):

q(xi) = q(xi−1)−
∫ xi

xi−1
(1− ε)∆zi

∆t dx, (3.2)

where ε is the porosity of the sediment bed, which equals 0.4. The sediment transport
rate q is offshore-directed for negative values of q and onshore-directed for positive
values of q.

At both cross-shore boundaries of the sediment transport computation (closure
limits), the sediment transport rate computed with Equation 3.2 should be zero as
no sediment is transported beyond these limits. However, as known from previous
studies (e.g. Baldock et al., 2010, 2011; Gravois et al., 2016), q obtained from Equa-
tion 3.2 is often not equal to zero at the offshore closure limit. This deviation of q
from zero is primarily related to the accuracy of the profile measurements as well as
to the profile not being perfectly alongshore uniform. To ensure the condition of zero
sediment transport is met at the closure limits, any error in sediment volume when
computing sediment transport is distributed uniformly along the profile (following
Baldock et al., 2010, 2011).

3.4 Beach profile evolution

The evolution of the beach profiles is shown in Figure 3.3 for SANDS (top panels),
WISE 1 (middle panels) and WISE 2 (bottom panels). Left panels show the profile
evolution under high energy conditions; right panels refer to low energy conditions.
The initial 1/15 sloped profile (profile before high energy wave conditions) is shown
as a solid black line. For the low energy conditions (right panels) the final profile of
the high energy conditions is also shown (p(erosive)) as this is the profile from which
the low energy conditions commenced.
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Figure 3.3: Evolution of beach profiles (indicated by “p” in the legends) under high energy (left
panels) and low energy (right panels) wave conditions in SANDS, WISE 1 and WISE 2 at selected
time steps. Solid black lines indicate the initial 1/15 sloped profile.

Under high energy conditions (left panels), the shoreline erodes and a breaker
bar evolves from the initial plane beach profile and migrates offshore. A secondary
bar (smaller in size) develops just onshore of the breaker bar and migrates offshore
with it. At the end of the high energy wave conditions, the breaker bar in SANDS is
larger and located further offshore compared to the WISE experiments. The profile
evolution in WISE 1 and WISE 2 is very similar. This similar evolution was expected
because the same high energy wave condition was run in both experiments.

To further investigate the profile evolution, Figure 3.4 shows the breaker bar
and shoreline locations against time. Both the bar and the shoreline show fast
changes in the beginning of the high energy wave conditions and progressively slower
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changes with increasing experimentation time. This shows that the bar and the
shoreline evolve towards an equilibrium condition under the constant high energy
wave forcing. At the end of the high energy conditions, the difference between
the bar location in WISE 1 and WISE 2 is circa 0.4m; the difference in shoreline
location is circa 0.5m. These small differences are considered to be in the range of
accuracy for large-scale morphodynamic experiments, and are attributed to slight
deviations in the initial profiles and/or the wave generation. It is interesting to note
that the experiment with the slightly onshore located bar (WISE 1) corresponds to
a slightly more eroded shoreline. As a consequence, the distance between the bar
and the shoreline locations is almost exactly the same in the two experiments. This
further underlines the similarity between the profiles. As a consequence, the resulting
final high energy beach profiles in WISE 1 and WISE 2 from which the low energy
conditions commenced are considered to be the same.

Figure 3.4: (a) Breaker bar and (b) shoreline locations during high and low energy conditions
of SANDS (•), WISE 1 (•) and WISE 2 (•). Open circles indicate high energy conditions, solid
circles indicate low energy conditions. The shoreline location at t = 0min is zero.

After the change from high to low energy wave conditions, the breaker bar mi-
grates onshore (see right panels in Figure 3.3 and solid circles in Figure 3.4) and
evolves towards a relatively stable (quasi-equilibrium) location. The shoreline ini-
tially continues to erode in SANDS under low energy conditions before it slightly
recovers and eventually reaches a quasi-equilibrium. The shoreline in WISE 1 and
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WISE 2 shows minimal recession in the beginning of the low energy conditions and
quickly arrives at a stable location.

In all three experiments, the trough that is located onshore of x≈−5m continues
to deepen under low energy conditions (Figure 3.3). Sediment from the most onshore
part of the trough is likely to be transported onshore to supply the swash berm
that forms onshore of x≈ 4m in SANDS and both WISE experiments, in line with
previous studies (e.g. Alsina et al., 2018).

3.5 Breaker bar dynamics

A closer examination of the bar evolution under low energy conditions reveals im-
portant differences between the bar evolution pattern of the three experiments. To
illustrate the breaker bar evolution in more detail, Figure 3.5 shows all profiles ob-
tained under low energy wave conditions. Starting from the last profile obtained
at the end of the high energy wave conditions (lightest colour), the colours become
darker as time progresses.

In WISE 1 (Figure 3.5b) the breaker bar keeps the same shape during onshore
migration. Onshore bar migration primarily occurs in the very beginning of the low
energy wave conditions. In contrast, the bar in WISE 2 changes its shape during
onshore migration as it initially decays and subsequently rebuilds. The secondary bar
in both WISE 1 and WISE 2 remains at a relatively stable cross-shore location (at
x≈−6m) and eventually merges with the onshore migrating breaker bar. In terms
of the breaker bar in SANDS, Figure 3.5 suggests that the bar behaves similarly to
the bar in WISE 2: after an initial bar decay, i.e. reduction of the bar height, the bar
migrates onshore and rebuilds towards the end of the low energy wave conditions.

Following these observations of bar evolution, two patterns of breaker bar evolu-
tion under low energy wave conditions are distinguished for the present data: either
a breaker bar migrates onshore as a whole (WISE 1) or a bar decays and rebuilds
further onshore (SANDS and WISE 2). This is in contrast to the evolution of the
breaker bar under high energy wave conditions under which the bar seems to grow
continuously while migrating offshore (see panels a, c and d in Figure 3.3).

To investigate the breaker bar evolution in more detail, Figure 3.6 shows the bar
height zbar as a function of the corresponding cross-shore location xbar (see Figure 3.2
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Figure 3.5: Breaker bar evolution under low energy wave conditions. All profiles obtained under
low energy wave conditions are shown with colours changing from light to dark as time progresses.
Measurement intervals were circa 175min in SANDS and circa 30min in WISE 1 and WISE 2.
Dash-dotted lines represent the initial 1/15 sloped profile.

for the definition of the bar parameters). Left panels show the breaker bar evolution
under high energy conditions, right panels show the evolution under low energy
conditions. In the top panels (a and b) absolute values of the bar heights and bar
locations are shown, whereas bottom panels show values normalised by the values of
the last profile obtained under high energy wave conditions.

For high energy conditions, the bars form at an onshore location (diamonds in
panel a) and increase in height during offshore migration. Figures 3.6a and c reveal
an overall linear relationship for both the absolute and the normalised bar parame-
ters. The relationship of the absolute bar parameters are described by the following
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Figure 3.6: Bar height zbar against bar location xbar under high energy (left panels) and low
energy (right panels) wave conditions. Top panels (a and b): absolute bar height against absolute
bar location; bottom panels (c and d): bar height and bar location normalised by location and
height of the last profile obtained under high energy wave conditions (xe and ze); diamonds mark
the initial values; SANDS ( ), WISE 1 ( ), WISE 2 ( ); dots indicate the discrete
data points; linear fit ( ) using Equation 3.3. The abscissa is set vice versa in panels a and d
to make each graph be followed from left to right.

equation (with a coefficient of determination R2 =0.85):

zbar = −0.28− 0.05xbar, (3.3)

A linear increase of the bar height with offshore location has also previously been
reported by Ruessink & Kroon (1994) under field conditions. The linear growth of
the bar with offshore migration is particularly evident for SANDS and WISE 1. For
WISE 2, the bar grows slightly more slowly in the beginning, which can be related
to small differences in the bar evolution and/or to the discrete determination of the
bar parameters. As mentioned above (Figures 3.3 and 3.4), the bar evolves towards
an equilibrium state without further growth or offshore migration. The reduction
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of the variability of the bar parameters with increasing time occurs for both the
bar location and height and, hence, reaching a quasi-equilibrium situation does not
affect the linear relationship between the two variables shown in Figure 3.6a. If the
conditions were run for a much longer period of time until a full equilibrium situation
is reached, the bar parameters would be expected to stabilise around an equilibrium
point in Figure 3.6a.

For low energy conditions, breaker bar evolution cannot be condensed into a
single pattern as identified for high energy conditions. Figures 3.6b and d confirm
the previously observed two patterns of a non-decaying onshore migrating bar and
of a decaying bar that rebuilds further onshore. In WISE 1 the bar decreases its
height slightly and migrates onshore in the beginning of the low energy conditions.
Subsequently, the bar remains at a relatively stable location. Figure 3.6d shows
that SANDS and WISE 2 demonstrate very similar breaker bar evolution: an initial
strong decrease in bar height, onshore migration at this reduced bar height and
regrowth of the bar without much further onshore migration. It is acknowledged
that the bar height increase in SANDS is small and, hence, it is not clear if this
growth indicates the start of the regrowth of the bar. However, the duration of the
low energy conditions may have limited the regrowth of the bar in SANDS. This
is in line with Sánchez-Arcilla et al. (2011) who reported that the experimentation
time in SANDS limited beach recovery. In addition to the experimentation time, the
reduced water depth after onshore migration of the bar can also limit bar growth to
its original height.

The bar height and bar location are important parameters to describe the breaker
bar. A further relevant parameter is the water depth above the bar crest hbar (see
Figure 3.2). Because the water depth above the bar crest is usually small, the
bar crest location is important for the wave breaking location. Figure 3.7 shows hbar

against the normalised breaker bar location (the same normalisation as in Figure 3.6).
Under high energy wave conditions (Figure 3.7a) a tendency towards increasing water
depth above the bar crest can be observed during offshore bar migration, despite the
increase in the bar height (Figure 3.6). This increase in hbar is particularly evident
for the bar in SANDS, which was larger in size and located further offshore compared
to the breaker bar in the WISE experiments. Hence, after longer durations of high
energy wave conditions, hbar can keep increasing until it becomes too large to affect
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wave breaking and waves would start breaking further onshore, as reported under
field conditions (Ruessink & Kroon, 1994).

Figure 3.7: Water depth above bar crest hbar against normalised bar location under (a) high and
(b) low energy wave conditions. The bar location is normalised by the maximum offshore location
obtained during high energy wave conditions; diamonds mark the initial values. SANDS ( ),
WISE 1 ( ), WISE 2 ( ); dots indicate the discrete data points.

Under low energy wave conditions (Figure 3.7b) the evolution of hbar reflects the
different changes in bar height during onshore migration. In WISE 1, hbar decreases
linearly highlighting that the bar experiences almost no reduction in height during
onshore migration over the sloping bed. In SANDS and WISE 2, an initial increase
of hbar indicates a reduction of the bar height, indicating bar decay. The temporal
occurrence of the maximum value of hbar matches the minimum zbar very closely
in SANDS and WISE 2. Subsequently, hbar decreases as the bar migrates onshore
over the sloping bed at constant height. Finally, hbar decreases corresponding to bar
height increase at a constant cross-shore location.

3.6 Sediment transport

Sediment transport rates were calculated using Equation 3.2. Figure 3.8 shows sed-
iment transport rates for high and low energy wave conditions for the three ex-
periments. The cross-shore location is normalised by the bar location at the end
of the indicated time to link sediment transport to the bar location. Figure 3.8a
shows weak positive (onshore) sediment transport offshore of the bar (x/xbar> 1)
and strong negative (offshore) sediment transport between the shoreline and the
bar (0 < x/xbar< 1). This sediment transport pattern corroborates the well-known
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pattern of sediment convergence for the evolution of the breaker bar (e.g. Hoefel &
Elgar, 2003; Mariño-Tapia et al., 2007) as well as the evolution of a concave profile
in the inner surf and swash zones (e.g. van der Zanden et al., 2015; Alsina et al.,
2018; van der Zanden et al., 2019).

Under low energy wave conditions, sediment transport is also onshore-directed
for x/xbar> 1 and offshore-directed between the bar and the shoreline (Figure 3.8b).
However, the location of maximum onshore sediment transport magnitude is closer
to the bar crest than under high energy wave conditions. This indicates that the
sediment from the bar crest is moved onshore under low energy conditions, while
the bar is moved offshore under high energy waves. Onshore of the bar (x/xbar< 1),
the change from negative to positive sediment transport occurs generally around the
shoreline under low energy conditions, i.e. further offshore than under high energy
conditions. This indicates that sediment from the trough around the shoreline is
moved onshore to supply the evolving swash berm under low energy conditions.

Regarding differences in the sediment transport pattern in the different experi-
ments under low energy conditions, Figure 3.8b reveals a qualitatively similar pat-
tern between the three experiments. Despite this similar general pattern, the ratio
of onshore/offshore sediment transport magnitude is different depending on the bar
evolution (decaying vs. non-decaying bar). In WISE 1 (non-decaying bar) onshore

Figure 3.8: Sediment transport rates under (a) high energy (1410min in SANDS and 240min in
WISE) and (b) low energy wave conditions (1225min in SANDS and 930min in WISE) against
normalised cross-shore location. The bar is located at x/xbar =1, x/xbar> 1 is offshore of the bar,
x/xbar< 1 is onshore of the bar. The abscissa is set vice versa so that the onshore direction is
towards the right. Note the different scales of the ordinates in panels a and b. SANDS ( ),
WISE 1 ( ), WISE 2 ( ).
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sediment transport is relatively weak compared to offshore transport. The opposite
is the case in WISE 2 (decaying bar).

To study the differences in sediment transport rates in more detail, Figure 3.9
shows sediment transport rates during similar time intervals before and after bar
decay in SANDS (Figure 3.9a) and WISE 2 (Figure 3.9c). A similar sediment trans-
port pattern can be noted for SANDS and WISE 2: during bar decay (solid lines),
onshore sediment transport magnitudes at the bar crest are large compared to the
offshore sediment transport onshore of the bar, especially for WISE 2. This results
in bar decay as sediment from the bar crest is moved onshore. After the bar has
decayed (dashed lines), onshore sediment transport magnitudes at the bar crest re-
duce while offshore transport magnitudes remain relatively constant in SANDS and
slightly increase in WISE 2. This change in sediment transport magnitudes allows
regrowth of the bar.

In WISE 1 (non-decaying bar) the same time intervals as in WISE 2 were cho-
sen to facilitate comparison. Onshore sediment transport magnitudes at the bar are
weaker than in WISE 2 and offshore transport magnitudes are larger. This suggests
that the more energetic wave conditions in WISE 1 result in more offshore sedi-
ment transport just onshore of the bar compared to WISE 2. This stronger offshore
sediment transport magnitude in WISE 1 enhances the convergence of onshore and
offshore sediment transport at the bar location, preventing the bar from decaying.

Figure 3.9: Sediment transport rates under low energy wave conditions in (a) SANDS (0 – 525min
and 525 – 1085min ), (b) WISE 1 (0 – 360min and 360 – 720min ) and

(c) WISE 2 (0 – 360min and 360 – 720min ); normalised cross-shore location on the
abscissa; onshore direction is towards the right.
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3.7 Comparison against other large-scale beach pro-

file data

The relationship between the height and the cross-shore location of the breaker bar
under high and low energy wave conditions has been presented for the three data
sets obtained in the CIEM flume (Figure 3.6). In order to investigate to what extent
the presented bar dynamics hold more generally, they are contrasted with numerous
similar large-scale experimental data of beach profiles. It is important to note that
the availability of comparable data sets is limited, especially for beach profile data
under low energy wave conditions. The following additional beach profile data sets
were used for comparison:

• LIP 11 Data, obtained in the Delta Flume in 1993 (Sánchez-Arcilla et al.,
1994);

• SANDS Data GWK, obtained in the Großer Wellen Kanal (GWK), Hanover,
in 2007 (Cáceres et al., 2008);

• SAFE A9 Data GWK, obtained in the Großer Wellen Kanal (GWK), Hanover,
in 1996/97 (Dette et al., 2002);

• CRIEPI Data, obtained in the Large Wave Flume (LWF) of the Central Re-
search Institute of Electric Power Industry, Japan, in 1996 (Shimizu & Ikeno,
1997);

• CROSSTEX Data, obtained in the Large Wave Tank (LWT) at Oregon State
University’s O. H. Hinsdale Wave Research Laboratory in 2005 (Yoon & Cox,
2010);

• SUPERTANK (ST) Data, obtained in the Large Wave Tank (LWT) at Oregon
State University’s O. H. Hinsdale Wave Research Laboratory in 1991 (Kraus
et al., 1992).

Details of the data sets, including wave flume dimensions, sediment size, slope of
the active beach profile, water depth at the wave paddle and wave conditions, are
summarised in Table 3.2 (including SANDS, WISE 1 and WISE 2 for completeness).
The data cover a range of flume dimensions, beach slopes and wave conditions.
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Chapter 3: Beach profile evolution in large-scale experiments

High energy wave conditions commenced from an initial plane profile, except for
CROSSTEX (see Yoon & Cox, 2010, for the initial profile) and SAFE A9 (Dette et al.,
2002), and low energy conditions commenced from a barred profile. The high energy
conditions in SAFE A9 were run after moderate energy wave conditions (SAFE A8),
which commenced from a plane profile and that resulted in limited profile evolution.
In the beginning of the LIP 11 experiments, high energy conditions were run, which
were followed by a series of even more energetic waves (values in parenthesis in Table
3.2) before low energy conditions were run. The barred initial profile of the low
energy conditions of the SUPERTANK experiment (ST 30) was created by previous
wave runs and was not the final profile of ST 10. Both ST 10 and ST 30 consisted of
more tests and profile measurements but under different wave conditions. Therefore,
only the first profiles that were obtained under the same wave conditions are studied
here.

Figure 3.10 extends the figure summarising the bar parameters for SANDS,
WISE 1 and WISE 2 (Figure 3.6) by including the additional data sets. Note the
different axes scaling compared to Figure 3.6. For high energy wave conditions, Fig-
ures 3.10a and c confirm the previous finding from the SANDS and WISE data of
a linear growth of the bar height with offshore bar migration. Differences in the
location of the bar formation (Figure 3.10a) are related to differences in flume di-
mensions, wave conditions, beach slope and sediment size. For instance, a milder
beach slope generally results in the breaker bar forming further offshore. This can
be noted from the LIP 11 experiment, which had a much milder beach slope but sim-
ilar flume dimensions and wave conditions compared to the CRIEPI experiments.
In addition, the sediment in LIP 11 was much finer compared to the CRIEPI ex-
periments, which may have fostered offshore bar migration as known from previous
studies (Kraus & Larson, 1988; Dette et al., 2002). Despite the large variety of ex-
perimental conditions, breaker bar evolution under high energy wave conditions is
very similar, which is particularly highlighted by the normalised bar height and bar
location (Figure 3.10c).
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Table 3.2: Large-scale experimental data sets.

Experiment Flume dimensions
Length×Width×Height Sediment size Water

depth
Mean active
beach slope High energy conditions Low energy conditions

L (m) W(m) H (m) d50 (mm) h0 (m) m (-) Hs (m) Tp (s) t (min) Hs (m) Tp (s) t (min)

CIEM

SANDS

100 3 4.5 0.25

2.47 1/15 0.53 4.14 1410 0.32 5.44 1225

WISE 1 2.5 1/15 0.47 3.7 240 0.32 4.7 930

WISE 2 2.5 1/15 0.47 3.7 240 0.27 5.3 960

Delft LIP 11 233 5 7 0.22 4.1 1/55 0.9
(1.4)

5
(5)

720
(1080) 0.6 8 780

GWK
SANDS

324 5 7
0.28 4.2 1/15 1 5.7 1970 0.6 7.5 1890

SAFE A9 0.3 5 1/40 1.2 5.5 1510 - - -

CRIEPI

L3

205 3.4 6 1 4

1/20 1 5 960 - - -

L5 1/10 1.2 3 480 - - -

L6 1/10 1.2 3 960 - - -

LWT

CROSSTEX

104 3.7 4.6 0.22

ca. 2.5 1/20 0.6 4 180 0.4 7 300

ST 10 3 1/13 0.8 3 270 - - -

ST 30 3 1/13 - - - 0.4 8 200
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Figure 3.10: Bar height against bar location under high energy (left panels) and under low energy
(right panels) wave conditions for all data sets; absolute values in upper panels; normalised values
in bottom panels; diamonds mark the initial values; SANDS ( ), WISE 1 ( ), WISE 2
( ), LIP 11 (slightly energetic) ( ), LIP 11 (highly energetic) ( ), SANDS GWK
( ), GWK SAFE A9 ( ), CRIEPI L3 ( ), CRIEPI L5 ( ), CRIEPI L6 ( ),
CROSSTEX ( ), SUPERTANK ( ); dots indicate the discrete data points.

For low energy wave conditions, Figures 3.10b and d underline the previous find-
ing that the bar evolution does not follow a single pattern as under high energy
conditions. The distinction between decaying and non-decaying bar cannot be per-
fectly confirmed by the other beach profile data but some trends can be noticed.
SANDS GWK shows a similar pattern of initial decay and onshore migration, sim-
ilar to those of SANDS and of WISE 2. SANDS GWK and SANDS in the CIEM
were part of the same measurement campaign (the SANDS project (see Section 3.2
and Sánchez-Arcilla et al., 2011)). SANDS in the CIEM presented a scaled version
of SANDS GWK and beach profile evolution was already described to be similar in
the GWK and the CIEM (Sánchez-Arcilla et al., 2011). Figure 3.10d confirms that
the bar evolution pattern is also similar between the scaled experiments. For the
CROSSTEX experiment, Figure 3.10d reveals relatively little onshore migration and
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suggests a behaviour rather similar to a non-decaying bar as in WISE 1. LIP 11
and the SUPERTANK (ST 30) experiments do not match either of the bar responses
observed for the other data. In LIP 11, the bar initially migrates offshore before it
migrates onshore and continues to grow. The bar in LIP 11 was already described
by Sánchez-Arcilla et al. (1994) as migrating in an unexpected direction under low
energy wave conditions. The bar in ST30 reduces its height but migrates offshore. It
should be noted that the initial bar in ST 30 had a pronounced peak and was forward
leaning. During the relatively short duration of 200min of low energy conditions, the
bar was slightly smoothed but this time was not sufficient to result in considerable
bar response.

3.8 Discussion

3.8.1 High energy wave conditions

The results presented in this chapter provide further evidence of a clear evolution
pattern of breaker bars under high energy wave conditions. This evolution pattern
is described by the linear relationship between the bar height and the bar location,
which is supported by beach profile data from numerous large-scale experiments
(Figures 3.10a and c). Increase of bar height and increase of water depth over
offshore migrating bars has also been reported under field conditions (Ruessink &
Kroon, 1994; Ruessink & Terwindt, 2000). In their conceptual model, Ruessink &
Terwindt (2000) highlighted the relevance of bar height and the associated water
depth over the bar crest for wave breaking and the continuation of bar cycles.

The linear relationship between the bar parameters suggests that the evolution of
breaker bars under high energy wave conditions is dominated by the energetic con-
ditions of the incident waves and the resulting wave breaking location. More specif-
ically, under high energy wave conditions large waves break either at the bar crest
or offshore of it where the relative wave height (H/h) becomes too large. Onshore
of the breakpoint, the mean return flow moves sediment offshore and contributes to
breaker bar formation and its offshore migration, in line with previous studies (e.g.
Hoefel & Elgar, 2003; Mariño-Tapia et al., 2007).

The similarity of the breaker bar evolution under high energy wave conditions
between the three experiments is further shown in Figure 3.11 by a normalisation

57



Chapter 3: Beach profile evolution in large-scale experiments

of the beach profiles. For each beach profile obtained under high energy conditions,
the elevation change with respect to the initial plane profile was computed as ∆z0 =
z − z0. This elevation change was normalised by its corresponding bar height zbar

(maximum of the elevation change of a profile); the cross-shore coordinates were
normalised by the corresponding bar location xbar. As a result, in Figure 3.11 the
normalised bar crest is located at x/xbar =1 and ∆z0/zbar =1 for each profile.

Figure 3.11: Elevation changes under high energy wave conditions normalised by bar parameters;
SANDS ( ), WISE 1 ( ), WISE 2 ( ), fitted function ( ); onshore direction is
towards the right.

