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ABSTRACT

Criticality in coastal management and environmental protection is intensified by

coastal hazards and climate changes which nowadays should not be ignored. Due to

ongoing sea level rise and the increase in the severity of wave storms, knowing in ad-

vance the effects of storms and human impacts at the coasts becomes fundamental for

management and environmental protection purposes. This research deals with the wave

runup and swash on the beach which, representing the final expression of wave action at

the coast, are often included into hazards management, prediction and mitigation frame-

works. Existing swash parametrizations are tested against worldwide-collected field

datasets showing that still large errors in wave runup prediction could be made. The

original contribution of this work consists of coastal processes knowledge enhancement,

providing four new swash predictors: 2 for total and 2 for infragravity swash. Moreover,

the innovative machine learning approach adopted (genetic programming) can replicate

the functionality and dependencies of previously published formulas, improving pre-

dictability (