It becomes evident from Figure 3.11 that all normalised beach profiles follow a
very similar shape under high energy wave conditions. The following function, which
is a combination of three Gaussian functions, was fitted to the data (bold line in
Figure 3.11; R2 =0.67):

∆zn = 0.23 exp
(
−xn + 0.6

0.25

)2
− 0.3 exp

(
−xn + 0.06

0.38

)2
+ exp

(
−xn − 1

0.16

)2
, (3.4)

where xn = x/xbar and ∆zn = ∆z0/zbar.
Equation 3.4 can be used to reproduce beach profiles of the SANDS and WISE

experiments under high energy wave conditions using the breaking location as the
sole input variable. A linear function was fitted to represent the relationship between
the breaking location and the bar location under high energy wave conditions: xbar =
1.69+1.1xb (R2 =0.89). Consequently, for a given breaking location, the bar location
can be determined and it is used to calculate xn = x/xbar. Subsequently, ∆zn is
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determined using Equation 3.4. ∆zn can be de-normalised using zbar obtained from
Equation 3.3. Finally, the beach profile can be obtained from the elevation change
∆z0 by knowledge of the slope of the initial beach profile.

Equation 3.4 was obtained for profiles measured under high energy wave condi-
tions that were run from a plane initial profile. In addition, a function to describe
the relationship between xbar and zbar could only be determined for high energy con-
ditions as bar evolution under low energy wave conditions does not follow a single
pattern. Therefore, the described method to obtain beach profiles, which requires
only the wave breaking location as input variable, could only be applied for high
energy wave conditions.

The other beach profile data under high energy conditions presented in Sec-
tion 3.7 were found to also collapse well into the normalised profile shape described
by Equation 3.4. This further highlights the similarity of profile evolution under
high energy wave conditions, despite different experimental scales. It indicates that
Equation 3.4 could be used to develop scaling criteria to enable comparison of beach
profile evolution in different flumes at varying scales.

3.8.2 Low energy wave conditions

The results in this chapter provide further evidence of differences in breaker bar
evolution under low compared to high energy wave conditions. Two breaker bar
evolution patterns have been observed for the present data: a bar that migrates
onshore as a whole and a decaying onshore migrating bar that rebuilds closer to the
shoreline.

The differences in bar evolution under low energy wave conditions can be at-
tributed to differences in the coupling between the beach morphology and the wave
breaking. Figure 3.12 shows the change of the wave breaking location (defined as the
maximum of the wave height to water depth ratio γ in the surf zone) with respect to
the bar location during the evolution of the breaker bar under low energy conditions.
Left panels show Hs and γ of the first run of low energy wave conditions and the
profile obtained after this first run. The bar is still almost as fully evolved as under
high energy conditions. Right panels show the profile and Hs and γ after 525min in
SANDS and after 360min in the WISE experiments. These time steps correspond
to the profile measurements for which the water depth above the bar crest was max-
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imum in SANDS and WISE 2 due to the decayed bar. A general reduction of Hs

after primary wave breaking can be noted from Figure 3.12 supporting the identified
wave breaking location.

Figure 3.12: Change of breakpoint with respect to the bar location during evolving morphology
under low energy wave conditions; initial profile ( ), profile after indicated time ( ), wave
height Hs ( + ), relative wave height γ ( � ), breaking location ( ) and bar location
( ).

In SANDS the influence of the changing bar morphology on wave breaking can
be noted. At the beginning of the low energy wave conditions, waves break close to
the bar crest (Figure 3.12a). Once the bar has decayed, the breakpoint moves to a
location further onshore of the bar (Figure 3.12b). For SANDS it is assumed that
the coupling of wave breaking with the bar location is very pronounced because the
bar is large in size, relatively far offshore and extends over a large distance compared
to the WISE experiments.

In WISE 1 the bar reduces its height only slightly compared to SANDS and
WISE 2 and the breakpoint is consistently found offshore of the bar location (Figures
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3.12c and d). In WISE 2 the breakpoint is found offshore of the bar at the beginning
of the low energy wave conditions. Offshore sediment transport onshore of the bar
is relatively weak in WISE 2 in the beginning of the low energy wave conditions and
the breaker bar decays (Figures 3.5 and 3.9). As the bar decays, the breakpoint
changes to a location slightly onshore of the bar.

It needs to be considered that the bar location is described by a single value
corresponding to the location of maximum profile elevation. Especially under low
energy waves (particularly in the case of a decaying bar) a bar often extends over
a certain cross-shore distance, and the bar location does not account for these dif-
ferences in bar shape. In addition, it is important to note that the accuracy of the
breakpoint definition depends on the spatial resolution of the measurements of water
surface elevation. The change of the breakpoint with the evolving morphology may
occur on a smaller spatial scale that is not captured by the measurement resolution
of water surface elevation in the surf zone (typically 1–2m). Visual determination
of the breaking location or the breaking zone during wave runs would be very valu-
able for future large-scale experiments in order to investigate the link between wave
breaking and beach profile evolution more precisely.

The importance of the bar for the wave breaking location and subsequent bar
evolution was similarly reported in previous studies, such as Ruessink & Terwindt
(2000) and Baldock et al. (2017). Ruessink & Terwindt (2000) highlighted the impor-
tance of bar decay for the continuation of bar cycles at Terschelling, the Netherlands,
in their conceptual model. They reported that decay of the outer bar, and hence
increasing water depth at the bar crest, can lead to wave breaking onshore of the
bar. This forces evolution and offshore migration of an inner bar. Baldock et al.
(2017) reported for medium-scale laboratory experiments that smaller waves passed
the existing breaker bar so that the bar got stranded offshore and a new bar evolved
further onshore. Sediment for this new bar was drawn from the inner surf zone,
which can lead to a continuation of shoreline erosion despite low energy wave condi-
tions. In the present experiments, shoreline erosion and trough deepening under low
energy conditions is also observed (Figure 3.4b). The sediment around the shoreline
is usually transported onshore supplying the evolving swash berm while the sediment
from the offshore part of the trough moves offshore supplying the onshore migrating
and regrowing bar (Figure 3.8b).
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Overall, the present study suggests that breaker bar evolution under low en-
ergy conditions is determined by both the initial morphology, and in particular bar
location and size, and the low energy wave conditions. The initial morphology is de-
termined by the previous high energy wave condition. If the subsequent low energy
wave conditions are small, waves might not be able to maintain the bar but instead
pass the bar and break further onshore, fostering regrowth of the bar closer to the
shoreline.

3.9 Conclusions

Beach profile evolution under high and low energy wave conditions with a specific
focus on the evolution of the breaker bar was investigated in the present chapter. The
data studied in this chapter were acquired in the EU funded SANDS and WISE IV
experiments. These experiments comprised one high energy followed by one low
energy wave condition. Differences in the breaker bar evolution pattern between high
and low energy wave conditions were identified and compared against numerous other
large-scale beach profile data sets. The results lead to the following conclusions.

• The same high energy wave condition, which commences from the same initial
plane profile, generates a similar beach profile. The difference between the
breaker bar and the shoreline locations in the two WISE experiments is circa
0.5m. A slightly more onshore located bar corresponds to a slightly more
eroded shoreline, resulting in a similar bar-shoreline distance. This indicates
a very similar profile morphology that evolves under the same wave condition
from the same initial profile.

• For high energy wave conditions, a distinct evolution pattern of a linear in-
crease in bar height with offshore bar migration is identified. The water depth
above the bar crest gradually increases as the breaker bar migrates offshore.
These observations indicate that breaker bar evolution under high energy wave
conditions is determined by the energy of the waves as waves break at the bar
crest, or offshore of it, driving the breaker bar offshore.

• The similarity of the profile evolution and the importance of the wave breaking
location under high energy conditions is further shown by the normalised profile
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elevations. The profile elevations normalised by the breaker bar height and
location have a very similar shape. This normalised profile shape can be used
to determine the profile morphology under high energy wave conditions using
the wave breaking location as the sole input variable.

• For low energy wave conditions, two patterns of breaker bar evolution were
observed: a non-decaying bar that migrates onshore as a whole or a decaying
bar that reduces its height, migrates onshore and subsequently regrows closer to
the shoreline. These bar evolution patterns are linked to the coupling between
the wave conditions and the beach morphology. For a small reduction of the
wave energy from high to low energy conditions, waves break consistently at
the bar crest moving the bar onshore as a whole. A larger reduction in wave
energy is shown to result in a decaying bar because of the relatively weak
offshore sediment transport onshore of the bar. As the bar decays, the breaking
location shifts onshore, triggering regrowth of the bar.

• Numerous large-scale experimental beach profile data sets support the linear
increase of the bar height with offshore bar migration under high energy wave
conditions. The two breaker bar evolution patterns under low energy wave con-
ditions, which were identified for the SANDS and WISE data, are not perfectly
confirmed. The compilation of large-scale experimental beach profile data high-
lights that, while beach profile evolution under high energy wave conditions has
been widely studied, the number of data sets that comprise low energy wave
conditions is limited.

This chapter has highlighted important differences in beach profile evolution un-
der high and low energy wave conditions. While profile evolution under high energy
conditions is well described and highly similar between different wave conditions,
data on beach profile evolution under low energy wave conditions are still scarce
and beach evolution under these conditions is less well understood. The importance
of the coupling of wave breaking and breaker bar evolution under low energy wave
conditions was shown, which is relevant for the recovery of the beach in between
storms.

63



4
Beach morphodynamics under

sequences of storms in large-scale

experiments

4.1 Introduction

In Chapter 3, beach morphodynamics were studied for individual high energy and
subsequent low energy wave conditions using large-scale laboratory data. The results
were compared against numerous beach profile data sets obtained in other large-scale
wave flumes under similar wave conditions.

This analysis has provided valuable information on beach response during high
and low energy wave conditions. This beach response, in line with previous studies
(e.g. Cáceres et al., 2008; Masselink et al., 2016), generally refers to shoreline erosion
and offshore bar migration during high energy conditions, and shoreline recovery and
onshore bar migration during low energy waves. However, this level of accuracy is not
enough to asses beach response to realistic wave climates, including storm sequences,
as the antecedent beach morphology or the cumulative wave influence might affect
the beach evolution. An improved understanding of beach evolution during storm
sequences may ultimately be valuable for a better assessment of coastal risks. This
can include improved capabilities to forecast storm impacts with more realistic wave
and morphological conditions. It can also be useful to better validate numerical
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models using more realistic wave and antecedent morphological conditions.
Despite the increasing number of studies investigating storm sequences, their

effect on beach erosion and the role of recovery are still not well understood. This is,
at least partly, attributed to the lack of data with high temporal-spatial resolution of
beach profile evolution during storm sequence conditions (see also Table 2.1). In this
regard, physical modelling is a powerful tool as it provides detailed measurements
using controlled wave conditions with pre-defined storm chronologies.

In this chapter, the influence of storm sequences on beach profile evolution is
investigated. Specific objectives are to study the influence of storm chronology and
the effect of recovery conditions on beach response. This chapter is based on beach
profile measurements, wave breaking observations and sediment samples obtained in
one of the first large-scale measurement campaigns comprising multiple storm and
recovery stages within the same test sequence. The waves were unidirectional and
propagated normally to the shore allowing the investigation of cross-shore beach mor-
phodynamics. The prominent parameters – breaker bar location, shoreline location
and sediment transport – are used as indicators for beach response.

This chapter starts with a description of the RESIST project, which comprised
three sequences of alternating high and low energy wave conditions. The wave con-
ditions, storm sequences and measurements are described. The chapter continues by
presenting results of the beach profile evolution, with a specific focus on breaker bar
and shoreline evolutions, as well as sediment transport. The work presented in this
chapter has been published in Eichentopf et al. (2020a).

4.2 The RESIST project: large-scale experiments com-

prising storm sequences

The data in this study were obtained within the EU funded HYDRALAB+ Transna-
tional Access project RESIST (‘Influence of storm sequencing and beach REcovery
on SedIment tranSporT and beach resilience’). A detailed description of the ex-
perimental setup, including wave conditions and instrumentation, can also be found
in Eichentopf et al. (2019a). In this section, the most relevant aspects regarding
the experimental facility, the measurements and the wave conditions for the present
chapter are outlined.
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4.2.1 Wave flume and measurements

The experiments were performed in the CIEM wave flume at UPC in Barcelona,
Spain. As in the SANDS and WISE IV experiments, waves were generated by a
wedge-type wavemaker for which steering signals are based on first-order wave gen-
eration.

The water depth at the wave paddle was 2.5m and the initial beach profile had
a 1/15 uniform slope that was manually created using commercial sand. The same
type of sediment as in the SANDS and WISE IV experiments (Chapter 3) was used.
This sand had a narrow grain size distribution with d50 = 0.25mm (d10 = 0.154mm
and d90 = 0.372mm) and a measured sediment settling velocity of ws = 0.034m/s
(e.g. Cáceres & Alsina, 2012), as known from previous sieve analysis.

Two stainless metal plates (dividers) of 3mm width, 6m length and 0.7m height
were placed in the inner surf and swash zones to reduce cross-tank asymmetries that
usually occur at the runup end. Baldock et al. (2017) installed similar dividers in
their medium-scale wave flume experiments and successfully reduced cross-tank flow
and bed level asymmetries. Similarly to Baldock et al. (2017), the dividers were
self-supporting through burial within the beach before the start of the wave runs.
They divided the flume into three sections of circa 0.75m, 1.5m and 0.75m width
in sequence 1. After the first sequence, the dividers were slightly moved towards the
centre of the flume to improve their effect so that the flume was then divided into
three equal widths of circa 1m (see panels b and c in Figure 1.1).

The beach profile was measured along the centre line of the flume with a mechan-
ical profiler that is capable of measuring the profile depth in the emerged as well as
in the submerged part of the beach. The bed profile measurements had a spatial
resolution ∆x = 0.02m and a vertical accuracy of 0.01m (Baldock et al., 2011).

During the first 5–10min of each wave test, visual observations of the most off-
shore and most onshore breaking locations were noted, hereafter referred to as outer
and inner breaking location, respectively. The locations of maximum wave runup
and rundown were also visually observed. The point of wave breaking (“breakpoint”)
was identified as the point where a wave has started overturning (following Svendsen
et al., 1978; van der Zanden et al., 2017) before the collapsing wave hits the water
surface at the “plunge point” (following Peregrine, 1983; van der Zanden et al., 2017).
These points primarily refer to plunging breakers; wave breaking locations were not
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4.2 The RESIST project

identified if a wave broke as a surging breaker.
After completion of the entire measurement programme, sediment samples were

collected from the bed of the drained flume at 20 cross-shore locations in the surf and
swash zones with a typical spacing of 0.5m or 1.0m. These samples were collected
after running a very low energy wave condition for a very long duration and were
used to investigate the sorting of sediment at the end of the sequence (see Section
4.3.2 and Appendix A for details of the analysis technique).

4.2.2 Storm sequences and wave conditions

In the present experiments, three storm sequences were generated. Each sequence
commenced from the 1/15 bed profile and consisted of two storms (high energy wave
conditions) with each storm followed by a low energy wave condition. Each high
and low energy wave condition was divided into a series of tests. Each test had a
duration of 30min or 60min. Based on experience from previous experiments (see,
for instance, Chapter 3, Cáceres et al., 2008; Masselink et al., 2016), the high and
low energy wave conditions were anticipated to represent phases of beach erosion and
accretion, respectively.

Most of the wave conditions consisted of bichromatic waves, which represent
repeatable wave groups. Repeatable wave conditions are essential for the analysis of
sediment concentration and associated hydrodynamic data that were acquired in the
RESIST experiments and that have been investigated in accompanying publications
(e.g. van der Zanden et al., 2019). In terms of beach profile evolution, Baldock et al.
(2011) showed for experiments in the same flume that sediment transport and beach
response under bichromatic waves is similar to random waves of the same energy, in
contrast to the sediment transport by monochromatic waves.

Table 4.1 summarises details of the target wave conditions at generation. The
wave heights H and frequencies f of the two bichromatic wave components are
specified by indices 1 and 2 for components 1 and 2, respectively. The table shows the
root mean square wave height Hrms, the wave period Tp (corresponding to the mean
primary period for bichromatic waves calculated as the inverse of the mean primary
wave frequency fp = (f1 + f2)/2 and to the peak period for random waves), and the
dimensionless sediment fall velocity Ω. Ω was calculated as presented in Equation
3.1 using Hrms shown in Table 4.1. Tg = 1/(f1− f2) represents the bichromatic wave
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Chapter 4: Beach morphodynamics under sequences of storms

group period. Low energy conditions were partly modulated with H1 = 0.5H2 to
facilitate continuous sediment entrainment for the low energy conditions, which was
important for the quality of the suspended sediment and velocity measurements in
the RESIST experiments (not the subject of the present thesis).

E1 and E2 denote the storm wave conditions, where E1 represents a highly en-
ergetic storm and E2 a less energetic storm. A1, A2 and A3 are low energy wave
conditions, which are expected to lead to beach recovery and of which A3 represents
the least energetic condition (smallest Hrms and Ω). Wave condition B represents
a benchmark case, which was run for 30min at the start of each sequence in order
to compact and homogenise the manually reshaped bed. In the benchmark case,
random waves with a Jonswap spectrum with a peak enhancement factor of 3.3 were
used. After the benchmark case, the profile was still very close to the plane 1/15
sloped initial profile.

The bichromatic wave groups were designed to repeat at a specific repetition
period Tr (Padilla & Alsina, 2018). This is the period at which the phases of the
short waves within a group repeat exactly (Baldock et al., 2000). For the high energy
conditions Tr = 2Tg and for the low energy conditions Tr = 3Tg (see Figure 4.1 for
the example target time series of conditions E1 and A1). These repetitions were
chosen to not coincide with the seiching mode as well as to increase the variability
of the wave events and associated sediment transport, which has been of interest for
accompanying studies on the analysis of detailed sediment transport measurements
(e.g. van der Zanden et al., 2019).

As in the SANDS and WISE IV experiments, active absorption was not used be-
cause reflection of the short wave is minimal due to wave breaking energy dissipation
over the sloping bed and because of the reduced effectiveness of active absorption
for long wave components. Note that during the RESIST experiments a standing
wave with a frequency of f ≈ 0.024Hz was observed after each test due to basin se-
iching with typically small amplitudes of < 0.5 cm at this frequency. For bichromatic
waves, the energy transfer between the wave components is well-defined (e.g. Alsina
et al., 2016; Padilla & Alsina, 2018) and the bichromatic wave components and their
combinations were designed not to coincide with the seiching mode. Therefore, the
non-linear wave energy transfer to the seiching mode is very small.

The different wave conditions were combined to form three sequences of storms as
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4.2 The RESIST project

Figure 4.1: Target time series of bichromatic wave conditions with indication of repetition period
Tr and wave group period Tg: (a) E1 and (b) A1.

summarised in Table 4.2. Sequences 1 and 2 comprised the same wave conditions for
the same duration, where the only difference between the sequences was the storm
chronology: sequence 2 had a reversed storm chronology compared to sequence 1. In
sequences 1 and 2, only one type of low energy wave condition was used twice for
the same duration (A1 for 2× 600min). In sequence 3, the storm chronology was
the same as in sequence 1 (first E1, then E2) but the low energy conditions were
different: A2 was run for 780min (= 13 hours) after E1 and A3 was run for 1440min
(=24 hours) after E2. These durations were chosen to have a similar time-integrated
offshore wave power for all low energy conditions, which consequently means a very
similar total (cumulative) offshore wave power for the three sequences. The time-
integrated offshore wave power Ps for each wave condition is obtained using Equation
2.2. The wave period in Equation 2.2 is taken as the mean primary wave period Tp

and Hrms is the calculated offshore root mean square wave height. The density of
water is taken as 1000 kg/m3, the density of fresh water. The cumulative offshore
wave power of each sequence Ps,cum (calculated as the sum of Ps of the different wave
conditions) is also shown in Table 4.2. The 20 sediment samples (mentioned above in
Section 4.2.1) were collected after the end of the last sequence; hence, after condition
A3.
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Table 4.1: Target wave conditions used in the RESIST experiments.

Test case Wave type Hrms (m) Tp (s) Ω (-) H1 (m) H2 (m) f1 (Hz) f2 (Hz) Tg (s)

B Benchmark Random 0.30 4.0 2.21 n/a n/a n/a n/a n/a

E1 High energy 1 Bichromatic 0.42 3.7 3.34 0.320 0.320 0.3041 0.2365 14.80

E2 High energy 2 Bichromatic 0.32 3.7 2.54 0.245 0.245 0.3041 0.2365 14.80

A1 Low energy 1 Bichromatic 0.23 4.7 1.44 0.101 0.202 0.2276 0.1979 33.68

A2 Low energy 2 Bichromatic 0.19 5.3 1.05 0.085 0.171 0.2018 0.1755 37.98

A3 Low energy 3 Bichromatic 0.14 5.7 0.72 0.063 0.126 0.1877 0.1632 40.85

Table 4.2: Storm sequences with their wave conditions, duration D and cumulative time-integrated offshore wave power Ps,cum.

Sequence 1 Sequence 2 Sequence 3

Condition D (min) Ps,cum (kWh/m) Condition D (min) Ps,cum (kWh/m) Condition D (min) Ps,cum (kWh/m)

B 30 0.19 B 30 0.19 B 30 0.19

E1 240 3.16 E2 120 1.06 E1 240 3.14

A1 600 5.68 A1 600 3.59 A2 780 5.63

E2 120 6.55 E1 240 6.53 E2 120 6.50

A1 600 9.07 A1 600 9.07 A3 1440 9.04
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Wave conditions were run in tests of 30min or 60min after which the wave paddle
was stopped to measure the beach profile during still water conditions. Usually, the
first 120min of each wave condition was divided into 30min tests to ensure more
frequent profile measurements during the anticipated rapidly changing initial stage
of beach profile evolution. Conditions A2 and A3 were run only as 60min tests due
to anticipated slow rates of beach profile change.

Beach profiles were measured before the start of each sequence (initial profile of a
sequence) and after each test. Most profiles were measured between circa 53.5m and
87m onshore of the wave paddle (87m is onshore of the maximum wave runup) to
cover the entire active beach profile. An extended (“complete”) profile measurement
starting at 40m onshore of the wave paddle was obtained before the start and at the
end of each sequence. After completion of sequence 1, it was decided to perform a
complete profile measurement upon completion of each wave condition (each wave
condition consisted of multiple 30min and/or 60min tests) during sequences 2 and
3. This was done to ensure coverage of the entire active profile also for the most
energetic wave conditions.

These measurements resulted in a total number of 119 beach profiles. Two profile
measurements had to be discarded (one after condition B and one during E1 in
sequence 1) due to acquisition errors.

4.2.3 Analysis of sediment grain size distribution

The grain size distribution of the sediment samples that were collected from the
bed after completion of wave condition A3 were analysed by means of the imaging
system QICPIC developed by Sympatec GmbH. A description of the system can
be found in Altuhafi et al. (2013). Sieving of the original samples was performed
to remove sediment grains < 0.1mm, which is outside the measurement range of
QICPIC (Altuhafi et al., 2013). This fraction was very small in all the samples
(normally < 1%) and was taken into account when post-processing the sediment
grain size data obtained with QICPIC.

From QICPIC, several particle size measures are available. Results from con-
ventional sieve analysis showed to be closest to the minimum Feret diameter dFmin

(minimum distance between two parallel tangents on opposite sides of a sediment
particle), which is consistent with Altuhafi et al. (2013). Therefore, the minimum
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Chapter 4: Beach morphodynamics under sequences of storms

Feret diameter was used to compare the results at the different cross-shore locations.
More details on the analysis procedure using QICPIC and sieve analysis can be found
in Appendix A.

4.2.4 Coordinate system and initial beach profile of a sequence

The coordinate system used in this chapter is the same as in Chapter 3 (Figure 3.2).
This coordinate system has its cross-shore origin at the initial shoreline (intersection
of the still water level with the initial profile) of each sequence. The cross-shore
variable x is defined positive landward. The vertical variable z has its origin at the
still water level, positive upwards.

Wave condition B of each of the three sequences started from a manually created
initial 1/15 sloped beach profile. Figure 4.2 compares the variability between the
initial beach profiles of the three sequences. The top panel (Figure 4.2a) shows the
mean of the three initial profiles and their envelope (minimum and maximum of
the three profiles at each x-location). The bottom panel (Figure 4.2b) shows the
difference between the maximum and minimum of the profile envelope. The initial
profiles are found to be highly similar with a mean difference in the profile envelope
of < 3 cm (standard deviation of 1.8 cm).

4.2.5 Bulk sediment transport

The calculation of sediment transport rates from sediment mass conservation was
presented in Equation 3.2 (Section 3.2). To analyse the beach response during any
time interval ∆t the net bulk sediment transport Q can be calculated as the integral
of q along the profile (e.g. Baldock et al., 2011, 2017; Jacobsen & Fredsoe, 2014):

Q = ∆t
∫ xmax

xmin
q(x)dx, (4.1)

where xmin and xmax are the off- and onshore boundaries, respectively, past which no
sediment transport occurs. Q is non-zero if there is a net movement of the sediment
mass within the active profile, even though the total volume of sediment is conserved.

Q has been used as an indication of the overall beach response (erosive or ac-
cretive) where positive values of Q represent net onshore sediment transport (beach
accretion) and negative values of Q refer to net offshore sediment transport (beach
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Figure 4.2: Comparison of initial profiles of the three sequences: (a) mean initial profile and
envelope, still water level (SWL) ( ); (b) difference of profile envelope and mean difference.

erosion). Q can be computed for different time intervals (in the present study this
is normally the time under the same wave condition) and is supposed to approach
a stable value (equilibrium) after the same wave condition is run for a sufficient
duration.

4.3 Beach profile evolution

The overall evolution of the beach profile during the three sequences is shown in
Figure 4.3 as a contour plot. Profiles are presented as elevation changes ∆z0 between
each profile and the initial plane profile of the sequence. In Figure 4.3, the shoreline
location is indicated as bold black line; the location of the breaker bar and the
secondary bar of each profile are shown as solid and open circles, respectively. The
shoreline, the breaker bar and the secondary bar are defined in the same way as
was introduced in Chapter 3 (Figure 3.2). Hence, the breaker bar always refers to
the largest elevation difference between a profile and the initial plane profile; the
secondary bar is the second largest local elevation difference. This secondary bar
can be located onshore or offshore of the breaker bar.
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Figure 4.3: Contour plots of elevation changes ∆z0 from the initial profiles of the sequences
over time for (a) sequence 1, (b) sequence 2 and (c) sequence 3. The shoreline (bold black line),
breaker bar (solid circles) and secondary bar locations (open circles) are highlighted. Note that the
shoreline and bar locations could not be defined for two tests in E1 within sequence 1 because no
profile measurements were available for these tests.

In general, the three sequences present some similarities during the high energy
and low energy conditions of the different sequences. In all sequences, the high
energy conditions result in the generation of a breaker bar, which migrates offshore,
and beach erosion in the inner surf zone (usually associated with shoreline retreat).
Major beach profile changes during high energy wave conditions occur primarily at
the beginning of these conditions, reaching a quasi-equilibrium situation within a
few tests (typically within circa 90min).
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The breaker bar reaches its furthest offshore location during the most energetic
(E1) condition. During E1, a secondary bar evolves as an inner bar onshore of the
breaker bar and it also migrates offshore with increasing time. Processes driving
secondary bar evolution are not enirely clear and have been addressed in previous
studies. Pape et al. (2010) reported that, while most wave energy is dissipated over
the offshore located breaker bar, wave reformation and secondary wave breaking can
be important for inner bar evolution. In addition, Baldock et al. (2017) reported
that the sediment needed for formation of a secondary bar onshore of the breaker
bar was drawn from the inner surf zone in both laboratory and field conditions.

Overall, the low energy wave conditions in the three sequences lead to onshore
migration of the breaker bar and recovery of the shoreline. Sediment movement
during low energy conditions seems to occur more slowly than during high energy
conditions and the profile reaches a quasi-equilibrium situation after longer timescales
(typically > 300min). Under low energy conditions, a berm develops in the swash
zone. This berm is very pronounced for conditions A2 and A3 and smaller for A1.
Towards the end of the low energy conditions, the berm grows and expands offshore.
This evolution of the berm is relevant to the evolution of the shoreline (the shoreline
evolution is further examined in Section 4.5).

Figure 4.3 reveals that the final profile morphology varies between the sequences
and seems to be determined by the final wave conditions rather than the storm
history, even though the cumulative power of the three sequences was approximately
the same (see Table 4.2). This suggests that the cumulative power of a storm sequence
does not necessarily give an indication regarding the beach morphology at the end of
the sequence; the final morphology rather depends on the final low energy condition
and whether these were run for a sufficiently long duration to arrive at a stable state.

4.3.1 Storm wave conditions

Figure 4.4 presents the beach profile evolution of the three sequences under conditions
E1 (left panels) and E2 (right panels). The colour changes from light to dark as time
progresses.

The formation of the breaker bar and its offshore migration can be clearly noted
for both E1 and E2 as well as the formation and offshore migration of the secondary
(inner) bar under E1. A trough develops in the inner surf/swash zone. The breaker
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bar and its trough have a larger volume for E1 than E2. Offshore of the breaker bar,
small profile changes in the form of ripples can be observed for E1 whereas for E2
the measured beach profile changes appear to be negligible offshore of x≈−15m.

Most changes of the beach profile occur at the beginning of the high energy
wave conditions. This can be noted, for instance, for condition E2 in sequence 3
(see Figures 4.3c and 4.4f) where condition E2 presents an abrupt disruption to the
beach profile resulting in erosion of the berm, the shoreline, and the breaker bar.
The breaker bar gets almost entirely eroded within the first 30min of condition E2
and a new breaker bar evolves close to the equilibrium bar location of condition E2.
The beach profile evolution under condition E2 is studied in detail in Chapter 5.

Figure 4.4: Profile evolution under high energy conditions E1 and E2 in the three sequences: left
panels show profiles under E1 in 60min intervals and right panels equivalent for E2 in 30min inter-
vals; colour changes from light to dark as time progresses; dash-dotted lines represent the profiles
from which the high energy conditions started (this profile was not available for E1 - sequence 1);
the bold black line represents the last profile under the high energy conditions. Recall the order of
the wave conditions in each sequence: sequence 1 (E1-A1-E2-A1), sequence 2 (E2-A1-E1-A1) and
sequence 3 (E1-A2-E2-A3).
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After these initial fast changes, the profile evolves towards a relatively stable state
under both E1 and E2, which seems very similar for each condition, despite the differ-
ent profiles preceding the high energy conditions (see Chapter 5 for the investigation
of the influence of varying initial morphologies on beach profile evolution). This
is in line with Gravois et al. (2016) who made similar observations in medium-scale
experiments, where an energetic event normally resulted in a highly similar final pro-
file regardless of the initial profile of the storm wave conditions. This suggests that
the profile morphology from which the energetic storms start does not have a large
influence on the profile morphology during and after this storm, which is consistent
with the equilibrium beach concept. It is noted that this finding might not hold in
the case of an alteration of the beach volume, for instance by beach nourishments.
Differences in the bar size and shoreline location were observed for the same storm
conditions but different beach volumes and varying nourishment locations (Grasso
et al., 2011).

4.3.2 Low energy wave conditions of long duration

In the present set of experiments, conditions A2 and A3 are very long runs (13 h and
24 h, respectively) of low energy wave conditions. Figure 4.5 shows selected beach
profiles measured under conditions A2 and A3. The breaker bar, which evolved
during the preceding storm conditions, decays gradually under conditions A2 and
A3 and only a small bar remains. At the end of conditions A2 and A3, the bar is no
longer the most striking feature of the beach profile as a large berm has developed
in the swash zone. This berm largely contributes to the recovery of the shoreline.

Of particular interest is the profile evolution observed under the low energy wave
condition of very long duration (24 hours) in sequence 3 (condition A3). During A3,
the sediment of the breaker bar that evolved under E2 is transported onshore and it
supplies the evolving berm, resulting in a reflective beach state. Onshore transport
of the bar sediment under long periods of low energy wave conditions has also been
reported from field measurements (Phillips et al., 2017; Ruiz de Alegría-Arzaburu &
Vidal-Ruiz, 2018). In addition, Phillips et al. (2017) and Ruiz de Alegría-Arzaburu
& Vidal-Ruiz (2018) reported welding of the bar to the shoreline and highlighted the
importance of the proximity of the bar to the shoreline for shoreline recovery. In
the present study, the proximity of the breaker bar to the shoreline cannot clearly
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Figure 4.5: Berm formation and breaker bar decay during (a) A2 and (b) A3 in sequence 3
(E1-A2-E2-A3). Profiles are indicated by “p” in the legends; “p0” is the initial plane profile of the
sequence; “p(E1)” and “p(E2)” are the profiles at the end of conditions E1 and E2, respectively,
from which the low energy conditions commenced. The indicated times refer to the duration since
the beginning of the specific low energy wave condition.

be linked to beach recovery and welding of the bar to the shoreline is not observed.
However, onshore transport of the bar sediment under low energy conditions clearly
takes place, which is important to supply the evolving berm, to recover the shoreline
and to form a reflective beach profile.

Reflective beaches typically develop under wave conditions with very low Ω with
the following characteristic features (Wright & Short, 1984; Short, 1999b):

• an (almost) barless profile;

• a steep and relatively linear beachface with a runnel (the beach slope at the
offshore side of the berm is 1/8 after condition A3, which is considerably steeper
than the 1/15 slope of the initial profile of the sequence);

• step formation at the base of the beachface (corresponding to the maximum
rundown location, which was observed to be located at −1.8m during the last
A3 test, see Figure 4.5b); and

• cross-shore sediment sorting with accumulation of coarser sediments around
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the step and deposition of finer sediments just offshore of the step.

In the present study, cross-shore sediment sorting was investigated based on the
sediment samples that were collected from the drained flume after completion of
condition A3. The sediment grain size analysis is described in Section 4.2.3 and is
further detailed in Appendix A. Results from the sediment size analysis (d10, d50, d90)
at the different cross-shore locations are shown in Figure 4.6 along with the initial
profile of the sequence and the final profile that was measured after A3.

Figure 4.6: Initial and final beach profiles of sequence 3 as well as cross-shore distribution of
grain sizes after condition A3 in sequence 3 (E1-A2-E2-A3). The left and right ordinates refer to
the profile depth and to the grain size, respectively. In the legend, “p0” is the initial plane profile of
the sequence; “p(A3)” is the profile at the end of condition A3. The sediment diameters are taken
as the minimum Feret diameter.

A local accumulation of coarser sediments at the maximum rundown location
(corresponding to the location of the beach step) at the end of A3 can be observed.
The grain size d90 is particularly large, reaching 0.58mm, and is indicative of the
much wider grain size distribution around the beach step than at other locations.
Directly onshore of the step, the sediment is finer and more uniformly distributed.
Further onshore, around the shoreline, the sediment is again coarser and becomes
finer with a more uniform distribution towards the crest of the berm. Apparently,
only fine grained material is transported landward to the crest of the berm, while
the coarse material tends to converge at the step, which is in line with previous
studies on graded sediment transport around beach steps, such as Miller & Zeigler
(1958) and Hughes & Cowell (1987). Directly offshore of the step, the sediment is
considerably finer with a very narrow grain size distribution. Towards the offshore,
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sediment sizes are relatively constant with increased sediment sizes at the crest of
the decayed bar.

It needs to be noted that the sediment distribution at the beginning of condition
A3 is unknown and, hence, its influence cannot be taken into account. However, due
to the long duration of A3 (24 hours), which resulted in a relatively stable profile
(see Figure 4.3c), the sediment distribution is assumed to have also reached a quasi-
equilibrium condition that is specific to condition A3.

The results are generally in line with Masselink et al. (2016) who reported sorting
of medium- to coarse-grained sediment during low energy conditions in large-scale
morphodynamic experiments. In their experiments, the sediment became relatively
fine towards the berm crest and relatively coarse in the mid-lower swash and inner
surf zones, which matches well with the results presented in Figure 4.6. However,
Masselink et al. (2016) did not focus on the evolution of a reflective beach state and,
hence, did not report formation of a beach step and associated sediment sorting.

4.4 Breaker bar migration and wave breaking loca-

tion

Figure 4.7 shows the locations of the breaker bar and of the secondary bar together
with the observed locations of inner and outer wave breaking for the three storm
sequences. The figure reveals that both the outer and inner breaking locations are
found further offshore for the more energetic wave conditions, whilst they are further
onshore for the low energy conditions. The wave breaking location usually changes
immediately with a modification of the wave conditions and is often only slightly
affected by the existing breaker bar that is defined from the profile measurements,
as will be detailed below. Overall, wave breaking occurs at a very similar location
for each wave condition. No wave breaking locations could be recorded towards the
end of condition A3 because waves were identified from visual observations to be
predominantly surging breakers, which are typical of reflective beaches (Wright &
Short, 1984).

Figure 4.7 shows a clear link between the breaker bar location and the outer
breaking location. Under high energy wave conditions, the breaker bar shows fast
offshore migration to the outer breaking location directly at the beginning of the

80



4.4 Breaker bar migration and wave breaking location

Figure 4.7: Observed breaking and computed bar locations of (a) sequence 1, (b) sequence 2 and
(c) sequence 3.

wave conditions. The link between the bar and the breaking locations, especially
under high energy waves, corroborates findings from previous studies (e.g. Hoefel &
Elgar, 2003; Mariño-Tapia et al., 2007; Almar et al., 2010; Pape et al., 2010). Under
subsequent low energy conditions, the bar also moves towards the outer breaking
location but the timescale of migration is generally longer than for the high energy
waves. Larger beach response times for lower energy wave conditions were also
reported in previous studies comprising field measurements, such as Pape et al. (2010)
and Morales-Márquez et al. (2018). During long periods of low energy waves, such
as condition A3 in the present experiments, breaker bars do not necessarily travel
towards the wave breaking location but migrate onshore and eventually disappear
(Pape et al., 2010).

Under low energy conditions after E1, the secondary (inner) bar plays an impor-
tant role for the breaker bar to arrive at its equilibrium location. The waves are
usually so small that they pass the breaker bar and break close to the secondary
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(inner) bar. This was similarly described in Chapter 3 and in previous studies, such
as Baldock et al. (2017) and Birrien et al. (2018). The secondary (inner) bar progres-
sively increases in height until it is so large that it turns into the breaker bar (see also
Figure 4.3) and the previous breaker bar becomes the secondary (outer) bar. This
secondary (outer) bar gradually decreases in height and disappears under condition
A2. Under condition A1, run after E1, the secondary (outer) bar migrates onshore
while the location of the onshore located bar, which has turned into the breaker bar,
remains stable and the two bars eventually merge.

This observation may lead to a general reconsideration regarding the definition
of the breaker bar in case of a multi-barred beach profile. Usually, the breaker bar
is defined from the beach profile by either the maximum elevation change (as in
the present work and e.g. Alsina et al., 2012, 2016) or by the local maximum of
the absolute profile (e.g. Sánchez-Arcilla & Cáceres, 2017). However, in the case of
multiple bars, it appears more suitable to define an “active breaker bar” (following
Birrien et al., 2018) as the one that is closest to the outer breaking location rather
than defining a breaker bar that is solely defined from the profile measurements.

After the initial adjustment of the breaker bar to the outer breaking location,
the breaker bar is found at a relatively stable location with very limited changes
(“quasi-equilibrium location”) under all wave conditions (given that a breaker bar
could be defined). This is particularly evident for the low energy conditions A1 and
A2 and it seems to be mainly a matter of time before the breaker bar reaches a
stable location. Under high energy waves, the breaker bar also evolves towards a
stable location as can be noted by the reduced offshore migration rate of the bar at
the end of conditions E1 and E2.

To compare the quasi-equilibrium locations of the breaker bar at the end of the
same wave condition, Figure 4.8 shows the final breaker bar location of each wave
condition plotted against Ω. The final, quasi-equilibrium bar location is very similar
for the same Ω and exhibits an approximately linear dependency with the bar location
moving further offshore with increasing Ω. The low variability of the bar location
for a given Ω value highlights that storm sequencing does not have a large effect on
the final bar location in the present experiments regardless of the previous storm
sequence history and antecedent morphologies. However, as shown in Figure 4.7,
the time needed for the breaker bar to migrate to its equilibrium location can vary
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depending on the preceding wave condition, and hence on the disequilibrium of the
bar location at the beginning of the wave condition.

Figure 4.8: Breaker bar location at the end of each wave condition.

4.5 Shoreline evolution

Figure 4.9 shows the shoreline location of each measured beach profile of the three
sequences. In addition, Figure 4.10 presents the shoreline location at the end of each
wave condition against Ω.

Similarly to the breaker bar location, the shoreline also evolves towards a quasi-
equilibrium state under the prevalent wave condition (as can be noted by the reduced
rate of shoreline change towards the end of most wave conditions). This is particu-
larly evident for condition A1 after E2 as well as for conditions A2 and A3, as the
shoreline shows very limited change after a certain duration under these conditions.
In addition, under high energy conditions evolution of the shoreline towards an equi-
librium location is evident as shoreline recession slows down towards the end of E1
and E2.

The very high energy condition E1 results in a strongly eroded shoreline whereas
E2 results in a less eroded shoreline compared to E1. These differences in shoreline
location have an important effect on the subsequent recovery during A1: in contrast
to A1 after E2, the shoreline during A1 after E1 does not reach a quasi-equilibrium
location. This is related to the duration of A1 not being long enough to recover the
erosion that had occurred during E1. This highlights the importance of the initial
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Figure 4.9: Shoreline location against time in (a) sequence 1, (b) sequence 2 and (c) sequence 3.

morphology, which is determined by the previous wave condition, and the duration
of a wave condition to reach an equilibrium/recovered condition. The duration seems
especially important for low energy conditions for which it is known that the profile
evolves more slowly compared to storm wave conditions (e.g. Kriebel & Dean, 1993;
Morales-Márquez et al., 2018).

The importance of the initial beach morphology at the beginning of a wave condi-
tion is highlighted by a closer examination of the shoreline evolution during condition
E2: while the shoreline erodes in both sequences 2 and 3, shoreline changes during
E2 are almost negligible in sequence 1. The shoreline evolves towards a similar final
location under E2 in each sequence (see Figure 4.10). Therefore, the rate of shoreline
change is different depending on the sequence, and hence depending on the initial
shoreline location of condition E2. In sequence 1, after condition A1-1, the shoreline
is close to the final shoreline location of E2 (i.e. x0 ≈ 1.5m) while the shoreline is
much more recovered at the beginning of E2 in sequences 2 and 3. Consequently,
E2 in sequence 1 does not promote shoreline erosion compared to sequences 2 and
3. This further supports the concept that beach evolution depends on the initial
beach configuration as well as the wave conditions (e.g. Wolf, 1994; Grasso et al.,
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2009; Yates et al., 2009; Baldock et al., 2017; Morales-Márquez et al., 2018) and this
concept is further studied in Chapter 5.

Figure 4.10: Shoreline location at the end of each wave condition.

Despite the overall recovery of the shoreline under A1, the shoreline continues to
erode in the beginning of most A1 conditions. Baldock et al. (2017) and Birrien et al.
(2018) linked beach erosion during the transition from high to lower energy conditions
to an onshore shift of the wave breaking location and a change towards a more
reflective beach state. However, in the present work initial shoreline erosion under
conditions A1 is primarily explained by swash zone processes and the development
of a swash berm in the beginning of A1 (as described in Section 4.3 along with
Figure 4.3). The sediment for berm formation originates from the inner surf/lower
swash zone by horizontal advection generating initial shoreline erosion under most
A1 conditions (as studied e.g. by Alsina et al., 2018). This was also previously
observed in the field by Weir et al. (2006). Once the berm has evolved, it grows in
size and expands towards the offshore, promoting shoreline recovery. The differences
in shoreline evolution in the beginning of A1 starting from a similar erosive profile
are related to small variations in the shape of the berm and trough.

4.6 Sediment transport

In this section, results from sediment transport calculations are presented. First,
bulk sediment transport for different time instants of the profile evolution is shown.
Second, bulk sediment transport at quasi-equilibrium is presented.
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4.6.1 Time-varying bulk sediment transport

Bulk sediment transport Q can be calculated using Equation 4.1. Figure 4.11 shows
the bulk sediment transport Q as a function of time for wave conditions E2, A1, A2
and A3. Q is computed using the initial profile at the start of the respective wave
condition. For the sediment transport computations, the beach profile measurements
have to cover the entire active beach, which was the case for all conditions except for
profiles obtained under condition E1. E1 was the most energetic condition and was
found to induce small profile changes offshore that were only covered if an extended
profile measurement was performed. As described in Section 4.2.2, an extended
profile measurement was performed at the beginning and end of each sequence and,
in sequences 2 and 3, upon completion of each wave condition.

Figure 4.11: Bulk cross-shore sediment transport Q from the start of each wave condition as a
function of time for wave conditions (a) E2, (b) A1, (c) A2 and (d) A3 from different sequences. Q
is computed using the initial profile at the start of the respective wave condition. Note the different
durations of the wave conditions, resulting in different scales of the abscissas.

Figure 4.11 reveals that under the low energy wave conditions (panels b–d) the
bulk sediment transport is usually positive, i.e. onshore-directed, and it increases
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with time. Towards the end of the low energy conditions, Q tends towards a rela-
tively stable value. This is specifically evident for condition A3, where the last five
data points have very similar Q values (the last point is considered as an outlier
possibly related to sinking of the wheel of the mechanical profiler when doing the
measurement). Note that if Q reaches a stable value in Figure 4.11, it indicates
that there is no further bulk sediment transport during this run, i.e. the profile has
evolved to a stable equilibrium condition.

For condition E2 (Figure 4.11a) a tendency towards a stable Q value can also be
noted even though, due to the shorter duration of E2, it is less evident than for the low
energy conditions. From the profile evolution (see right panels of Figure 4.4) it was
already shown that the profile under E2 develops towards a stable state (even though
the bar and shoreline have not yet reached fully stable locations as known from
Figures 4.7 and 4.9) and can be considered to be close to their quasi-equilibrium. It is
interesting to note that reaching this quasi-equilibrium state under E2 corresponds to
offshore bulk sediment transport during sequences 2 and 3 but onshore bulk transport
during sequence 1.

4.6.2 Bulk sediment transport for different wave conditions

Figure 4.12a shows the bulk sediment transport in quasi-equilibrium, which corre-
sponds to the Q values at the end of each wave condition shown in Figure 4.11,
plotted against Ω. In Figure 4.12a Q calculated for the E1 conditions in sequences 2
and 3 can also be presented because a complete profile measurement was performed
before and after these conditions (covering the closure limits) and, as was shown
in Figure 4.4, the profile evolves towards equilibrium at the end of E1. For A3, the
penultimate value (after 1380min) is shown as the equilibrium value. In Figure 4.12a
the origin is also indicated as it is clear from a physical perspective that sediment
transport has to be zero for no wave forcing.

The data presented in Figure 4.12a show that bulk sediment transport is onshore-
directed for the low energy conditions while it tends to be offshore-directed for high
energy conditions. Bulk offshore transport is largest for the most energetic (E1) con-
dition, corresponding to the most eroded profile (see Figures 4.3 and 4.4). Maximum
bulk onshore sediment transport occurs for A2 despite A3 being classified as a lower
energy condition (according to Hrms and Ω).
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Figure 4.12: Bulk sediment transport Q from the start of each wave condition at quasi-
equilibrium. (a) Q against Ω. (b) Q against Ω with the initial shoreline location for each wave
condition indicated with the colour spectrum. Larger (smaller) values of the colour spectrum denote
a more eroded (accreted) shoreline at the beginning of the wave condition.

Differences between the bulk transport for the same wave condition (same Ω)
become evident from Figure 4.12a and are linked to the differences in profile dise-
quilibrium at the beginning of the wave condition. In fact, Figure 4.12a does not
account for the initial beach profile, which is, however, crucial for the volume of
transported sediment. Therefore, Figure 4.12b shows the bulk sediment transport Q
against Ω (as in Figure 4.12a) and indicates the initial shoreline location x0 with the
colour spectrum for each wave condition. Data points with a similar colour indicate
a similar shoreline location at the start of the wave condition and can therefore be
compared without the influence of varying initial shoreline locations.

Baldock et al. (2011) formulated the following Q-Ω relationship for a given shore-
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line location based on the beach equilibrium concept:

Q = C(Ωeq(x0)− Ω)Ωb, (4.2)

where Ωeq(x0) denotes the Ω value that would result in no/equilibrium sediment
transport for the present shoreline location x0, C (with the dimension of m3) is a
scaling factor to maintain dimensions and b represents some power. Baldock et al.
(2017) (Figure 15a in their paper) presented examples of the Q-Ω relationship for
varying values of Ωeq(x0). The present data reaffirm this concept by values of Q
calculated from experimental data for a similar initial shoreline location (similar
colour in Figure 4.12b). Nevertheless, it needs to be noted that the number of data
points with the same shoreline location at the start of the wave conditions is limited
and that no data were available for very small values of Ω.

In line with studies on equilibrium beach evolution, such as Yates et al. (2009)
and Baldock et al. (2017), Figure 4.12 evidences that the same wave condition can
result in either beach erosion or recovery (corresponding to a negative or positive
value of Q, respectively), depending on whether the beach is in a more recovered
or eroded state compared to the equilibrium state for these wave conditions. This
highlights that the terms erosive and accretive are not necessarily associated with
high and low energy wave conditions, respectively, but that they need to be linked
to the disequilibrium of the beach for the prevalent wave conditions.

This is most clearly shown by the values of Q for condition E2 in the three
sequences: while sediment transport is offshore-directed in sequences 2 and 3, sed-
iment transport is onshore-directed in sequence 1. As shown in Figure 4.12b and
as discussed in Section 4.5, the shoreline at the beginning of E2 in sequence 1 is in
a less recovered state, and hence closer to the equilibrium shoreline location of E2.
Consequently, the shoreline erodes under E2 in sequences 2 and 3 (associated with
bulk offshore sediment transport) while no evident shoreline change is observed in
sequence 1 where bulk onshore sediment transport occurs. Wave condition E2 and
the influence of different initial morphologies on beach profile evolution are studied
in detail in Chapter 5.
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4.7 Discussion

The similarity of the breaker bar and shoreline locations at the end of the same wave
conditions, despite different initial morphologies, suggests that the final bar and
shoreline locations of each wave condition are hardly affected by storm sequencing
(including storm chronology, and hence the effect of the initial profile). No cumulative
effect due to storm sequencing on the equilibrium bar and shoreline locations is
observed. The final beach state at the end of each sequence is determined by the
last wave condition and its duration rather than by storms that occurred previously
in the sequence. This agrees with Vousdoukas et al. (2012) who described in their
conceptual model that, once an equilibrium beach state is reached, a beach only
erodes further if the previous storm power is exceeded. It also supports previous
findings from specific field sites on short-term beach evolution under storm sequence
forcing by Coco et al. (2014) and Morales-Márquez et al. (2018).

The above findings imply that storm sequencing is important for the rate of
change of the beach during a storm when the beach does not have sufficient time to
recover between two storm events. In this case, a small subsequent storm might even
generate beach recovery if the preceding low energy conditions only provided limited
recovery (as shown for condition E2, which is studied in more detail in Chapter 5).
On the other hand, if the beach is in a more recovered state, more sediment can be
eroded during subsequent storm wave conditions. This was similarly highlighted by
Yates et al. (2009) and Scott et al. (2016).

The Q-Ω relationship for a given beach width (Baldock et al., 2011, 2017) is
supported by the present data, which provide the advantage of covering a range of
wave conditions and initial beach morphologies. It has become evident that bulk
sediment transport does not necessarily increase for decreasing values of Ω but is
larger for A2 than for A3 in the present study. This may appear surprising, because
condition A3 has a lower Ω and may therefore be expected to be more accretive than
condition A2. However, the larger disequilibrium in the beginning of condition A2
may provide a reason for increased bulk transport because a larger disequilibrium
would promote faster beach changes (Yates et al., 2009), provided that the entire
beach profile remains active (Scott et al., 2016; Baldock et al., 2017; Biausque &
Senechal, 2019). In addition, despite being able to keep the entire beach profile
active, the much lower waves of condition A3 may mobilise less sediment and, hence,
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result in reduced recovery rates.
Both the breaker bar and the shoreline evolve towards an equilibrium location

that is specific to each wave condition. The timescale for establishing an equilibrium
after a change in wave condition is much shorter for the bar (typically within one
hour) than for the shoreline (typically within a few hours). The experiments were
carried out at an approximate geometric scale of 1:2 (Sánchez-Arcilla et al., 2011)
and, therefore, following Froude scaling (e.g. Hughes, 1993), indicative timescales at
prototype scale are approximately a factor of

√
2 higher than in the present labora-

tory setting. Under low energy conditions, the morphological process that primarily
contributes to the faster evolution of the breaker bar towards equilibrium compared
to the shoreline is the change of the “active” bar from the outer to the inner bar.
This is related to the waves breaking at the inner bar directly from the beginning of
conditions A1 and A2. The breaking at the inner bar contributes to the equilibrium
location of the breaker bar being reached faster compared to the shoreline. It also
presents a very efficient morphological beach adjustment at the present short-term
scale, i.e. the former breaker bar does not have to move onshore.

In addition, the faster evolution towards equilibrium of the breaker bar may also
be related to the processes driving bar and shoreline evolution, which will, however,
require future investigations using hydrodynamic measurements. While the breaker
bar evolution is largely driven by breaking-related processes in the submerged beach,
primarily offshore (onshore) sediment transport due to mean return flow (wave non-
linearities) (e.g. Hoefel & Elgar, 2003; Mariño-Tapia et al., 2007; Alsina et al., 2016),
the shoreline represents the interface between the submerged and emerged beach
where processes, such as wave-swash interactions, backwash, and sediment advection,
are relevant for sediment transport (e.g. Blenkinsopp et al., 2011a; Cáceres & Alsina,
2012; Alsina et al., 2018; van der Zanden et al., 2019). The present findings indicate
that, at least in the present experiments, the processes driving bar evolution tend to
occur faster than the processes involved in shoreline evolution. This becomes evident
because even for the wave conditions where the inner bar was not a reason for quick
adjustment of the breaker bar location, the equilibrium was reached faster for the
bar than for the shoreline (compare, for instance, bar and shoreline evolution during
condition A1-2 in sequence 1 in Figures 4.7a and 4.9a, respectively).

In terms of a generalisation of the findings on storm sequencing and beach re-
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sponse from the present study, certain aspects have to be considered. Although
bichromatic wave conditions in this wave flume were reported to induce similar beach
response as random waves (Baldock et al., 2011), the quantitative rate of morpholog-
ical change to reach equilibrium is likely to be faster for bichromatic waves compared
to random conditions. The details of the bichromatic wave conditions (e.g. number
of individual waves per group) can also affect the timescale of morphological evo-
lution. For instance, Alsina et al. (2018) reported that shorter bichromatic wave
groups (less individual wave variability) reached equilibrium faster than longer wave
groups (more individual wave variability).

Moreover, temporal variations in the water level due to tides and surge are not
accounted for in the present experiments. Storm peaks coinciding with high tides at
tide-dominated environments have the capacity to induce significantly larger beach
erosion than that expected based only on their wave power (Coco et al., 2014; Dis-
sanayake et al., 2015a). As a result, a storm that occurs second in the sequence but
at high tide may result in further erosion despite similar or even less storm power
compared to the first one. Following this, the present data have to be considered to
compare most closely to a micro-tidal, wave-dominated environment.

Furthermore, as typical for wave flume experiments, the present study focused on
cross-shore beach profile evolution and waves were unidirectional and approached the
shore normally. In the field, however, wave directionality and longshore transport
can be important for beach evolution. For instance, unusual directions of storms
approaching the coast have the potential to generate increased beach erosion volumes
due to increased wave energy in the nearshore (Mortlock et al., 2017) and they can
promote longshore sediment transport.

Extreme storm events, such as storms peaking at high tide or storms of very large
power, can generate severe erosion leading to an important change of the active beach
profile (Kuriyama & Yanagishima, 2018). This relates, for instance, to erosion of the
berm, which allows propagation of subsequent waves further onto the beach resulting
in an important narrowing of the beach width and possibly further erosion even
under less energetic subsequent storms. This beach response can result in sediment
being stranded offshore beyond the depth of closure in a sediment compartment that
is unavailable for beach recovery under low energy conditions (Scott et al., 2016;
Baldock et al., 2017; Ruiz de Alegría-Arzaburu & Vidal-Ruiz, 2018; Biausque &
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Senechal, 2019). Even though a change in the active beach state is not unusual in
natural environments, in the present experiments such a change was not observed
and sediment eroded during storm conditions could still be mobilised for subsequent
recovery.

4.8 Conclusions

The influence of storm sequencing on beach profile evolution with a focus on breaker
bar and shoreline evolution was studied based on experiments in a large-scale wave
flume. The data analysed in this chapter comprised beach profile data, wave breaking
observations and sediment samples. Three storm sequences were run as a combina-
tion of two storms (a very energetic and a smaller storm event), each followed by a
recovery stage (three different types of low energy wave conditions). The duration
of the sequences varied between 26 and 43 hours. The results lead to the following
conclusions.

• Both the breaker bar and the shoreline evolve towards an equilibrium location
that is specific to each wave condition regardless of the initial profile morphol-
ogy. It is mainly a matter of time before the equilibrium condition is reached:
while the beach changes rapidly under high energy wave conditions, the beach
responds much more slowly to low energy waves. For both high and low en-
ergy conditions, the quasi-equilibrium location establishes much faster for the
breaker bar than for the shoreline.

• The evolution towards an equilibrium beach state implies that no cumulative
or enhanced beach erosion due to storm sequencing occurs in the present study.
Despite the same cumulative power of each sequence, the final beach state is
not determined by previous storms but by the last wave condition. This is
consistent with classical equilibrium-type beach models.

• The initial profile morphology of a wave condition (and hence storm sequencing)
has an important influence on the rate of shoreline change and the induced bulk
sediment transport. The initial profile morphology determines how much the
beach needs to erode or recover whilst evolving to the new equilibrium state.
The same wave condition can generate either shoreline erosion or recovery
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depending on the initial profile morphology. The rate of change of the breaker
bar location is barely affected by sequencing as the quasi-equilibrium of the
breaker bar location is usually reached quickly during each wave condition.

• The breaker bar is consistently found at the outer breaking location. When
wave conditions change, the breaker bar quickly adjusts to the new breaking
location under high energy conditions and more slowly under low energy condi-
tions. For low energy conditions following high energy conditions, the breaking
location is typically unaffected by the existing breaker bar. If an inner bar ex-
ists, waves break close to the inner bar leading to a rapid change of the breaker
bar location to the new breaking location under low energy waves. Therefore,
the breaker bar should preferably be determined as an active bar, as the bar
that is in interaction with wave breaking.

• In the present experiments, very low energy wave conditions that are run for
a long duration (24 hours) result in an almost steady state, reflective beach
profile. The coarsest sediment grains accumulate around the beach step and
become finer towards the berm crest and towards the offshore.

This chapter has provided evidence regarding the importance of the initial beach
morphology of a wave condition and the beach equilibrium concept even under the
alternating high and low energy wave conditions of storm sequences. These results
have important implications on coastal protection strategies as storms within se-
quences do not necessarily result in increased beach erosion. However, site-specific
behaviour of natural beaches has to be taken into account and importance should
be placed on the potentially severe impact of large storm events, especially when
coinciding with high water levels, which can exacerbate the expected beach response
during a subsequent storm.
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5
Beach profile evolution towards

equilibrium from varying initial

morphologies

5.1 Introduction

In Chapter 4, beach profile evolution under sequences of alternating high and low
energy wave conditions was investigated. It was shown that, if the entire beach profile
remains active, a wave condition generates the same profile morphology, which is
referred to as the equilibrium morphology for this wave condition. This equilibrium
morphology developed for the same wave condition regardless of differences in the
initial morphology. This observation was particularly evident for wave condition E2,
which was run three times, each time commencing from a different initial morphology.
Despite being originally classified as “erosive”, condition E2 produced either onshore
or offshore sediment transport depending on the initial morphology.

This result raises the following question: how does the beach morphodynami-
cally evolve towards the same (equilibrium) profile for identical wave conditions but
commencing from different beach morphologies? This research question is of high
interest because, although the equilibrium concept is widely accepted in coastal mor-
phodynamics, details of the hydrodynamic-morphological coupling that leads to an
equilibrium profile are not well understood. More detailed knowledge of the influence
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of the initial profile on equilibrium beach evolution is highly important to understand
different beach changes generated by the same wave conditions. This knowledge can
ultimately be of interest for coastal management practices; for instance, in the con-
text of storm sequencing and beach response because storms within sequences make
landfall on different antecedent morphologies. Another relevant context, although
not a focus of the present thesis, is the implementation of beach nourishments, which
alter the beach profile for the same wave forcing (e.g. Grasso et al., 2011).

This chapter focuses on wave condition E2 from the RESIST data set (introduced
in Chapter 4) to investigate the hydrodynamic-morphological coupling that leads to
equilibrium beach profile response. The chapter starts with a description of the
experimental setup that builds on Section 4.2. Second, the initial conditions, i.e.
the wave condition and the initial morphologies, are described. Subsequently, the
morphodynamic evolution of the beach towards equilibrium is analysed in terms of
the profile evolution, sediment transport, wave heights and flow velocities. The main
findings are brought together in a conceptual model and are discussed. The material
presented in this chapter has been reported in Eichentopf et al. (2019c).

5.2 Experimental setup

The data investigated in the present work were acquired within the HYDRALAB+

transnational access project RESIST. These experiments were performed in the large-
scale CIEM wave flume (see Figure 1.1) and were described in Chapter 4. In the
present section, the most relevant aspects for this chapter are outlined.

The wave conditions used in the RESIST experiments and their combination into
three sequences are shown in Table 4.2. Each of the three sequences commenced from
a 1/15 sloped manually shaped profile. The coordinate system used in this chapter
is the same as in Chapter 4 with its origin at the shoreline of the initial plane profile
of the sequences. As a result of the combination of the wave conditions in different
orders, the same wave conditions commenced from different beach morphologies. The
present chapter focuses on the high energy condition E2, which was run three times,
each time commencing from a different initial morphology. Hereafter, we will refer
to E2 run in sequences 1, 2, and 3 as case 1, case 2 and case 3, respectively. Each
case of condition E2 consisted of four 30min runs resulting in a total duration of
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120min of condition E2.

5.2.1 Wave condition E2

Wave condition E2 is an energetic wave condition, which is traditionally classified
as “erosive” due to its relatively large Hrms and Ω (Hrms =0.32m and Ω =2.54; see
Table 4.1). It is a bichromatic wave condition, which repeats exactly every two wave
groups (see Figure 4.1a for the repetition of bichromatic wave conditions every two
groups using the example of wave condition E1).

Details of wave condition E2 and its two components (with indices 1 and 2 for
components 1 and 2, respectively) are summarised in Table 5.1. The target root
mean square wave height Hrms close to the wave paddle was 0.32m and the mean
primary wave period Tp = 2/(f1 + f2) was 3.7 s. Tg represents the period of one
wave group (Tg = 1/(f1− f2)), each comprising three short waves. Tr corresponds to
the repetition period, i.e. the period after which a defined number of wave groups
repeats exactly. In the present case, Tr = 2Tg. The waves were fully modulated, i.e.
H1 = H2.

Table 5.1: Target values for wave condition E2 at generation.

H1 (m) f1 (Hz) H2 (m) f2 (Hz) Hrms (m) Tp (s) Tg (s) Tr (s)

0.245 0.3041 0.245 0.2365 0.320 3.7 14.8 29.6

5.2.2 Measurements

The beach profile was measured after every 30min run as well as before the start of
condition E2. The profile measurements were performed along a central line of the
flume using a mechanical profiler with a spatial resolution of 0.02m and a vertical
measurement accuracy of 0.01m (see also Chapter 4).

Information on the locations of runup and rundown limits as well as on the
offshore and onshore limits of wave breaking were acquired by means of visual ob-
servations during the first 5–10min of each run (see Chapter 4). Owing to the
bichromatic, i.e. repeatable, wave conditions, the breaking limits could be identified
well by means of visual observation of a certain number of waves. Hence, the outer
breaking location is associated with breaking of the largest waves, and the inner
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breaking location relates to breaking of the smallest waves of the group. The region
offshore of the outer breaking location is defined as the shoaling zone; the region
onshore of the outer breaking location is referred to as the surf zone. The surf zone
is further divided into the breaking zone in which most of the waves, large and small,
break (region between outer and inner breaking locations), and the inner surf zone
(region onshore of the inner breaking up to the rundown limit) (see also Section 2.2.1
along with Figure 2.2).

Hydrodynamic data were obtained to study wave height transformation along
the flume and flow velocities in the inner surf and swash zones. The setup of the
instrumentation at the start of the first run of case 1 to acquire these hydrodynamic
data is shown in Figure 5.1 and a summary of the instrumentation is presented in
Table 5.2. For cases 2 and 3, the instrument locations were very similar to case 1
with small variations between 2 and 20 cm in cross-shore direction, which arise due
to small variations in the handmade initial profiles of each sequence.

Figure 5.1: Experimental setup at the start of the first run of case 1.

Water surface elevation was measured by means of resistive wave gauges (RWG)
and acoustic wave gauges (AWG) at a frequency of 40Hz. RWGs were primarily
deployed in the deeper part of the flume and the shoaling region while AWGs were
primarily deployed in the shoaling, surf and swash zones. In addition to water surface
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Table 5.2: Instrument locations and vertical elevations above the bed at the start of the first run
of case 1.

Device Quantity x-location (in m) (vertical elevation above the bed (in m), where ap-
plicable)

RWG 12 −63.4, −48.22, −46.71, −42.3, −35.23, −31.16, −27.12, −23.18,
−19.21, −17.42, −15.66, −11.3

AWG 19 −56.04, −44.94, −21.85, −20.55, −14.66, −13.26, −9.57, −7.38,
−5.57, −3.44, −1.57, −0.52, 0.47, 1.25, 2.31, 3.5, 4.55, 5.56, 6.51

ADV 6 −11.39 (0.085), −1.54 (0.03), −0.52 (0.03), 0.27 (0.03), 1.28 (0.03),
2.26 (0.03)

elevation, AWGs also measure exposed bed levels in the swash zone (see Section
5.4.5). In the inner surf and swash zones, i.e. for x ≈−2 to 7m, AWGs had a high
spatial resolution of circa 1m. The theoretical measurement accuracy of the AWGs
is 0.2mm, except for the two most onshore located AWGs for which it is 0.02mm
(van der Zanden et al., 2019).

The three-dimensional velocity was measured at five fixed locations by means
of acoustic doppler velocimeters (ADV) at a frequency of 100Hz. The ADVs were
deployed at a vertical elevation of 0.03m above the initial bed and repositioned
before the start of each run. An additional ADV was deployed at a mobile frame
that is mounted to a mobile trolley allowing the horizontal and vertical positioning
of the instrumentation. In case 3, an additional ADV was deployed at x=−4.52m
at 0.03m (= 3 cm) above the initial bed.

5.2.3 Data treatment

ADVs were primarily placed in the inner surf and swash zones, where the sensors are
intermittently emerged and submerged. Low quality data, primarily associated with
exposed sensors during wave backwash, were detected based on correlation statistics
(signal amplitude below 75 counts or signal-to-noise ratio below 15 dB), discarded
and not replaced. From the cleaned data, spurious high frequency data were removed
by applying a low-pass filter with a cut-off frequency of 3Hz. The first 60 s of each
ADV time series were discarded to ensure that a sufficient number of short waves have
arrived on the beach. The last 120 s of each ADV time series were also discarded as
these were usually acquired after the wave paddle had stopped. Velocity time series
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of low quality (usually with > 60% of missing data) were entirely discarded from the
analysis.

Due to the exact repetition of the bichromatic wave groups at the repetition
period Tr, which comprised two wave groups (see Figure 4.1), the hydrodynamic data
could be ensemble averaged over a Tr cycle. The detailed procedure to obtain the
ensemble averaged data is described in van der Zanden et al. (2019). Subsequently,
the maximum wave height Hmax is obtained as the difference between the maximum
and the minimum water surface elevation of each ensemble.

5.3 Initial conditions

As aforementioned, condition E2 was run three times but from varying initial mor-
phologies. These morphologies are shown in Figure 5.2 and a brief description of the
main beach features is given in Table 5.3.

Figure 5.2: Initial morphologies of the three cases.

In case 1, condition E2 was run from a profile that developed under a (slightly)
low energy condition with a dimensionless sediment settling velocity Ω = 1.44. The
resulting profile is characterised by a pronounced bar-trough relief (breaker bar at
x≈−7.7m) with a secondary (inner) bar (at x≈−5.5m) and a small berm (at
x≈ 2 to 3m). This profile configuration can be classified following Wright & Short
(1984) as an intermediate beach with elements of the “rhythmic bar and beach state”
(RBB), such as a pronounced bar-trough relief and a small berm, even though three-
dimensional features cannot be defined in the present work (see Figure 2.6 for the
spectrum of different beach states). It should be noted that the low energy condition
prior to E2 was run following a high energy condition (see Tables 4.1 and 4.2) and
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Table 5.3: Initial beach morphologies for the three cases.

Case Overall profile Breaker bar Swash berm

Case 1 Intermediate energy profile Offshore bar Small swash berm

Case 2 (Almost) plane profile Barless No swash berm

Case 3 Low energy beach Small bar in shallow water Large berm with runnel

limited shoreline recovery occurred during the low energy condition (see Chapter 4).
Prior to the start of E2, the breaker bar had a considerable volume.

In case 2, condition E2 commenced from an almost plane, 1/15 sloped beach
profile. Case 2 was run after 30min of a random wave condition (condition B in
Table 4.2), which was run to homogenise and compact the manually shaped bed.

In case 3, the initial profile is a low energy beach with elements of a low energy
intermediate “ridge-tunnel type” (RR) and of a reflective beach (Wright & Short,
1984). Notable features of the initial profile are a small bar (at x≈−4.4m), a
pronounced berm (at x≈ 0 to 3m) and a runnel just onshore of the berm. The
profile had developed under a low energy wave condition with Ω = 1.05 (see Tables
4.1 and 4.2).

The initial shoreline location is relatively similar for cases 2 and 3 and is further
offshore, i.e. the beach is wider, than for case 1. In both cases 1 and 3, the initial
shoreline is found near the toe of the swash berm.

The same wave condition was used in each case. Figure 5.3 shows a segment of
circa 100 s of the water surface elevation measured at x≈−63.4m (corresponding
to 11.8m from the wave paddle), which proves the similarity between the generated
waves. In comparing the three cases, the mean difference between the generated
water surface time series lies between 0.1–2% of the target Hrms; this is similar to
the variability between the waves generated in different runs of E2 within the same
case.
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Figure 5.3: Short time series of water surface elevation measured by an RWG at x≈−63.4m
(11.8m from the wave paddle).

5.4 Results

In this section, first, the beach profile evolution and results from the sediment trans-
port calculations are presented. Second, the wave height transformation along the
flume and the mean velocities in the inner surf and swash zones are presented. Fi-
nally, the bed evolution is studied by means of AWG measurements, which provide
insights into the intra-run bed level changes.

5.4.1 Beach profile evolution

The beach profiles obtained by means of the mechanical profiler in intervals of 30min
(after each run) are shown in Figure 5.4 for cases 1–3 (panels a–c, respectively).
Vertical lines indicate the outer and inner breaking locations taken from observations
during the first run (dashed lines) and during the last run (solid lines). Arrows
indicate the rundown and runup limits during the first run. The final profiles of the
three cases (black lines in Figure 5.4) are also shown in Figure 5.5.

It becomes evident that the beach profile develops towards a similar final profile in
the three cases (black lines in Figure 5.4 and Figure 5.5), characterised by a breaker
bar-trough system and a secondary (inner) bar, a concave profile in the inner surf
and swash zones, and the presence of a small berm close to the maximum runup
location. This final beach configuration is considered to be the equilibrium profile
associated with condition E2. The same final beach profile develops, even though
the cases start from highly different initial morphologies, indicating that the final
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Figure 5.4: Beach profile evolution in 30min time intervals. Colour changes from light to dark
as time progresses. The dash-dotted line represents the initial beach profile. Vertical dashed lines
indicate the outer and inner breaking locations taken from observations during the first 30min run
and vertical solid lines equivalent for the last 30min run of E2. Arrows indicate the rundown and
runup limit during the first 30min run. (a) Case 1. (b) Case 2. (c) Case 3.

profile configuration is largely determined by the wave condition (in line with e.g.
Wright et al., 1985; Yates et al., 2009; Grasso et al., 2009, and Chapter 4).

The largest beach changes occur during the initial stage of condition E2 and beach
changes become slower as the profile approaches the final (equilibrium) configuration
(Figure 5.4). Case 1 (intermediate initial beach profile) is characterised by offshore
migration of the breaker bar and of the outer breaking location (from x≈−7.7m to
x≈−9.1m) as well as offshore migration of the secondary (inner) bar and the inner
breaking location. The small existing berm (at x≈ 2.5m) disappears and a new berm
evolves close to the maximum runup location. In case 2 (almost plane 1/15 sloped
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Figure 5.5: Final morphologies of the three cases.

initial profile), a breaker bar develops at x≈−8.7m and slightly migrates offshore to
x≈−9.5m towards the final beach configuration. The shoreline erodes and a berm
forms near the maximum runup location as the beach evolves from a planar to a
concave profile. In case 3 (low energy initial profile), the existing breaker bar (at
x≈−4.4m) is eroded and a new bar forms further offshore near the bar location of
the final beach configuration (at x ≈−9.3m). The large berm of the initial profile
is eroded along with the shoreline. As in cases 1 and 2, a small berm evolves near
the maximum runup limit.

A rapid evolution of the beach during the initial stage of a wave condition is in
line with equilibrium-type beach evolution models, which state that beach changes
are faster for a larger disequilibrium of the beach profile for a given wave condition
(Wright et al., 1985; Yates et al., 2009). In addition, beach changes at the start of
relatively energetic wave conditions, such as condition E2, were previously reported
to occur quickly (e.g. Morales-Márquez et al., 2018, and Section 4.3).

During the first run, differences in the wave breaking location (vertical dashed
lines in Figure 5.4) highlight the morphodynamic feedback. In case 1, the outer
breaking location is controlled by the offshore located bar that is present at the
beginning of condition E2. In contrast, in cases 2 and 3, the outer wave breaking lo-
cation is initially not controlled by the breaker bar. This is because the initial profile
is almost planar (case 2) or the bar is small and far onshore so that the largest waves
break before arriving at the existing bar location (case 3). In these cases, the outer
wave breaking occurs close to the final bar location of condition E2 where the bar is
located directly after the first wave run. Generally, the breaker bar is found near the
outer breaking location, similarly to other wave conditions in the same experiment
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(see Chapter 4) and in previous studies, especially for high energy wave conditions
(e.g. Gallagher et al., 1998; Hoefel & Elgar, 2003; Mariño-Tapia et al., 2007; Pape
et al., 2010). Towards the end of condition E2, the outer wave breaking location
(last run indicated by vertical solid lines) is very similar between the cases as is the
bar location. This indicates the importance of the coupling between morphology and
hydrodynamics during the first run, leading to the equilibrium profile.

Differences between the cases can also be observed in terms of the region between
the rundown and runup limits, i.e. the swash excursion. The swash excursion is
largest in case 2, which started from an almost plane beach profile. Due to the plane
profile, there were no beach features that hindered the waves from going up onto the
beach and running back. In case 3, the wave runup goes beyond the berm directly
from the beginning of condition E2, which is important for the evolution of the swash
berm as will be further shown in Section 5.4.5.

The evolution of the different initial beach profiles towards the same final (equi-
librium) morphology is also supported by the similarity of specific beach parameters,
such as the breaker bar and the shoreline locations of the three cases (Figure 5.6).
Figure 5.6 reveals an equilibrium bar location at x≈−9.3m and an equilibrium
shoreline location at x≈ 1.3m with a maximum variability between the cases of
0.44m and 0.1m for the bar and the shoreline, respectively, which can be considered
small (see Chapter 3, Section 3.4). The disequilibrium of the bar and the shoreline
is defined as the difference between the equilibrium and the current locations. The
disequilibrium in the beginning of condition E2 is largest in case 3 (−4.9m for the
bar and 1.26m for the shoreline) and smallest in case 1 (−1.46m for the bar and
−0.12m for the shoreline).

The breaker bar reaches its approximate equilibrium location during the first run
of condition E2 (Figure 5.6a). As aforementioned, the bar of the initial profile of
case 3 does not migrate offshore but is eroded and a new bar forms during the first
run of E2 in case 3.

Differences in beach evolution between the three cases also become evident for
the shoreline (Figure 5.6b). While the shoreline erodes in cases 2 and 3, it is at a
relatively stable location in case 1. As described in Chapter 4, this can be related
to the initial shoreline in case 1 being close to the equilibrium shoreline location of
condition E2. In both case 1 and case 3, the initial shoreline is at the toe of the
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Figure 5.6: Breaker bar and shoreline locations during 120min of condition E2 for case 1 (◦),
case 2 (◦) and case 3 (◦). (a) Bar location. (b) Shoreline location. No bar location could be defined
for the initial (almost plane) profile of case 2.

swash berm (see panels a and c in Figure 5.4). In case 1, this berm is small and,
hence, does not have an important influence on the shoreline location after being
eroded, whereas in case 3 the berm is large and, hence, strong erosion of the berm
leads to large shoreline retreat.

It becomes evident that the largest morphological changes occur during the first
30min of condition E2. Therefore, the following sections will focus on the first run
to investigate the morphodynamic evolution of the beach towards equilibrium.

5.4.2 Sediment transport

Sediment transport rates q can be calculated from bed level changes, following Equa-
tion 3.2. Figure 5.7 shows q along the flume during the first run of E2 (solid lines) as
well as q over the entire 120min duration of condition E2 for reference (dash-dotted
lines). Note that q represents a time-averaged quantity over the duration ∆t (see
Equation 3.2) and, therefore, q over the entire 120min duration can have smaller
magnitudes than q during the first run.

Some similarities in the cross-shore shape for both q during the first run as well
as for q during the entire duration of E2 can be observed: (1) slight onshore sediment
transport in the shoaling region seaward of wave breaking, usually associated with
wave non-linearities (Gallagher et al., 1998; Hoefel & Elgar, 2003; Fernández-Mora
et al., 2015; van der Zanden et al., 2017). (2) Offshore sediment transport around
the breaking zone, typically associated with offshore-directed mean return flow (un-
dertow) (Gallagher et al., 1998; Hoefel & Elgar, 2003; Mariño-Tapia et al., 2007;
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Figure 5.7: Left ordinate: sediment transport rate q during the first 30min run (solid black line)
and during the entire duration of E2 (120min) (dash-dotted black line). Values of the bulk sediment
transport Q and the bulk absolute transport Qabs are given for the total duration of condition E2
(index “120”). Vertical dashed lines mark the breaking region during the first run. Right ordinate:
initial and final profile of each case as dash-dotted and solid grey lines, respectively. (a) Case 1.
(b) Case 2. (c) Case 3.

van der Zanden et al., 2017). A wider breaking zone corresponds to a wider region of
offshore sediment transport in Figure 5.7 (compare, for instance, case 1 and case 3).
It can be noted that the observed limits of the breaking zone do not always perfectly
coincide with the separation between on- and offshore sediment transport, which can
be related to limitations in the visually-observed breaking locations as well as the
driving processes acting slightly beyond the observed breaking limits. (3) Positive
sediment transport in the most onshore part of the swash zone (i.e. x> 2m), re-
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sulting in filling of a previously formed runnel and/or building of a berm (Aagaard
et al., 2006; Weir et al., 2006; Alsina et al., 2018). This berm is smaller and located
further onshore than the swash berm of the initial profile (at x≈ 6–7m).

A closer examination of the three cases reveals differences between their sediment
transport rates. Maximum offshore sediment transport magnitudes are larger in
cases 2 and 3 compared to case 1 and, as aforementioned, offshore transport occurs
over a wider region associated with a wider breaking zone. This can be related to
the evolution of the breaker bar: while the size and shape of the bar in case 1 does
not change significantly and, hence, does not require additional sediment supply,
the bar in cases 2 and 3 forms during the first run of E2. In addition, in case 3,
the small initial onshore located bar is eroded, resulting in large sediment transport
magnitudes at x≈−5m.

In the inner surf zone and the most offshore region of the swash zone, sediment
transport magnitudes and directions are very different between the cases, especially
between cases 1 and 3. In case 1, the sediment in the inner surf zone is moved
onshore to build the new berm at x≈ 6m. In contrast, in case 3, large offshore
sediment transport magnitudes are present in the inner surf zone which sharply
change into onshore-directed sediment transport at x≈ 2m. Combining this with
the initial beach profile of case 3, it appears that sediment onshore of the crest of the
berm, i.e. x> 2m, is moved onshore, filling up the runnel, while sediment offshore of
the berm crest is moved offshore, filling up the trough of the initial bar and supplying
sediment towards the formation of the newly developing bar.

In terms of sediment exchange between the surf and the swash zones, the above
observations indicate that, for the case with the low energy initial profile (case 3), a
large amount of sediment is drawn from the swash into the surf zone as the berm is
eroded. In contrast, for the case with the intermediate energy initial profile (case 1),
sediment is moved from the surf into the swash zone.

Overall, the identified differences in sediment transport rates result in different
values of the bulk sediment transport Q between the cases, where Q is calculated
using Equation 4.1. Positive values of Q correspond to bulk onshore sediment trans-
port and negative values of Q represent bulk offshore sediment transport. Thus, Q
provides information on the direction of the bulk sediment transport, i.e. on whether
the beach is in a more eroded (positive value of Q) or more recovered (negative value
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of Q) state with respect to the equilibrium morphology of the incident wave con-
dition. Q during the total duration of condition E2 (Q120 in Figure 5.7) can be
considered as a quantification of the disequilibrium of the initial beach profile, i.e.
how much net sediment (accounting for sediment transport directions) needs to be
moved for the beach to reach the quasi-equilibrium configuration.

A further parameter to quantify the beach disequilibrium is the bulk absolute
sediment transport, which is calculated as:

Qabs = ∆t
∫ xmax

xmin
|q(x)|dx, (5.1)

Qabs quantifies how much sediment (regardless of the sign) is moved during a time
interval ∆t. Qabs during the total duration of condition E2 quantifies the entire
volume of sediment that needs to be moved for the profile to reach its equilibrium
configuration.

Values of Q and Qabs of the first test (30min) and over the entire duration of
condition E2 (120min) are summarised in Table 5.4. In the present study in which
all cases result in a similar equilibrium beach profile case 1 (intermediate energy
initial profile) requires a positive (onshore) bulk sediment transport Q to reach the
equilibrium profile configuration. In contrast, for the initial plane and low energy
profiles in cases 2 and 3, respectively, negative (offshore) bulk transport is needed
to reach the equilibrium profile that is more eroded compared to the initial profiles.
The negative values of Q as well as Qabs are largest in case 3 indicating a large
disequilibrium of the initial beach morphology. Qabs is smallest in case 1 indicating
that the initial profile morphology in case 1 is closest to the equilibrium configuration
of condition E2.

Table 5.4: Bulk transport Q and bulk absolute transport Qabs during condition E2.

Q Qabs

Case 30min 120min 30min 120min

Case 1 0.2 1.06 0.68 1.42

Case 2 -0.21 -0.64 0.96 2.17

Case 3 -0.98 -1.46 1.44 2.76
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5.4.3 Wave height transformation

The water surface elevation was measured at a high spatial resolution along the
flume, allowing the investigation of the cross-shore wave height evolution. Figure 5.8
presents the wave heights during the first run of E2 along the flume, measured by
means of RWGs and AWGs (left ordinate). The wave height is presented as maximum
wave height Hmax of the ensemble averaged data of the first run. Hmax accounts for
all waves in each ensemble and, therefore, is a useful indicator for the wave height
reduction, and hence energy dissipation, of the entire repeatable wave train along
the flume.

Figure 5.8: Wave height along the flume during the first run of condition E2. Left ordinate:
maximum wave height Hmax obtained from ensemble averaged data. Right ordinate: pre- and post-
run profile as grey and black solid lines, respectively. Vertical dashed lines indicate the breaking
zone (from observations). Arrows indicate the shoreline location of the initial profile. (a) Case 1.
(b) Case 2. (c) Case 3.

A typical cross-shore pattern of wave height evolution can be observed with rel-
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atively constant wave heights in the planar bed part of the flume, increasing wave
height due to shoaling when waves propagate into shallower water, and subsequent
wave height reduction and associated energy dissipation due to wave breaking. In
all three cases, largest values of Hmax occur at the outer breaking location associated
with large instability of the shoaling waves.

Some differences in the cross-shore wave height evolution between the three cases
can be observed even though Figure 5.8 suggests that these differences are relatively
small between the cases, especially compared to the large differences in sediment
transport rates (Figure 5.7). Evident differences occur primarily in the breaking
zone and can be linked to the differences in the initial profiles. As mentioned in
Section 5.4.1 and as is also evident from Figure 5.8, wave breaking initiates further
landward in case 1 compared to cases 2 and 3 as it is controlled by the initial bar.
Moreover, maximum values of Hmax at the outer breaking location are largest in
case 1, which can be associated with the steep offshore slope of the bar promoting
rapid wave shoaling. Subsequently, the bar promotes breaking of all, including the
smallest, waves, resulting in a narrow breaking zone associated with concentrated
wave energy dissipation. In this region, a strong mean return flow (e.g. Gallagher
et al., 1998; Hoefel & Elgar, 2003; Mariño-Tapia et al., 2007) and high suspended
sediment concentrations due to breaking-induced turbulence (e.g. van der Zanden
et al., 2017) may exist, moving the existing bar offshore. The confined region of wave
energy dissipation links up with the narrow region of offshore sediment transport in
case 1, as was shown in Figure 5.7a.

Consequently, the existing bar in case 1 and the associated larger energy dissi-
pation contribute to the protection of the beach from the incoming waves. Waves of
large height or breaking waves do not propagate as close to the inner surf and swash
zones, protecting them from the wave impact. This is in line with, for instance,
Grasso et al. (2011) who reported that a larger bar promoted increased wave energy
dissipation, resulting in less offshore sediment transport and reduced beach erosion.

5.4.4 Time-averaged velocities

Figure 5.9 shows the time-averaged near-bed flow velocities ū in the inner surf and
swash zones during the first runs of cases 1 and 3. For case 2, no velocity data
were available during the first run due to limited data quality. From the second
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run, the mean velocities were found to have a highly similar cross-shore shape and
magnitude between the three cases. This similarity from the second run highlights
that a morphodynamic feedback exists, i.e. differences between the mean velocities
of cases 1 and 3 during the first run can be linked to the differences in the initial
profiles.

Figure 5.9: Left ordinate: Time-averaged near-bed flow velocities ū during the first run of cases 1
and 3. Velocities were measured at 3 cm above the initial bed (solid circles), except for the most
offshore velocities which were measured at 8 cm and 10 cm in case 1 and 3, respectively (hollow
circles). Right ordinate: pre- and post-run profile measurement as solid and dash-dotted lines,
respectively. Vertical lines indicate the breaking zone during the first run. Arrows indicate the
shoreline location of the initial profile.

A general cross-shore shape of the mean velocities, which are all offshore-directed,
becomes evident from Figure 5.9: mean velocities have small magnitudes offshore of
the breaking zone, which is associated with limited offshore sediment transport (see
panels a and c in Figure 5.7). Note that these velocities were measured at 8 cm in
case 1 and at 10 cm in case 3 above the initial bed and, hence, velocities measured
closer to the bed would be expected to be of even smaller magnitude. Mean velocities
become more negative towards the land and have their largest magnitude onshore
of the breaking zone which may, however, be related to the measurement resolution.
Mean velocity magnitudes decrease onshore of x≈−1m.

The spatial resolution of the velocity measurements is limited in the breaking zone
and, hence, does not allow the investigation of clear links between the mean return
flow and the breaker bar evolution in cases 1 and 3 from the data. In case 1, offshore-
directed mean velocities would be expected to have a maximum in the breaker zone,
in line with previous studies (Gallagher et al., 1998; Hoefel & Elgar, 2003; van der
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Zanden et al., 2017). This is also where largest offshore sediment transport takes
place, contributing to the offshore migration of the breaker bar (see Figure 5.7a).

Around x≈ 0m, i.e. in the inner surf zone and the beginning of the swash zone,
the spatial measurement resolution is larger and Figure 5.9 indicates differences be-
tween the two cases. In case 3, a strong reduction of the mean velocity magnitude
occurs over a narrow cross-shore region (two red dots at x≈−0.5m and 0.5m). In
contrast, in case 1, the decrease of the velocity magnitude appears to be more gentle
and the velocity magnitude is closer to zero at the initial shoreline (see arrows in
Figure 5.9). These differences can be related to differences in the berm between the
two cases where the berm is much larger and steeper in case 3. In fact, the reduction
of the mean velocity in case 3 occurs almost exactly over the steep offshore-facing
berm slope which has similarly been observed in the field (Aagaard et al., 2006).
Consequently, the large and steep berm decelerates the mean flow velocity towards
its crest and increases it towards the toe. Since this happens over a narrow area
due to the large slope of the berm, this change in velocity is associated with a large
gradient in sediment transport rate (see Figure 5.7c), mobilising a significant amount
of sediment at the toe of the berm where large offshore mean velocities coincide with
largest offshore sediment transport magnitudes.

In contrast, in case 1, the berm is much smaller, and the velocity reduces more
gently. The velocity magnitude is smallest near the toe of the berm (x≈ 1m), which
corresponds to the location of the initial shoreline of case 1. This small velocity
magnitude might be related to the onshore limit of the breaking zone being further
offshore as it does not allow unbroken waves to arrive as close to the beach as in
case 3. This again highlights the importance of the breaker bar promoting wave
breaking, and hence wave energy dissipation, further offshore. The smaller mean
velocity magnitudes at the initial shoreline in case 1 are less likely to promote erosion;
in fact, Figure 5.7a suggests onshore sediment transport in this area. Berm formation
and onshore sediment transport in the swash zone have been linked to the advection
of sediment from the inner surf and/or lower swash zone, even under conditions with
negative mean near-bed velocities (Alsina et al., 2005, 2018).

It should be noted that sediment transport and associated bed evolution in the
swash zone is complex and usually not the sole result of local sediment entrainment
induced by flow velocities (e.g. Blenkinsopp et al., 2011b). Sediment transport in the
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swash zone involves various processes, such as sediment advection, infiltration, wave-
swash interactions and sheet flow sediment transport (e.g. Elfrink & Baldock, 2002;
Alsina et al., 2005; Blenkinsopp et al., 2011a; Alsina et al., 2018; van der Zanden
et al., 2019). Therefore, the near-bed mean velocities present one aspect, which, in
the present data, can be linked to differences in the shape of the berm but it does not
capture the entire complexity of the processes that determine beach evolution in the
swash zone. A higher spatial resolution of measurements as well as measurements
closer to the bed would be needed to investigate differences in the swash evolution
and their linkages to the surf zone morphodynamics in more detail.

5.4.5 Bed level changes during the first run

Bed profiles were measured by means of the mechanical profiler between each 30min
wave run, i.e. during still water conditions. Hence, these measurements provide in-
formation on bed level changes with a temporal resolution of 30min. This temporal
resolution does not allow the investigation of the large morphological changes within
the first wave run that were described in Section 5.4.1. To investigate the bed evolu-
tion within this first run, the bed profile changes in the inner surf and swash zones are
obtained using the AWG measurements. The treatment of the AWG measurements
and the results are described in this section.

AWG treatment

AWG measurements in the inner surf and swash zones can be used to obtain bed
level changes (e.g. Turner et al., 2008; Blenkinsopp et al., 2011a; Alsina et al., 2012;
van der Zanden et al., 2019). AWGs measure the distance to the surface and are
calibrated to an initial level. This initial level is either the still water level or the
exposed bed, depending on the AWG’s cross-shore location.

During a wave run, waves run up and down the beachface and, hence, the bed is
alternately exposed and submerged. Both the exposed and the submerged bed levels
are measured by the AWGs. The most offshore AWG location where the bed was
intermittently exposed, and hence measured by the AWGs, needs to be identified.
This was done based on the rundown limit, which was observed during each run,
and visual inspection of the AWG time series. As a first criterion, the AWG needs
to be located onshore of the maximum rundown location to ensure it measures an
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intermittently exposed bed. Second, this location was confirmed by inspection of the
AWG time series because exposed bed levels appear in the time series as relatively
long (O(s)) constant levels.

Subsequently, a moving minimum is applied with a window size corresponding to
the repetition period (Tr =29.6 s) to obtain the bed level between consecutive wave
group repeats. Finally, the results are referred to the initial bed level which is taken
as the exposed bed after circa 90 s, which corresponds to the arrival of approximately
the three first wave groups. This is because some AWGs have their initial reference
with respect to the still water level and to ensure that the first short waves have
arrived at the beach.

Bed evolution

The bed profile changes in the inner surf and swash zones obtained using the AWG
measurements are shown in Figure 5.10 (right panels). For reference, the left panels
show the corresponding initial and final profile of the first run obtained by means
of the mechanical profiler. Note that the cross-shore coordinate x is shown on the
ordinate and the profile depth z is shown on the abscissa in the left panels of Fig-
ure 5.10.

Figure 5.10 reveals differences in the processes and the timing of the evolution
towards a concave swash profile between the cases. In case 1, both erosion of the
berm and onshore deposition of sediment (at x> 4m) start from the beginning of the
run. At the initial shoreline location (x≈ 1.5m), the profile change is very small with
little accretion towards the end of the run which is in line with the slight shoreline
accretion shown in Figure 5.6b. Overall, the sediment volume deposited onshore of
x> 4m is large compared to the bed level erosion offshore of x≈ 4m. This results
in a relatively large cross-shore area of onshore sediment transport (see Figures 5.7a
and 5.10a,b).

In case 2, which started from the plane profile, no beach features are present and
a clear separation (at x≈ 3.5m) between an area of sediment deposition (x> 3.5m)
and erosion (x< 3.5m) can be observed towards the evolution of a concave swash
profile. The evolution from a plane to a concave profile was similarly described in
previous studies (van der Zanden et al., 2015; Alsina et al., 2018; van der Zanden
et al., 2019). The net transport of sediment is negative, resulting in a net export
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Figure 5.10: Profile evolution in the inner surf and swash zones within the first 30min run
(between 100 s and 1700 s): top, middle and bottom panels correspond to case 1, case 2 and case 3,
respectively. (a, c, e) Profiles measured by the mechanical profiler before (pinitial) and after (pfinal)
the first test of condition E2. (b, d, f) Profile change ∆z from the initial profile obtained from
AWG measurements.

of sediment from the swash to the inner surf zone (see also, for instance, van der
Zanden et al., 2019). Sediment deposition initiates almost at the same time as
sediment erosion. In both case 1 and case 2, the largest morphological changes occur
within the first 600 s of condition E2.

Case 3 commenced from the profile with the large berm, which constitutes a
more complex case in terms of the temporal evolution of the swash zone in the form
of a step-wise evolution. The erosion of the berm starts from the beginning of the
run. Initially, overwash over the initial berm transports sediment onshore into the
runnel (at x> 3m). The overwash occurs because the wave runup (at least of the
largest waves of the groups) from the beginning of the run is sufficiently large to
pass the berm (see Figure 5.4c). The overwash does not directly flow back and,
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hence, sediment is deposited. At the same time, erosion at the offshore slope of the
berm occurs due to the backwash from which sediment is deposited in the inner surf
zone. These processes reduce the height of the berm crest (located at x≈ 1.5m),
subsequently also allowing smaller waves to pass the berm. This results in further
erosion of the berm between circa 600–1000 s of this run without further deposition
of sediment onshore. Only once the berm is almost fully eroded does the runnel
onshore of the initial berm continue to fill up. This detailed berm destruction by
overwash measured in the present laboratory experiments is similar to the beach
scarp destruction described under natural conditions by Ruiz de Alegria-Arzaburu
et al. (2013) and Bonte & Levoy (2015).

The described pattern suggests that in case 3 the berm height first needs to
reduce, resulting in a concave profile similar to the initial profile in case 2. Subse-
quently, the evolution pattern is similar to case 2. Consequently, the swash evolution
towards the concave (storm) profile in case 3 appears to be delayed compared to case 2
due to the large initial berm in case 3, which is fully eroded after circa 1000 s.

5.5 Conceptual model and discussion

The different initial beach morphologies evolve towards the same final equilibrium
profile. Differences in the beach evolution are linked to differences in the coupling
between beach morphology and hydrodynamics in the three cases. The findings of
the present study are, to some extent, also related to the experimental conditions
of medium sediment size, a relatively steep beach slope (average slope of 1/15), and
moderate wave energy conditions where the same wave condition that started from
different initial morphologies generates the same final beach configuration. Other
studies, for instance Birrien et al. (2018), reported that the initial morphology can
also have an effect on the final beach configuration.

It needs to be noted that only the largest differences in hydrodynamics between
the three cases could be linked to the initial morphologies because most of the vari-
ability in the hydrodynamics between the cases was small, especially compared to the
large morphological changes. Analysis of hydrodynamic data at an intrawave scale
did not provide evidence of differences between cases to be larger than the variabil-
ity within one case, which highlights limits of the measurement accuracy. Therefore,
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the analysis focused on quantities averaged over the first run. Time-averaged quan-
tities were found to converge between cases for the subsequent runs, highlighting
the influence of the initial morphology on the first run. The differences in hydro-
dynamics between the cases being small is related to the fact that the generated
waves are highly similar (Figure 5.3) and the differences only result from different
morphologies and their coupling to the hydrodynamics. An additional measurement
limitation is related to the spatial resolution of velocity measurements which were
primarily acquired in the region around the shoreline.

Despite these limitations, clear effects of the different initial beach morphologies
on equilibrium beach evolution have been identified in the present chapter. The core
findings are summarised in a conceptual model that is shown in Figure 5.11. Two
different initial morphologies are presented in Figure 5.11, similar to case 1 (Fig-
ure 5.11a) and case 3 (Figure 5.11b), which were subjected to the same incident
wave conditions. The conceptual model has elements of the equilibrium beach state
model presented by Wright et al. (1985), even though the present work does not pri-
marily look into changes between beach states but focuses on the processes involved
in beach evolution towards the same final (equilibrium) morphology.

Ω > Ω0

Onshore qOffshore q
over narrow region

Onshore qOffshore q
over wide region

Overwash:

Large offshore
mean velocities

Small offshore
mean velocities

initiates berm 
destruction

Small offshore
mean velocities

Large offshore
mean velocities

Ω >> Ω0

Energy dissipation

Energy
dissipation

a) Intermediate energy profile b) Low energy profile

Figure 5.11: Conceptual model summarising morphodynamics of equilibrium profile evolution
for the same incident wave condition and two significantly different initial morphologies: (a) inter-
mediate energy profile; (b) low energy profile. Dashed grey lines represent the equilibrium profile
towards which the beach evolves.

In the case of an intermediate energy initial profile (Figure 5.11a), Ω of the
incident wave condition is slightly larger than the Ω0 under which the initial beach
profile evolved. The existing bar plays an important role for the equilibrium evolution
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as it promotes wave breaking and, hence, has a sheltering effect for the beach. Wave
breaking at the bar results in rapid wave height reduction and associated energy
dissipation of all waves around the bar region with offshore sediment transport and
largest offshore mean velocity magnitudes at around the onshore limit of the breaking
zone. This drives the existing breaker bar offshore towards the equilibrium bar
location for the (energetic) wave condition. Changes in the bar shape and volume
are limited, and only small additional sediment volumes are drawn from around the
breaking zone. Small, broken waves arrive at the shoreline where offshore mean
velocities are small and reduce gently over the existing, small berm. As a result,
sediment transport is onshore-directed in this part of the beach where shoreline
changes are limited and the sediment of the small swash berm is moved onshore to
form a concave, featureless swash profile.

In the case of a lower energy initial profile (Figure 5.11b), the wave energy dis-
equilibrium is large (Ω � Ω0), promoting rapid beach evolution towards a more
dissipative state (Wright et al., 1985; Yates et al., 2009). The existing breaker bar
in shallow water becomes inactive when the higher energy wave condition starts.
Outer breaking occurs at the location where the new breaker bar forms, i.e. at the
new equilibrium bar location. The smaller waves of the group break close to the
shoreline, resulting in a wide breaking zone and associated energy dissipation. This
promotes offshore sediment transport in the wider breaking zone which contributes
to the generation of the new breaker bar further offshore. The swash berm is an
important feature of the low energy beach. Mean flow velocities are small at the
berm crest and the flow accelerates towards the toe of the berm, promoting erosion
close to the initial shoreline. Initial overwash is an important process that initiates
the decay of the berm.

An important aspect of the two different modes of beach evolution is that bulk
sediment transport is onshore-directed in case 1 but offshore-directed in case 3 (Fig-
ures 5.7 and 5.11). This highlights that the same wave condition, which is classified
as a high energy condition and which would, therefore, traditionally be expected to
erode the beach, can produce either onshore or offshore sediment transport depend-
ing on the initial morphology (Yates et al., 2009, and Chapter 4). In the present
study, sediment is transported onshore in the inner surf and swash zones in case 1.
This onshore sediment transport in case 1 is related to the narrow breaking zone,
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which is confined around the breaker bar, and the weaker and more gently reducing
mean offshore velocities in the inner surf and swash zones. Onshore sediment trans-
port, despite offshore mean velocities, has already been reported in previous studies
(e.g. Alsina et al., 2005, 2018).

The present study also highlights the importance of the bar and the berm as beach
features, each of them functioning to protect the beach against wave impact. An
existing active breaker bar promotes wave energy dissipation and migrates offshore.
This does not require much additional sediment from the inner surf and swash zones,
which limits morphological changes in this region.

In the case of a low energy profile, the berm provides protection against storm
events as it provides a large sediment volume that must be eroded before further
sediment is drawn from the inner surf and swash zones. Previous studies similarly
stated that a more recovered beach has a larger volume of sediment that can be
eroded initially (Yates et al., 2009; Coco et al., 2014; Scott et al., 2016). This
results in a temporal delay in the inner surf and swash zones arriving at a more
eroded equilibrium profile. However, the beach is generally considered to evolve
fast under energetic wave conditions (e.g. Pape et al., 2010; Morales-Márquez et al.,
2018, and Chapter 4) and, hence, this delay has to be considered as a temporally
limited protection against wave impact. It would be of interest to further investigate
the extent to which the size of the berm affects erosion in the inner surf and swash
zones. In the present study, initial overwash and resulting onshore sediment transport
initiate the destruction of the berm. In the case of a larger berm, the runup of the
present wave condition may not go beyond the berm from the beginning of the
condition. Hence, initial berm erosion would be limited to the offshore side of the
berm. Other processes, such as strong erosion of the offshore side of the berm or
infiltration, may be of importance.

5.6 Conclusions

The same wave condition was run from three different initial beach morphologies in a
large-scale wave flume and resulted in a similar quasi-equilibrium beach profile. The
three initial morphologies were an intermediate energy profile, a plane profile and a
low energy profile. Beach profile and hydrodynamic measurements as well as results
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of sediment transport calculations were studied to explore the role of differences in
the initial morphology on beach profile evolution towards equilibrium. The results
lead to the following conclusions.

• The beach evolves towards the same final (equilibrium) morphology that is
determined by the wave condition. Different initial beach morphologies do
not alter this equilibrium beach morphology but produce different sediment
transport patterns, associated with differences in the hydrodynamics, to reach
the equilibrium morphology.

• Differences in the profile morphology and hydrodynamics are largest during
the first 30min run, highlighting an important coupling between the beach
morphology and the hydrodynamics. When the beach profile is more stable
(from the second wave run), the hydrodynamic differences that arise from the
different beach morphologies diminish and more detailed measurements would
be needed to investigate effects of morphodynamic coupling on equilibrium
beach evolution on a more detailed scale.

• The bar of the initial profile – and, more specifically, its size and location – is an
important morphological feature for the equilibrium beach evolution. The size
and location of the bar determine whether the bar controls the wave breaking
location and associated wave energy dissipation. In the case of an intermediate
energy profile with an existing breaker bar, wave energy dissipation is confined
around the bar in a narrow zone leading to offshore sediment transport in this
region and providing a sheltering effect for the inner surf and swash zones.
In the case of a low energy profile, the initial bar does not control the wave
breaking location and wave energy dissipation occurs over a wider cross-shore
region associated with offshore sediment transport.

• The large swash berm of the initial low energy profile plays an important role for
the equilibrium beach evolution. The berm presents a large source of sediment,
which is partly moved onshore to fill up the runnel and partly moved offshore
towards the breaker bar. Mean near-bed velocities are small at the berm crest
with onshore sediment transport rates and accelerate quickly towards the toe
of the berm with large offshore sediment transport rates.
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• A conceptual model has been developed that brings together the most im-
portant aspects of the coupling between morphology and hydrodynamics for
equilibrium beach evolution for the same incident wave condition but varying
initial morphologies. The conceptual model accounts for two importantly dif-
ferent initial morphologies – an intermediate energy and a low energy profile
– and accounts for various aspects, including the breaker bar, wave energy
dissipation, sediment transport, mean flow velocities and berm decay.

This chapter has provided insights into the evolution of different initial beach
morphologies towards the same equilibrium profile. Beach changes are different for
different beach morphologies where the breaker bar and berm play an important
role. Therefore, it is vital to account for the initial beach morphology and associated
hydrodynamic processes in future coastal management and modelling.
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6
Storm sequencing and beach

response at Hasaki Beach, Japan

6.1 Introduction

In the previous Chapters 3, 4 and 5, beach morphodynamics under sequences of
high and low energy wave conditions were investigated under laboratory conditions.
A main finding was that the beach evolved towards an equilibrium configuration
determined by the incident wave condition. The influence of the initial beach mor-
phology on beach evolution was studied in detail and the initial beach morphology
was highlighted to be important for explaining differences in beach changes (erosion
or accretion). Laboratory wave flume experiments allow the investigation of beach
evolution under controlled conditions, such as pre-defined wave conditions and storm
chronology, but represent a simplification compared to natural conditions.

Therefore, in this chapter beach evolution under storm sequence forcing is inves-
tigated on a natural beach with the following objectives:

• define storm sequence conditions and explore their occurrence on a natural,
wave-dominated coast;

• investigate the influence of storm sequences in comparison to individual storms;
and

• explore the relevance of the equilibrium beach concept.
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For this purpose Hasaki Beach in Japan was chosen as the study site for four
major reasons.

1. The influence of storm sequencing on beach changes has not previously been
investigated for this beach and, hence, storm sequencing is defined for an ad-
ditional field site (complementing Table 2.1).

2. The beach is subjected to a micro-tidal climate so that the wave forcing, and
hence the storm (sequence) conditions, are considered as the main drivers for
morphological changes.

3. The available profile and hydrodynamic measurements are of high temporal-
spatial resolution so that storm (sequence) conditions can be linked directly to
the measured changes in the profile.

4. The data set covers almost 25 years which allows a robust definition of storm
(sequences) from the measurements and the identification of multiple storm
and storm sequence events.

This chapter continues with a description of the field site and the measurements.
Subsequently, the data analysis and results are presented. These comprise the long-
term beach profile evolution, the definition of storm sequences as well as their role
in beach change, and the investigation of the beach equilibrium evolution. Finally, a
discussion is presented and conclusions are drawn to complete this chapter. Most of
the work presented in this chapter has been published in Eichentopf et al. (2020b).

6.2 Hasaki Beach, Japan

In this section, characteristics of the studied beach as well as the hydrodynamic and
beach profile measurements are presented.

6.2.1 Characteristics of the site

The Hazaki Oceanographical Research Station (HORS) is located at Hasaki Beach in
the Ibaraki Prefecture in Japan and is exposed to the Pacific Ocean (Figures 1.2 and 6.1).
The beach is characterised as a longshore uniform beach (Kuriyama, 2000, 2002) with
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fine to medium sand (median sediment size of 0.18 mm) (Katoh & Yanagishima,
1995).

Figure 6.1: Hasaki Beach with the HORS pier. Photographs by courtesy of Dr. Masayuki Banno.

The beach is subjected to a wave-dominated, micro-tidal environment with a tidal
range of circa 1.4m. The high (HWL), mean (MWL) and low (LWL) water levels
are 1.25m, 0.65m and −0.20m, respectively, based on the datum level at Hasaki
(Tokyo Peil −0.69m) (Kuriyama, 2002). The HWL and the LWL correspond to
the mean high water spring and mean low water spring, respectively. Wave condi-
tions comprise both wind sea and swell waves, predominantly from the northeast to
easterly directions. The long-term (25 years) mean significant wave height is 1.35m
(with a standard deviation of 0.73m); the mean significant wave period is 8 s (with
a standard deviation of 1.7 s). High energy (storm) wave conditions are generated
between September and October by tropical cyclones, and from January to March
by frequent extra-tropical cyclones; waves are relatively small from May to June
(Kuriyama et al., 2012). Maximum wave heights of tropical cyclones frequently ex-
ceed 4m, whereas maximum wave heights of extra-tropical cyclones are typically in
the range of 3.5–4m.
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6.2.2 Measurements

The data investigated in the present study involve circa 25 years of beach profile and
offshore wave measurements (acquired between March 1986 and December 2010).
Beach profiles are measured from the 427m long HORS pier as well as onshore of the
pier resulting in circa 500m long beach profile measurements with a spatial resolution
of 5m. The beach profiles were measured using a level and a staff onshore of the pier
and a rope with a 5 kg lead weight from the pier (see Photographs 2–4 in Kuriyama,
2000, and Kuriyama & Yanagishima, 2018). The vertical measurement accuracy
is estimated to be < 10 cm (Y. Kuriyama, personal communication, 21 September
2020). The pier is supported by single pilings whose influence on the beach profile
was investigated in previous studies and reported to be minimal (Kuriyama, 2000,
2002). Due to the uniformity and very long extent of the beach in the longshore
direction, profile measurements at one location represent the general characteristics
of the beach (Kuriyama, 2000, 2002). The profiles have been measured approximately
once a week (on average every 6.92 days with a standard deviation of 0.84 days). The
coordinate system used for the profile data in this chapter is an x-z-coordinate system
with x corresponding to the horizontal direction (positive towards the offshore) and
z corresponding to the vertical direction (positive upwards). The coordinate system
has its origin in x-direction at the most onshore measurement point and in z-direction
at the vertical datum of Hasaki.

Deepwater wave data are measured using an ultra-sound wave gauge for 20min
every 2 h at circa 24m water depth offshore of Hasaki Beach. Gaps in the data were
recently filled by Kuriyama & Yanagishima (2018) using linear interpolation of the
measurements (if the gaps lasted for less than 24 h) and using data from nearby
measurement stations (if the gaps exceeded 24 h). Figure 6.2 shows the scatter plot
of the significant wave heights Hs and significant wave periods Ts as well as the
spectral density S of the detrended Hs signal. Figure 6.2a shows a concentration of
Ts-Hs at Ts ≈ 7–8 s and Hs ≈ 1m, which are close to the long-term mean values of Ts

and Hs. The spectral density (Figure 6.2b) is plotted against the frequency in units
of weeks−1 to facilitate comparison against the variability of the beach proxies in the
following sections. Two peaks stand out in theHs spectrum shown in Figure 6.2b with
peak frequencies that indicate an important annual and a semi-annual oscillation.
This may be linked to the aforementioned wave energy variability throughout the

126



6.3 Parameters to study beach profile evolution

year due to annually occurring tropical and extra-tropical cyclone seasons, which are
separated by an approximate semi-annual interval (March-October).

Figure 6.2: Incident waves measured for 25 years off Hasaki Coast. (a) Hs-Ts scatter plot with
colour spectrum indicating the normalised data density. The data density is calculated around each
data point and normalised by the maximum data density. (b) Spectral density of the detrended
Hs signal with square and circle indicating the peaks corresponding to the annual and semi-annual
oscillations, respectively.

6.3 Parameters to study beach profile evolution

Based on the data of weekly beach profile measurements and two-hourly wave records,
beach profile evolution and the role of storm sequencing are investigated. Beach
profile evolution is primarily studied by means of the shoreline location and the
beach volume in different morphodynamic zones. The calculated beach volumes are:
the supratidal beach volume Vu (volume from the most onshore point of the profile
measurement to the HWL), the volume of the intertidal zone Vit (volume between
HWL and LWL), and the subtidal beach volume Vl (beach volume below LWL).

The shoreline location can be calculated at different tidal levels. In an idealised
way, the shoreline location is defined as the physical interface between land and water
(Boak & Turner, 2005). This location is, at the timescale of profile measurements,
clearly defined for beach profiles measured in laboratory experiments (as was done in
Chapters 3, 4 and 5) because a SWL exists between wave runs. However, for a natural
beach the water level varies and, therefore, the shoreline can be calculated at different
tidal levels (Boak & Turner, 2005). Figure 6.3 shows the shoreline location calculated
as the intersect of different tidal levels with the beach profile; more specifically, the
shoreline was calculated at the HWL (=1.25m), the MWL (=0.65m) and the LWL
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(=−0.2m).

Figure 6.3: Time series of shoreline locations at three tidal levels.

It can be noted that the pattern of the shoreline evolution over time is similar
for the different shoreline proxies. As can be expected, the HWL shoreline is lo-
cated furthest onshore, followed by the MWL shoreline. The LWL shoreline is the
most offshore located. The difference between the shoreline locations is relatively
consistent over time but reduces for the later years of the study period (from ap-
proximately 2005), which is further addressed in Section 6.4. In the present chapter,
the MWL shoreline is used as the tidal-based shoreline proxy. The MWL shoreline x0

lies within the intertidal zone and is a commonly used shoreline proxy (e.g. Castelle
et al., 2007; Yates et al., 2009; Davidson et al., 2013; Karunarathna et al., 2014a),
especially for micro-tidal beaches (Castelle et al., 2014).

6.4 Beach profile evolution

Figure 6.4 shows the mean profile and the profile envelope at Hasaki during the
25 year study period. Within the upper section of the beach (above z≈ 2m), the
profiles from 1986, 1998 and 2010 very closely resemble the minimum envelope, the
mean profile and the maximum envelope, respectively. This provides indication that
this upper section of the beach, which makes up a large part of the supratidal beach,
is subjected to accretion over the 25 year study period. This is investigated in more
detail below. The supratidal beach is largely affected by winds that can contribute
to this long-term trend as was recently investigated by Kuriyama et al. (2019).
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Figure 6.4: Mean profile and profile envelope over the 25 year study period. Three example
profiles obtained at intervals of 12 years in March are also shown.

To investigate the profile evolution over the 25 year study period, the profile
parameters – shoreline location x0, supratidal beach volume Vu, intertidal beach
volume Vit and lower beach volume Vl – are calculated for each measured beach
profile and are shown in Figure 6.5 (panels a–d) with respect to time. The slope
of the supratidal beach, i.e. the slope between the profile at the HWL to the most
onshore point of the profile measurement, is also shown (Figure 6.5e).

The figure confirms that the supratidal beach (Figure 6.5b) is subjected to long-
term accretion as was indicated by Figure 6.4. Steepening of the supratidal beach
over time becomes evident (Figure 6.5e) and indicates a change of the slope from circa
0.05 (≈ 1/20) in December 1986 to circa 0.06 (≈ 1/16) in December 2010. Steepening
of the supratidal beach is also reflected in Figure 6.3 where the difference between
the tidal-based shoreline proxies reduces over the course of the years. The trends of
increasing Vu and mu primarily occur due to long-term sediment accumulation at the
most onshore part of the measured profiles (see also Figure 6.4). Despite these long-
term trends, at shorter timescales the volume of the supratidal beach is occasionally
marked by reductions of up to 70m3/m. This sediment is primarily eroded in the
lower part of the supratidal beach, i.e. around the HWL, resulting in an increase of
mu.

The shoreline and the intertidal beach volume show a similar pattern with a
long-term oscillation and variations at shorter timescales (Figures 6.5a and c). The
similitude between the shoreline and the intertidal beach volume is underlined by
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Figure 6.5: Time series of beach parameters: (a) shoreline location x0, (b) volume of supratidal
beach (above HWL) Vu, (c) volume of beach within the intertidal zone Vit, (d) volume of the
subtidal beach Vl, (e) slope of the supratidal beach mu. Grey thin lines indicate the mean value.

their high linear correlation with R2 =0.91. The volume of the subtidal beach Vl is
relatively consistent during the study period oscillating around its long-term mean
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value of circa 1700 m3/m.
Considering the relevance of the beach above LWL for coastal erosion and flooding

as well as the shoreline being a widely used parameter to study beach changes, this
chapter focuses on the beach above LWL (Vu and x0) for the investigation of the
influence of storms and storm sequences at Hasaki. It should be noted that the
subtidal beach can often experience an increase in sediment volume during high
energy waves due to sediment erosion from the supra- and intertidal beach and the
formation of nearshore bars.

To investigate the oscillations observed in Figure 6.5 in more detail, Figure 6.6
shows the spectral density of the detrended signal of the shoreline and of the volume
of the supratidal and the intertidal beach (using the aforementioned average fre-
quency of profile measurements that had a low standard deviation and was therefore
considered applicable for spectral analysis). Figure 6.6 indicates peaks in the spectral
density at 50.6weeks (occurring approximately annually) and 25.6weeks (occurring
approximately semi-annually) for the three beach parameters. These are similar os-
cillation peaks as identified for the Hs spectrum (Figure 6.2b), evidencing that the
shoreline variability is to a large extent controlled by the variability of the wave
height. Figure 6.6 also shows a low frequency, i.e. long-term, oscillation, which was
already evident for the shoreline and the intertidal beach volume from Figure 6.5.
Figure 6.6 corroborates the similarity between the shoreline and the volume of the
intertidal beach as identified from Figure 6.5 (panels a and c). This similarity can
be linked to the fact that the mean water shoreline lies within the intertidal zone.

The timescales of variability can also be related to the medium-term nearshore
bar cycle that has been reported for Hasaki (Kuriyama, 2002; Ruessink et al., 2003)
although a strong correlation between the bar cycle and the shoreline change has
not yet been confirmed. This cycle consists of bar generation close to the shoreline
(often associated with shoreline erosion), offshore bar migration through the entire
surf zone and bar decay at the offshore end of the nearshore zone (Ruessink et al.,
2003). Bar decay has been associated with the onset of a new cycle (Ruessink et al.,
2003).
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Figure 6.6: Spectral density of the shoreline location x0, the intertidal beach volume Vit and the
supratidal beach volume Vu from 25 years of profile measurements. Squares and circles indicate the
peaks corresponding to the annual and semi-annual oscillations, respectively.

6.5 Identification of storms and storm sequences at

Hasaki

The quantitative definition of a storm sequence and the associated parameters have
been highlighted to be site-specific (Chapter 2 and Table 2.3). In this section, storms
and storm sequences are defined for Hasaki Beach using the beach profile and wave
data measured over 25 years. Using this definition, storms and storm sequences
at Hasaki are identified. Finally, the sensitivity of the storm sequence definition is
investigated.

6.5.1 Definition of relevant parameters

The most important and common parameters to define a storm were described in
Chapter 2 as the threshold of the offshore significant wave height Hs,lim, a minimum
storm duration Dmin and the “meteorological independence criterion” I. The latter
refers to the duration for which the wave height can drop belowHs,lim without defining
a new storm for the subsequent exceedance of Hs,lim.

In the present study, Hs,lim is taken as 2.7m, which is approximately the 95th

percentile of the long-term time series of Hs. I and Dmin are determined as 24 h and
6 h, respectively. Following Harley (2017), I is set to 24 h because Hasaki Beach is
subjected to both fast-moving tropical and slower-moving extra-tropical cyclones. Hs
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was measured every 2 h and, therefore, 2 h represents the minimum possible duration
of a storm that could be identified from the wave height records. The Hs signal was
observed to be of high quality (free of outliers, as also evident from Figure 6.2a),
however, using Dmin of 2 h would allow a single Hs value exceeding Hs,lim to be
identified as a storm. Therefore, 6 h is considered to be a more robust duration to
define storms. It ensures that the storm can have an effect on the beach and it is
also within the range of storm durations defined for other sites (see Table 2.1).

To determine which storms count as individual events and which storms belong
to a sequence, a separation time tr between the storms needs to be defined. Storms
that happen within this separation time are considered to form a sequence with
the previous storm(s). Starting with the above definition of storms at Hasaki, a
combination of visual inspection of the Hs time series, knowledge of reasonable values
at other sites as well as a sensitivity analysis of certain parameters (see Section
6.5.3) were used to determine tr. Figure 6.7a shows an example section of the Hs

time series where storms, identified based on the described storm definition, are
indicated. Storm events can clearly be noticed with evident peaks of Hs exceeding
the storm wave height threshold Hs,lim. The separation between storm sequences is
also evident: while S2, S3 and S4 occur in close temporal succession with circa 7 days
between the peaks of the storms, there is a larger time gap between S1 and S2 (circa
four weeks) and between S4 and S5 (circa five weeks).

Inspecting the entire time series in a similar way as in the example shown in
Figure 6.7a, a separation time of tr =18days is determined to distinguish individual
storms from storms that are members of sequences. This choice was further sup-
ported by visual observations of beach evolution at Hasaki Beach, which indicates
that the foreshore needs approximately two to three weeks to recover. This is in
line with tr =18days, which was independently defined based on the Hs time series.
18 days represents a standard to large value of tr compared to other sites (see Table
2.1).

Ideally, tr would be defined using a parameter that provides information on the
beach state, such as the shoreline or the beach volume. However, previous studies
typically provided little evidence of recovery happening during the defined thresholds
of tr. It will be further shown in Sections 6.5.3 and 6.7 that the determination of tr
is not straightforward using beach changes. Despite the site-specific nature of the
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Figure 6.7: (a) Example section of the Hs time series with identified storms (S1 – S6) and storm
sequences. Vertical lines indicate dates of beach profile measurements with red dashed (solid) lines
corresponding to pre- (post-) profile of either individual storms or storm sequences. (b) Shoreline
location x0 and supratidal beach volume Vu of the measured profiles.

storm sequence definition, the threshold values determined for Hasaki Beach lie well
within a reasonable range compared to other sites (see Table 2.1).

6.5.2 Occurrence of storms and storm sequences

Using this quantitative definition for storm sequences, a total of 404 storms were
identified within the study period. The majority of the storms (349 storms) make up
94 sequences whereas there are 55 individual storms, i.e. storms that are not members
of sequences. 94 storm sequences corresponds to a frequency of 3.8 sequences/year
(with a modal value of 3 sequences/year, ranging between 1 and 6 sequences/year).
This is a relatively large average frequency compared to other field sites (see Table
2.2).

The number of storms within the sequences varies between the minimum value
of two storms and a maximum of 13 storms. Figure 6.8 shows the histogram of the
number of storms per sequence. The majority of sequences contain a small number
of storms (up to four storms), with a sharp drop for five or more storms per sequence.
There is one sequence in each class of 9, 10, 12 and 13 storms, representing large
numbers of storms clustering in a single sequence. The sequences containing a large
number of storms normally cover a period of two to three months at the beginning of
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the year, which corresponds to the extra-tropical cyclone season. During this period,
storms occur on average every 13 to 14 days (average of all storms in this season over
the study period) but can also occur every 5 to 10 days at times. These intervals
lie well below tr =18days, which provides an explanation for the large number of
storms clustering in sequences during this season of the year.

Figure 6.8: Histogram of the number of storms per sequence.

6.5.3 Sensitivity analysis of storm sequence parameters

The time interval tr between two storms is the key parameter to distinguish storm
sequences from individual storms. tr is sometimes referred to as “recovery period”
(e.g. Dissanayake et al., 2015a), as it is supposed to correspond to the time that
the beach needs to fully recover after a storm. However, as known from Chapters 4
and 5, beach erosion and recovery is not always associated with high and low energy
wave conditions, respectively. In addition, the speed of beach recovery depends on
the definition used (see Chapter 2). Therefore, in the present study, tr is not defined
based on the recovery of a beach parameter, such as the shoreline or the beach
volume. Instead, tr is determined based on the identification of temporally clustered
storm events in the time series of the wave records and is referred to as “separation
time” in the present thesis.

Further important aspects when defining tr are a sensible number of sequences
occurring at the site and that only a limited number of sequences comprises a very
large (> 10) number of storms (see Figure 6.8). As aforementioned, the sequences
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that comprise a large number of storms occurred during the very stormy extra-
tropical cyclone season at Hasaki (January to March).

tr directly determines the number of storm sequences as well as the number of
storms that occur in sequences. Figure 6.9 shows the variability of the number of
sequences and the number of storms in sequences with tr varying between 12 and
24 days. Note that the total number of storms identified in the 25 year study period
was ntotal =404. ntotal is a constant when varying tr, such that ntotal = nseq + nind

where nseq and nind denote the number of storms in sequences and the number of
individual storms, respectively. Consequently, an increased number of storms in
sequences results in fewer individual storms and vice versa.

Figure 6.9: Sensitivity of storm sequence definition to changes in tr. (a) Number of storm
sequences and (b) number of storms in sequences depending on tr. Hollow circles correspond to
tr = 18days used in this study.

Generally, a larger tr results in fewer storm sequences and more storms counting
as members of sequences, as it makes previously separated sequences merge in one
sequence and previously individual storms become members of a sequence. On the
contrary, a reduced value of tr results in fewer storms occurring in sequences but
not necessarily more storm sequences because storms that previously made up a
sequence are separated and then counted as individual storms. Figure 6.9a shows
that the number of storm sequences is relatively constant between 12 and 20 days
and shows a rapid drop for values > 20 days. 18 days lies well within this range. The
number of storms in sequences gradually grows for increasing tr (Figure 6.9b). The
vast majority of storms occur in sequences (even for tr =12days) and it would not be
sensible for this number to approach close to ntotal. Moreover, tr =24days resulted
in a larger number of sequences with > 10 storms that last for six to seven months.

136



6.6 Influence of individual storms and storm sequences

This seems rather unrealistic considering that the extra-tropical cyclone season with
frequent storm occurrences lasts for circa three months per year.

Variations of the “meteorological independence criterion” I were also examined
as it primarily affects the total number of storms. Lowering I from 24 h to 12 h
resulted in the same number of storm sequences. It generally resulted in a slight
shift towards more sequences with > 5 storms, primarily at the expense of sequences
with two storms. Increasing I from 24 h to 36 h (in steps of 2 h) had almost no effect
on the number of storm sequences or the number of sequences with a large number
of storms (i.e. > 10 storms). This supports that, for the studied data, the influence
on the storm sequence definition due to variations of I between 12 h and 36 h is
relatively small.

6.6 Influence of individual storms and storm se-

quences

In this section, it is investigated whether storm sequences increase beach erosion at
Hasaki Beach. First, the storm power is determined. Second, beach changes due to
storm sequences are compared to beach changes induced by individual storms.

6.6.1 Quantification of storm power

As described in Section 2.3, there are three primary ways to quantify the power of a
storm. These are the maximum storm power index Pmax (Equation 2.4), the (inte-
grated) storm power index P (Equation 2.5) and the actual storm power Ps (Equation
2.3). The power of each identified storm (regardless of whether in a sequence or not)
is calculated in these three ways. The results are presented in Figure 6.10, which
shows that the measures are almost linearly proportional. Linear curve fitting be-
tween two of each of the three measures resulted in clear linear relationships with a
minimum value of R2 =0.92. Because of the similar qualitative result from the three
parameters, it was decided to use P in this chapter as a relatively simple descriptor
for the quantification of the power of storms and storm sequences.

Following the above definition for storms and storm power, Figure 6.11 presents
the storm wave climate at Hasaki. Figure 6.11a reveals that the maximum wave
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Figure 6.10: Comparison of three ways to quantify storm power: maximum storm power index
Pmax (Equation 2.4), storm power index P (Equation 2.5) and actual storm power Ps (Equation
2.3). Storm power of all identified storms is shown regardless of whether they are in a sequence or
not.

height of the majority of storms stays below 6m but some (all of which are members
of storm sequences) lie between 6m to 8m and one storm has a maximum wave
height of almost 9m. In terms of the storm duration (Figure 6.11b), the majority
of storms are relatively short, only a few storms exceed a duration of 80 h and three
storms last for circa 200 h. Since P is obtained based on Hs and D of the storms,
variations of these two parameters as well as variations in their joint occurrence result
in P being spread between circa 40 m2h and 3000 m2h where the majority of storms
have a P < 800 m2h.

P represents a measure of the power of each identified storm. Considering se-
quences of storms, the cumulative (or total) power index of a sequence Pcum is defined
as the sum of P from all storms within the same sequence. Figure 6.12 shows the
histogram of Pcum of the storm sequences. It becomes evident that the majority of
storm sequences range within the lower power classes (< 3000 m2h) and only a very
limited number of nine sequences exceed Pcum = 3000m2h.
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Figure 6.11: Storm wave climate at Hasaki. (a) Maximum significant wave height Hs,max, (b)
duration D and (c) power index P of each storm. Solid black circles refer to storms in sequences,
hollow grey squares denote individual storms.

6.6.2 Beach changes induced by individual storms and storm

sequences

Figure 6.13 presents the change of the shoreline as well as of the supratidal beach
volume against the power index for the individual storms (hollow grey squares), i.e.
storms that were not members of a sequence, and for the storm sequences (solid
black circles). The change of the beach parameters is calculated as the difference
between the pre- and post-storm profiles. Owing to the high frequency of beach
profile measurements, the pre- and post-storm profiles were measured no more than
7 days before the start or after the end of each individual storm or storm sequence.
Hence, the effects of storms and storm sequences on beach profile changes can be
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Figure 6.12: Histogram of the power classes of the storm sequences.

well captured.
The majority (more than 55%) of the individual storms generate beach volume

erosion and approximately half of the individual storms erode the shoreline. The
other individual storms result in accretion of the beach. A tendency towards in-
creased erosion for larger values of P can be observed for shoreline and beach volume
changes but the pattern is not entirely clear as storms with large P (> 1600 m2h)
can also produce accretion of the shoreline and almost no change of the supratidal
beach volume.

As for the individual storms, the majority (more than 70%) of storm sequences
generate erosion of the shoreline and the supratidal beach and some tendency to-
wards increased beach erosion for larger power can be noted. However, some storm
sequences can also generate accretion of the beach, even for relatively large values of
Pcum. In terms of a sensitivity of the results to variations in tr (see also Section 6.5.3),
the overall pattern of eroded beach volume against total power index of the storm
sequences was found to be relatively insensitive to changes in tr varying between
12 days to 24 days.

It should be noted that individual storms do not exceed P of approximately
2200m2h, limiting the comparison of beach changes due to individual storms with
beach changes due to storm sequences of varying power. Despite the similar tendency
towards increased erosion for larger values of P and Pcum, increased erosion due to
storm sequences compared to individual storms with the same power is not evident
from Figure 6.13. Linear best fit lines between changes of the beach parameter
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Figure 6.13: Change of beach parameters against power index for individual storms (hollow grey
squares) and storm sequences (solid black circles). The power index on the abscissa corresponds to
P for individual storms and to the cumulative power index Pcum for storm sequences. Top panel:
shoreline change ∆x0. Bottom panel: change of supratidal beach volume ∆Vu.

(volume or shoreline) and P or Pcum had very small values of R2 (< 0.32). This shows
that the storm power alone does not explain beach changes for neither individual
storms nor storm sequences.

Figure 6.7b shows the evolution of the shoreline and the supratidal beach volume
during the example section of the Hs time series (Figure 6.7a). Overall, the shoreline
and the supratidal beach volume show a similar evolution during the presented sec-
tion. It can be noted that during the long summer period (almost four months) with
Hs below the storm threshold, the shoreline accretes from x0 ≈ 110m to x0 ≈ 140m.
The supratidal beach volume also increases from Vu ≈ 150 m3/m to Vu ≈ 180 m3/m.
This highlights the long (weeks to months) timescale that can be required for beach
recovery. The accretion of the supratidal beach and the shoreline is largely related
to a net sediment movement from the subtidal into the inter- and supratidal zones.
This recovery process can occur in different modes as recently reported by Phillips
et al. (2019) and it is also sometimes associated with welding of an inner bar to the
shoreline (Wolf, 1994; Pape et al., 2010; Phillips et al., 2017, 2019).

Overall, both x0 and Vu show typical periods of erosion and accretion during the
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following storms and low energy conditions, respectively. However, during the low
energy conditions after the sequence of three storms (S2, S3, S4) the shoreline expe-
riences only limited recovery. Therefore, the beach is very narrow at the beginning
of the subsequent sequence of two storms (S5 and S6) during which the shoreline
recovers. A similar observation is made for Vu: after S5, Vu is very small and the
subsequent storm of the sequence S6 leads to accretion of the supratidal beach.

Despite only presenting an example section of circa six months taken from the
long-term data set, it becomes evident from Figure 6.7b that not all high energy
wave conditions generate shoreline erosion, neither do all low energy wave conditions
generate shoreline accretion. Figure 6.7b as well as Figure 6.13 indicate that aspects
other than the power index (which is associated with storm wave height and duration)
are important in determining whether the beach erodes or accretes under the incident
wave conditions. In Chapter 5 and in previous studies (e.g. Wolf, 1994; Lee et al.,
1998; Grasso et al., 2009; Yates et al., 2009; Vousdoukas et al., 2012; Scott et al.,
2016; Baldock et al., 2017; Morales-Márquez et al., 2018) the importance of the
antecedent beach configuration and the associated availability of sediment for the
morphological response to wave forcing was highlighted. The antecedent beach state
determines how far the beach is from the equilibrium state that is specific for any
given wave condition.

6.7 Equilibrium beach evolution

The previous sections have shown that not all storms cause beach erosion and that
not all low energy conditions produce recovery of the beach. It has been postulated
that the antecedent beach state is important to distinguish between erosion and
recovery for a specific wave condition at Hasaki. The importance of the antecedent
beach state has been studied in detail for wave condition E2 of the RESIST data set
in Chapter 5. It is also evident for Hasaki from Figure 6.7b where the first storm (S5)
of the sequence of two storms does not generate further erosion of the very narrow
beach, but instead generates shoreline recovery.

Following Yates et al. (2009), who identified the antecedent beach state to be
essential for understanding beach changes, Figure 6.14 shows the rate of shoreline
change against the initial shoreline location and the wave power index. In the present
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study, a period of 25 years with weekly beach profile measurements is investigated and
oscillations below a semi-annual frequency were identified in the shoreline signal (see
Section 6.4). These oscillations occur at longer periods than the typical duration
of storms and storm sequences and, therefore, are superimposed onto the short-
term (i.e. at the timescale of storms or sequences) shoreline changes. To compare
the shoreline changes due to storms and storm sequences without the influence of
low frequency variations, a high-pass filter with a cutoff frequency of 0.045/week
(≈ 22weeks) was applied to obtain the high-pass filtered shoreline signal x0,hp. This
provided a much clearer distinction between shoreline erosion and accretion. In
Figure 6.14, x0,hp =0m refers to the long-term mean shoreline position after high-
pass filtering (which is different from x0 =0m in Figures 6.3 or 6.4) so that positive
values of x0,hp correspond to a beach that is wider than the long-term mean and vice
versa.

Figure 6.14: Rate of shoreline change ∆x0,hp/∆t between weekly measured profiles against the
high-pass filtered initial shoreline location x0,hp and the average power index 〈P 〉 between profile
measurements.

Figure 6.14 evidences that, for the same wave power, x0,hp can either recede or
recover depending on its disequilibrium at the beginning of the wave condition. A
tendency towards larger shoreline changes for shoreline locations that are further
away from their equilibrium state for a given wave condition becomes evident (indi-
cated by darker colours). Figure 6.14 compares well with the results in Yates et al.
(2009) and Ludka et al. (2015) who separated shoreline erosion and accretion de-
pending on the wave energy and initial shoreline location. For Hasaki the separation

143



Chapter 6: Storm sequencing and beach response at Hasaki Beach

between shoreline erosion and accretion seems to have a larger (negative) gradient,
i.e. it is closer to a vertical line, indicating a stronger influence of the initial shoreline
location and a lower influence of the wave energy on the shoreline change compared to
Yates et al. (2009). It also indicates an overall smaller variability of the high-pass fil-
tered equilibrium shoreline at Hasaki. The equilibrium beach concept also highlights
the difficulty of quantifying a “system recovery time” tr based on beach recovery as
it depends on the disequilibrium of the beach for the incident wave conditions. In
addition, it becomes evident that storm wave conditions can also contribute to beach
recovery.

6.8 Discussion

6.8.1 Definition of storm sequences

The quantitative definition of storm sequences is site-specific and requires knowledge
of the timescale tr that separates the sequences. In the present study, tr is not
defined based on beach changes as not all low energy conditions between storms
recover the beach and not all storms generate erosion. Therefore, tr is defined from
the wave height time series. Previous studies tried to relate tr to the time that the
beach requires to recover its shoreline location or beach volume (e.g. Angnuureng
et al., 2017); other studies used a similar approach as in the present study, defining
a storm sequence as a succession of events based on the wave height time series (e.g.
Vousdoukas et al., 2012; Morales-Márquez et al., 2018). These two approaches relate
to what Gravois et al. (2018) distinguished as “morphological storm sequence” and
“storm sequence in the wave climate”. The “morphological storm sequence” accounts
for the beach recovery in between storms, whereas a “sequence in the wave climate” is
based on the wave records and the beach might not respond with erosion or accretion
to storm and low energy conditions, respectively.

Furthermore, it needs to be noted that storm sequence definitions based on long-
term wave records use values that are representative of the entire time series but
they are not designed to account for peculiarities of each individual storm, whereas
this is possible in studies at shorter timescales. For instance, Coco et al. (2014),
Vousdoukas et al. (2012) and Loureiro et al. (2012) defined events as storms that
did not exceed the defined storm wave height threshold but that lasted for a long
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duration and/or generated large erosion. Working with long-term data sets, however,
the aim is to determine a generic definition that is applied to the entire time series.

6.8.2 Influence of storm sequences at Hasaki

Increased erosion of the supratidal beach and the shoreline due to storm sequences
compared to individual storms with the same power was not observed in the present
study. This is different from what has been reported in previous works using long-
term morphological and hydrodynamic measurements. Karunarathna et al. (2014a),
using approximately 30 years of wave and beach profile data from Narrabeen Beach,
identified a positive linear relationship between beach erosion and power index for
both storms and storm sequences, but with a larger gradient for storm sequences.
This indicated more severe beach erosion for storm sequences compared to individual
storms with the same power index. For Hasaki Beach, the present study does not
derive such a relationship. Moreover, not all storms and storm sequences generate
beach erosion but they can also result in accretion of the beach. The limited number
of data points in Karunarathna et al. (2014a) has to be noted and different site
characteristics need to be taken into account. In contrast to Hasaki, Narrabeen Beach
is subjected to storms almost all year round, waves are generally more energetic, and
the beach has a much steeper foreshore slope (Karunarathna et al., 2016) all of which
can promote beach erosion and relate to more dynamic beach changes.

Instead, for Hasaki the beach equilibrium concept was shown to apply at the
timescale of individual storms and storm sequences. The antecedent beach mor-
phology is an important factor to be considered for the equilibrium evolution as it
influences whether the same wave condition generates erosion or accretion of the
beach. This links up with Chapter 5 in which wave condition E2, originally classified
as “erosive”, was shown to produce either erosion or recovery of the beach depend-
ing on how far the beach was from its equilibrium state. This might question the
general use of the terms erosion and accretion (or recovery) in relation to high and
low energy wave conditions, respectively, as also highlighted in Chapters 4 and 5 as
well as in recent studies (e.g. Baldock et al., 2017; Birrien et al., 2018; Biausque &
Senechal, 2019). It also calls for more detailed investigations across a wider range of
sites with differing wave and beach characteristics.

Besides the antecedent beach morphology, other aspects can also be relevant for
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equilibrium beach evolution, such as bar migration and the influence of tides. Bar
development near the shoreline for the onset of a new bar cycle can be associated with
erosion near the shoreline. On the other hand, bar welding to the shoreline under low
energy conditions can accelerate shoreline recovery (Wolf, 1994; Pape et al., 2010;
Phillips et al., 2017, 2019). Despite being less dominant in a micro-tidal setting
such as Hasaki, the coincident occurrence of storms and high tides can exacerbate
shoreline and supratidal beach erosion whereas storms coinciding with low tides can
lead to limited erosion of this part of the beach (Coco et al., 2014; Dissanayake et al.,
2015a).

The equilibrium evolution of the beach is in line with the results presented in
Chapter 4 on storm sequencing and beach response using large-scale laboratory data
and with previous studies comprising single sequences at specific field sites (e.g.
Vousdoukas et al., 2012; Coco et al., 2014; Morales-Márquez et al., 2018) and it
is suggested that further studies investigating the performance of equilibrium-type
beach modelling under storm sequence conditions would be beneficial. For the initial
shoreline locations in the present data, it is important to account for oscillations
below the semi-annual frequency when studying the beach equilibrium evolution at
the timescale of storms and storm sequences as these variations are superimposed
onto the initial shoreline locations. However, the changes of the shoreline between
the weekly profile measurements are not significantly affected by the semi-annual,
annual and longer-term variations as the weekly timescale is small compared to the
period of these variations. Similarly, the vast majority of storms (storm sequences)
lasted for less than two days (four weeks) and, therefore, removing oscillations below
the semi-annual frequency when calculating beach changes presented in Figure 6.13
revealed only small changes in the beach parameters and it did not alter the overall
pattern shown in the figures.

6.8.3 Temporal scale of study

The present chapter has focused on the effects of storms and storm sequences at an
event-scale or sequence-scale. Therefore, the identified beach variations below the
semi-annual frequency were filtered when looking into the beach equilibrium evolu-
tion at the timescale of storms and storm sequences. In their recent work, Kuriyama
& Yanagishima (2018) investigated interannual changes of the beach in the foreshore
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and inner transition zones (between z≈ -2m to 3m). Although at the short-term
scale of the present study the beach is found to evolve towards equilibrium, a con-
centration of wave energy over a few months to years was reported by Kuriyama
& Yanagishima (2018) to be capable of inducing a persistent change of the beach
state (“regime shift”). Other long-term changes might be related to large-scale at-
mospheric oscillation patterns, such as the Arctic Oscillation (AO) and the Southern
Oscillation Index (SOI) (Kuriyama et al., 2012; Karunarathna et al., 2016; Kuriyama
& Yanagishima, 2018). In addition, wind forcing was recently proposed as an impor-
tant factor for backshore sediment transport at Hasaki (Kuriyama et al., 2019) and
found to promote short- and long-term changes beyond the effects of wave events.

6.8.4 Limitations of the equilibrium concept

For the equilibrium beach concept, the antecedent beach morphology is essential
for subsequent beach changes as it determines the extent of the disequilibrium of
the beach in relation to the incident wave conditions (Chapters 4 and 5 and Yates
et al., 2009; Birrien et al., 2018). In addition, Scott et al. (2016) and Biausque &
Senechal (2019) reported that some storms can also lead to recovery because a certain
level of energy can sometimes be required for the beach to recover. The energy of
these storms has the capacity to mobilise sediment that was stranded offshore during
previous high energy wave conditions, for instance in the form of nearshore bars
(Scott et al., 2016; Baldock et al., 2017; Biausque & Senechal, 2019; Dodet et al.,
2019). This can provide a reason for the data points indicating accretion of the
narrow beach under intermediate to high energy wave conditions in Figure 6.14.

On the other hand, a few data points in Figure 6.14 indicate erosion of the narrow
beach under low energy wave conditions. This might be linked to sediment that is
stranded offshore and cannot be mobilised to contribute towards the recovery of
the beach. In this case, low or intermediate energy conditions propagate and break
further onshore, which can cause shoreline erosion. This relates to the concept of
“morphological hysteresis” as reported early by Cowell & Thom (1994) and studied
in detail by Baldock et al. (2017) and Birrien et al. (2018). Baldock et al. (2017) and
Birrien et al. (2018) observed continued erosion for reduced wave energy conditions
because the sediment of the previously formed bar became stranded, resulting in an
alteration of the active beach state. For Hasaki Beach, Kuriyama & Yanagishima
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(2018) highlighted the importance of extreme events that can lead to persistent
changes of the beach (e.g. due to an extreme storm in October 2006, which was
extreme in terms of the eroded beach volume, storm power and wave height). This
means that the beach profile is altered in such a way that it allows the impact of
subsequent storms further onshore where they generate larger erosion than expected
solely from their power. This is also when storm sequencing can become important
and it also highlights the severe effect, and hence the importance, of events that have
the capacity to persistently alter the beach state.

6.9 Conclusions

The occurrence of storms and storm sequences and their influence on beach pro-
file evolution was investigated at Hasaki, Japan, using a high-resolution long-term
data set of morphological and hydrodynamic measurements. This data set included
25 years of weekly beach profile measurements and two-hourly offshore wave records.
Storm sequences were primarily defined based on the wave records. Beach changes
due to storm sequences were compared against beach changes due to individual
storms. The results lead to the following conclusions.

• Spectral analysis evidenced that the supratidal beach volume, the intertidal
beach volume and the shoreline location oscillate at an annual and a semi-
annual interval. These are close to the oscillation intervals of the incident wave
height, highlighting a link between the wave energy oscillations and the beach
changes at these frequencies. In addition, the supratidal beach is subjected to
long-term accretion resulting in steepening of the supratidal beach.

• Storm sequences are primarily identified based on the wave height time series,
independent observations from the beach and knowledge of quantifications of
storm sequence parameters at other field sites. Sensitivity analysis showed the
robustness of the definition of storm sequences suggested for the present data.
Variations, within certain ranges, of the parameters to define storm sequences
revealed a limited effect on the overall influence of storm sequences on beach
changes.

• A comparison of three methods to quantify storm power revealed a linear rela-
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tionship between the three methods for the present data. This indicates that
each parameter can be used equally well to describe storm power in a qualita-
tive way at this site.

• Without consideration of the antecedent beach state, no clear pattern of in-
creased erosion of the supratidal beach volume and the shoreline due to storm
sequences compared to individual storms of equivalent power was identified for
the present data. Despite an overall tendency towards larger erosion for more
energetic storms and storm sequences, not all storms and storm sequences cause
erosion of the beach. In line with that, not all low energy conditions result in
beach recovery. This indicates that other aspects, such as the antecedent beach
state at the beginning of a storm or storm sequence, rather than only the power
are important for beach changes during storms and storm sequences.

• The beach equilibrium concept was shown to hold for this beach at the timescale
of storms and storm sequences. The equilibrium concept applies for short-term
beach changes and, therefore, longer-term oscillations, which can be superpo-
sitioned onto the short-term beach changes associated with storms and storm
sequences, were filtered. This does not mean that storm sequencing cannot be
important as it can have the capacity to alter the beach state, which can hap-
pen relatively fast under extreme wave conditions. However, overall, the beach
strives to reach an equilibrium state, which is in line with previous studies
comprising laboratory and field data on beach evolution.

This chapter has highlighted the importance of beach evolution towards equilib-
rium under the frequent occurrence of closely spaced storm events for a longshore uni-
form, micro-tidal beach, such as Hasaki Beach. Despite the potentially site-specific
character of the findings, the results of this study imply that, rather than only ac-
counting for storm power, the antecedent beach morphology is a key parameter to
be accounted for in coastal management practices.
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7
Conclusions and future work

7.1 Conclusions

The study of beach morphodynamics under the influence of sequences of high and
low energy wave conditions, i.e. storm sequences, has received increasing scientific
attention during the last two decades. The increased interest in this research field
can be attributed to the potential of increased storm frequency and intensity as well
as the shift of storm tracks due to global warming. The change in storm frequency
and intensity has been addressed in several studies even though regional variations
and prediction uncertainties have to be considered (e.g. Chan & Shi, 1996; Webster
et al., 2005; Bender et al., 2010; Knutson et al., 2010).

The present thesis has focused on the influence of sequences of high and low
energy wave conditions on beach profile evolution using controlled large-scale lab-
oratory (RESIST and other data sets) and field measurements (Hasaki data set).
The performed analyses have primarily looked into the evolution of specific beach
parameters (the breaker bar and the shoreline), sediment transport and the coupling
of the beach evolution with hydrodynamics.

This thesis has led to novel insights related to beach profile evolution under both
high and low energy wave conditions. These insights involved various aspects, some
of which are the influence of storm chronology and the cumulative erosive impact of
storm sequences, the influence of the antecedent morphology on beach profile change,
and the definition and influence of storm sequences under natural conditions.
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In Chapter 1, four specific research objectives were formulated that contribute to
improve our understanding of beach response to sequences of high and low energy
wave conditions. The main findings for each research objective are summarised below.

1. Beach evolution under high compared to low energy wave conditions
using laboratory measurements.
Using laboratory data of one high followed by one low energy wave condition,
this thesis supports the traditional understanding of beach erosion and recovery
associated with high and low energy wave conditions, respectively. Overall,
the beach evolves rapidly in the early stages of a new wave condition and
subsequently evolves more slowly towards a stable (equilibrium) configuration.

To reach this stable configuration, under very energetic wave conditions, beach
evolution follows a clear pattern of beach erosion associated with offshore bar
migration and bar growth. This evolution is primarily determined by the wave
conditions and, in particular, by wave breaking. Under subsequent low energy
wave conditions, beach recovery is associated with onshore bar migration and
overall shoreline recovery or stagnation. The evolution of the breaker bar under
low energy conditions is determined by the coupling between the wave condi-
tions and the beach morphology. More specifically, for a small reduction in
wave energy, waves break at the existing breaker bar, which migrates onshore
as a whole. For a larger reduction in wave energy, waves pass the existing
breaker bar and break further onshore. This can either trigger the rebuilding
of the breaker bar closer to the shoreline (observed in the SANDS and WISE
data) or, if a secondary (inner) bar exists, foster growth of the inner bar and
merging of the two bars (observed in the RESIST data).

2. Beach evolution under storm sequence forcing using controlled lab-
oratory experiments.
The performance of large-scale experiments that comprise more than one high
energy and subsequent low energy wave condition is important to investigate
beach response under controlled wave conditions and varying beach morpholo-
gies. These experiments can serve as a precedent/benchmark case to better
understand beach response to storm sequences without the influence of site-
specific aspects that need to be considered for field measurements.
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The experiments presented in this thesis have shown that storm sequences do
not necessarily result in cumulative beach erosion. Despite a similar cumu-
lative wave power of the three storm sequences, the final beach configuration
of each sequence is determined by the last wave condition instead of previous
storms. Both the breaker bar and the shoreline evolve towards an equilibrium
configuration that is specific to each wave condition. The breaker bar reaches
its equilibrium location faster than the shoreline, which can be related to the
processes driving bar evolution as well as to the existence of an inner bar.

The duration of a wave condition determines how closely the equilibrium profile
is reached. Storm sequencing and, in particular, storm chronology is important
when the beach profile has limited time to recover before being disrupted by a
subsequent storm. In this case, the second storm does not necessarily erode the
beach but can result in onshore sediment transport and, hence, form part of the
recovery. This highlights the importance of the antecedent beach morphology,
which is determined by the previous wave condition.

3. Influence of the antecedent morphology on beach evolution.
The antecedent beach morphology is an important aspect to determine beach
profile evolution. This is highly relevant in the context of storm sequences, as
storms typically make landfall on varying initial beach morphologies.

The experiments presented in this thesis have shown that largest beach changes
and differences in hydrodynamics occur in the beginning of the experimental
cases, highlighting the coupling between the morphology and hydrodynamics
for beach evolution towards the same (equilibrium) profile. The hydrodynamic-
morphological coupling that leads to the same final beach profile is associated
with differences in sediment transport in the surf and swash zones, and it is
related to the presence of bar and berm features. A large breaker bar that is in
morphodynamic interaction with the waves promotes wave energy dissipation
and reduces the wave energy impact on the shoreline, limiting its erosion. In
contrast, a small bar and a large berm, typical features of reflective beaches, re-
sult in a wide breaking zone with wave energy dissipation close to the shoreline,
promoting shoreline retreat.

The coupling between the wave conditions and the breaker bar is an important

152



7.1 Conclusions

aspect to determine beach response. If the difference between the antecedent
morphology and the equilibrium morphology of the incident wave condition is
very large, there might be no interaction between the existing breaker bar and
the wave condition. This missing interaction can affect the evolution of the
beach profile. This applies for both a decrease and an increase in wave energy:
as mentioned in Point 1 of the conclusions, for a large reduction of wave energy
very small waves are unaffected by the existing large offshore bar. The small
waves pass the bar and break further onshore, resulting in the generation of a
new bar located closer to the shoreline. Similarly, for a large increase in wave
energy, high waves are unaffected by the existing onshore located bar as they
break far offshore, generating a new offshore located breaker bar.

4. Occurrence and influence of storm sequencing on a natural, wave-
dominated beach.
A quantitative definition for storm sequences has only been presented for a
limited number of sites. These definitions are usually site-specific as they pri-
marily depend on the local wave climate as well as on the beach characteristics.
In the definition presented for storms and storm sequences at Hasaki Beach,
the actual recovery of the beach is not used to determine whether or not a
storm is a member of a sequence. Instead, a storm sequence is defined as a
sequence in the wave record. This is primarily because, in line with what has
been reported from the laboratory experiments presented in this thesis, not
all low energy conditions between storms recover the beach nor do all storms
generate erosion.

Several storms and storm sequences were identified to occur at Hasaki Beach
with a high frequency of storm events during the extra-tropical cyclone season.
Beach changes do not only depend on the wave power but also on the antecedent
beach morphology prior to that wave condition. This supports, in line with the
results from the laboratory experiments, an equilibrium-type beach evolution
on the timescale of storms and storm sequences, i.e. a few days to a couple of
months.

Overall, both laboratory and field measurements demonstrated that beaches
evolve towards an equilibrium configuration under storm sequence forcing and gen-
erally storm sequences do not generate cumulative beach erosion. The antecedent
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beach morphology, and hence the preceding wave condition, was highlighted to be
crucial for subsequent beach change. From a morphodynamic perspective, this is
in line with the fundamental morphodynamic model described by Wright & Thom
(1977). However, site-specific aspects are very important to properly assess the
influence that a storm within a sequence has on a beach. These site-specific as-
pects involve large tidal ranges on tide-dominated beaches (e.g. Coco et al., 2014;
Dissanayake et al., 2015a), the coupling between the breaker bar and the wave con-
ditions (e.g. Castelle et al., 2007; Baldock et al., 2017), the erosion of a protective
foredune (e.g. Morton, 2002), severe lowering of the beach height (e.g. Nunes et al.,
2011) or removal of a protective vegetation cover (e.g. Forsberg et al., 2018). In
addition, further risks associated with storm sequencing that were not specifically
addressed in the present thesis might be related to wave overtopping and flooding of
the hinterland. As the beach does not have much time to recover in between storms,
including the onshore transport of eroded sediments and building of protective fore-
dunes, wave overtopping and associated inundation of the hinterland might occur
easily during subsequent storms. These site-specific aspects can all exacerbate the
impacts of subsequent storms and should be accounted for in coastal management
practices.

7.2 Suggestions for future work

The results presented in this thesis provide valuable insights into beach morphody-
namics in response to alternating high and low energy wave conditions. Following
this thesis, there are a few aspects that are worth exploring further, which are de-
scribed below.

1. Laboratory experiments with a larger range of wave conditions.
In the RESIST experiments, the entire beach profile remained active through-
out each sequence of high and low energy wave conditions. Sediment that was
transported offshore during high energy waves was accessible for the following
low energy waves. In addition, most wave conditions were run for a duration
that was sufficient for the beach to arrive at an equilibrium configuration.

It would be desirable to generate more variability in beach evolution using
sequences of high and low energy wave conditions. For future laboratory ex-

154



7.2 Suggestions for future work

periments the following is suggested.

a) Run sequences with larger changes in wave energy between wave condi-
tions. Bigger, and hence more abrupt, changes in the wave conditions can
lead to large changes in the beach profile as waves are less affected by the
antecedent beach profile. For a large reduction in wave energy, sediment
can get stranded offshore, for instance as a relic bar. This type of beach
response has been reported in previous studies (e.g. Castelle et al., 2007;
Baldock et al., 2017) and the present thesis has also provided indication
for such a beach response (i.e. waves passing an existing bar although the
bar did not become stranded in the present thesis). It would be of interest
to investigate this type of beach response in more detail using controlled
large-scale experiments to better understand limitations of equilibrium
beach evolution.

b) Run wave conditions for shorter durations, which will prevent the beach
reaching an equilibrium configuration. Following the results from the RE-
SIST experiments, this would mean running low energy wave conditions
for relatively short durations of circa three hours. During these time in-
tervals the beach undergoes major changes in terms of the evolution of
the breaker and secondary bar as well as of the shoreline but does not
usually reach its equilibrium configuration. The key when investigating
beach response to storm sequences (and inherent in the definition of storm
sequences) is the limited time for beach recovery in between storm events.
Shorter durations of wave conditions would promote more variability in
morphological response of the beach and it may be more difficult to predict
final beach configurations.

2. Laboratory experiments with more low energy wave conditions.
The results from the RESIST experiments support the Q-Ω relationship pro-
posed by Baldock et al. (2011) (Figure 4.12). From a physical perspective, it
is evident that no wave forcing induces no sediment transport. High energy
wave conditions typically lead to negative bulk sediment transport. Therefore,
the Q-Ω relationship involves a peak in onshore sediment transport for a rela-
tively small value of Ω. In the RESIST experiments a limited number of low
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energy wave conditions was used and, in particular, no data were available for
very low values of Ω (more specifically, for Ω = 0–0.7 where Ω was calculated
using Hrms). It would be of interest to obtain further data on wave conditions
with very small Ω to investigate which wave conditions are necessary to initiate
bulk sediment transport and how it increases up to its peak. This will help to
further confirm the Q-Ω relationship that was conceptualised by Baldock et al.
(2011) and that is supported by further studies, such as the present thesis.

3. Detailed investigations of hydrodynamics and sediment transport.
In the RESIST experiments, detailed sediment concentration and velocity mea-
surements were acquired under high and low energy wave conditions in the
bar-trough region. Data were acquired at varying cross-shore locations within
the water column, approximately 15 cm above the bed. A first inspection of
the measurements indicated that the data are of good quality for a meaningful
analysis.

Following this thesis, there are some aspects that are of interest to be investi-
gated further using detailed sediment transport and hydrodynamic data.

a) Investigate details of hydrodynamics and sediment transport during beach
evolution towards equilibrium. In Chapter 5, the evolution of different ini-
tial beach profiles towards the same equilibrium profile was investigated
using beach profile and hydrodynamic data. The evolution towards equi-
librium was primarily linked to differences in the hydrodynamic-morpho-
logical coupling, associated with different extents of the breaking zones
and different sediment transport patterns. It would be of great interest to
investigate the sediment transport processes in the three cases studied in
Chapter 5 in more detail using the high-resolution sediment concentration
and velocity measurements. The key questions to be studied are: using
the same wave conditions, what are the differences in sediment transport
at the bar crest between waves that break at the bar (case 1) and waves
that pass the bar (case 3)? How is sediment transported at different el-
evations above the bed? How are these differences in sediment transport
linked to shoreline erosion (case 3) and recovery (case 1)? A major aspect
that needs to be considered for this analysis is whether the accuracy of the

156



7.2 Suggestions for future work

measurements is sufficient to elucidate the (probably) small differences in
sediment transport between the cases.

b) Investigate details of hydrodynamics and sediment transport under low
energy conditions. Laboratory measurements on sediment transport un-
der low energy wave conditions are scarce. This is to a large extent re-
lated to the difficulty in measuring the small concentrations of suspended
sediment over the long durations required for beach evolution under low
energy conditions. Analysis of the sediment transport data measured in
the RESIST experiments under low energy conditions would provide a
benchmark case for the study of sediment transport. The main questions
to be studied are: what are the contributions of the different modes of
sediment transport (bedload, suspended load) to the total sediment trans-
port? How is sediment transported at different elevations above the bed?
How does this sediment transport contribute to the evolution and onshore
migration of the breaker bar under low energy wave conditions?

4. Data collection in laboratory experiments.
The quality of the data acquisition in laboratory experiments is a key factor
that controls the quality of the results that can be obtained. The data used
in the present thesis were obtained using state-of-the-art instrumentation that
measured at high frequencies and were deployed with a high spatial resolu-
tion. It would be desirable for future laboratory experiments to acquire data
of similar high temporal-spatial resolution and potentially add further instru-
mentation. For future laboratory experiments the following is suggested.

a) Obtain information on observed wave breaking limits as was done in the
RESIST experiments as these are more precise than breaking locations
obtained from water surface elevation measurements. These data proved
to be very valuable for the morphodynamic analysis. While this is rela-
tively simple for monochromatic and bichromatic waves, it can be more
difficult and more time-consuming for random waves as more waves need
to be observed.

b) Use remote sensing techniques that have proven to be of high value in lab-
oratory experiments, such as LiDAR measurements. These instruments
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are non-intrusive and one LiDAR can obviate the need for a large number
of wave gauges while offering a much higher spatial resolution. This al-
lows the acquisition of detailed information on wave height transformation
and wave breaking (Blenkinsopp et al., 2012), which can complement the
abovementioned wave breaking observations.

c) Collect bed sediment samples at various cross-shore locations in between
wave runs. The bed sediment samples were a valuable addition to the
acquired hydrodynamic and morphological data in the RESIST experi-
ments. It is suggested that bed sediment samples are collected as part of
a standard process in laboratory morphodynamic experiments to increase
the data base on sediment samples and to advance the study of graded
sediment transport.

5. Investigation of the influence of individual storm sequences at Hasaki
Beach.
The present thesis has focused on the general influence of storm sequences at
Hasaki Beach, Japan, by identifying numerous sequences and individual storm
events and linking them to beach evolution. However, this approach does not
account for peculiarities of each storm within a sequence. Therefore, a next step
is to investigate beach morphodynamics during selected storm sequences from
the Hasaki data set. This will comprise a more detailed study of equilibrium
beach evolution in different morphodynamic zones and their connections. The
nearshore bars at Hasaki, the shoreline evolution and the sediment budgets in
different morphodynamic zones are key factors to be examined. The availability
of further data, such as shallow water wave measurements, would be very useful
in this endeavour.

6. Further data collection at Hasaki.
The field measurements at Hasaki were an excellent source of data, which
were of high temporal-spatial resolution and measured over a long period of
time. To investigate the influence of storm sequencing from a morphodynamic
and hydrodynamic perspective in more detail on a shorter timescale, it would
be desirable to design a measurement programme that acquires data during
storm sequence conditions. This measurement programme would ideally be
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performed over a couple of weeks to months during the beginning of a year as
storms are very likely to occur in sequences during this season (extra-tropical
cyclone season). Measurements would comprise continuous hydrodynamic mea-
surements (waves, velocities and sediment concentrations) at various locations
in the inner surf and swash zones. Beach profiles should be measured daily
(if wave conditions allow) and event-driven profile measurements should be
obtained. Collection of bed sediment samples could further expand the exper-
imental campaign. These measurements would allow the investigation of more
details of beach evolution from a morphodynamic as well as from a hydrody-
namic perspective, including the influence of different velocity components and
low frequency waves.
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A
Sediment grain size analysis

In the RESIST experiments, sediment samples were collected from the top of the bed
at 20 cross-shore locations after completion of wave condition A3 (see Chapter 4) to
investigate sediment sorting. In addition, a reference sample of unsorted sediment
was collected onshore of the runup limit. These 21 sediment samples were shipped to
Imperial College London to analyse their grain size distribution in the Geotechnics
Laboratory at the Department of Civil and Environmental Engineering. The samples
were dried in an oven at 105°C for a minimum of 24 h. Subsequently, grain size
analyses were performed using the imaging system QICPIC and sieve analysis.

A.1 QICPIC

QICPIC is an imaging system that scans particles in a sample (see Figure A.1). The
sediment sample is inserted into a hopper at the top of the device. Subsequently,
the sediment particles move along a feeder that vibrates to distribute the particles
before they fall into a vertical shaft (black vertical part of QICPIC in Figure A.1).
Eventually, an image of the projected particle area is obtained by a laser/light source
and a pair of imaging lenses. A detailed description of this measurement procedure
can be found in Altuhafi et al. (2013).

A major advantage of QICPIC is that it can be used for small sample sizes. While
sieving for the present grain size (< 2mm) requires a minimum of 100 g of sediment
to be representative and to be properly handled (British Standards Institute, 1990),
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Figure A.1: QICPIC apparatus.

QICPIC works with much smaller sediment masses (O(g)). Tests with different
sample masses (4 g and 10 g) were run to check the influence of the sample size on
the sediment grain size results. Differences in d50 were found to be below 2% of the
d50 of the tested sample masses. However, processing of larger sample sizes takes
much longer due to the larger number of scanned sediment grains. Therefore, a
sample size of 5 g was chosen for analysis of the samples, in line with previous works
using sands with similar values of d50 (Altuhafi et al., 2013).

Furthermore, QICPIC performs the sediment grain size analysis much faster than
traditional sieve analysis and it can also acquire additional particle measures, such
as particle shape. However, it needs to be noted that prior to using QICPIC sieving
is required to remove sediment particles smaller than 0.1mm. This particle size is
outside the measurement range of QICPIC. The fraction of particles smaller 0.1mm
is very small in the present samples (usually < 1%) and it is taken into account when
processing the data to obtain the cumulative sediment grain size distributions.

QICPIC can record several particle size measures and in the present study, four
particle size measures were compared against results from sieve analysis (see Section
A.3). These four particle size measures were: The diameter of a circle of a projection
area equal to the measured particle area (dEQPC) and three Feret diameters (dFmin,
dFmax and dFmean). Figure A.2 illustrates dEQPC along with the minimum and max-

181



Appendix A

dFmax

dFmin

dEQPC

b)a)

Figure A.2: Definition of different particle size measures.

imum Feret diameters. Feret diameters are derived from the distance between two
parallel tangents on opposite sides of a particle. The minimum Feret diameter dFmin

provides the minimum distance between two parallel tangents on opposite particle
sides. The maximum Feret diameter dFmax corresponds to the maximum distance be-
tween two parallel tangents. The mean Feret diameter dFmean is the mean of the Feret
diameters obtained for various measurement directions. Hence, it can be expected
that dFmin < dFmean < dFmax.

A.2 Sieve analysis

Sieve analysis was performed with the reference sample of unsorted sediment that
was collected onshore of the runup limit. Sieve analysis was necessary to validate
the results obtained using QICPIC and to select the particle size measure that most
closely resembles the results from the sieve analysis. Dry sieving was performed with
the following sieve sizes: 2mm, 1mm, 0.6mm, 0.5mm, 0.4mm, 0.3mm, 0.121mm
and 0.106mm (see also Figure A.3). These sieve sizes were chosen based on the
general characteristics of the sediment (sand, medium size, narrow grain size distri-
bution). The sieves were placed on a shaking table. The shaking, and hence sieving,
was carried out in two separate stacks to ensure stability of the stacked sieves (see
Figure A.3). After 5min, the sieves were weighed and placed on the shaking table
for another 2min to ensure the mass on each sieve stabilised.
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Figure A.3: Stacks of sieves on the shaking table.

A.3 Particle size measures

Figure A.4 shows the particle size distribution of the results from the sieve analysis
and the four particle size measures obtained with QICPIC. The five curves show
a similar shape that indicates a narrow grain size distribution. The particle sizes
vary between the five measures but, owing to the similar shape of the curves, the
differences are relatively consistent. The maximum Feret diameter dFmax represents
the upper limit of the sediment grain size distribution (dFmax

50 =0.379mm) whereas the

Figure A.4: Sediment grain size distribution of different particle size measures from QICPIC and
sieve analysis.
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results from the sieve analysis form the lower limit (dsiev
50 =0.248mm). The minimum

Feret diameter dFmin
50 is close to the results from the sieve analysis (dFmin

50 =0.271mm),
which is in line with Altuhafi et al. (2013). It is a sensible result because dFmin

provides a measure of the minimum width of the projected particle area. Sieve
analysis also provides a measure of the smaller width of the sediment particles because
the sediment particles are moved through the sieves using the shaking table. By this
movement, the particles can orientate in such a way that they pass the sieve(s) with
their smaller width. For the sediment grain size analysis presented in Chapter 4, the
sediment grain sizes are given by dFmin

50 as it is closest to dsiev
50 .
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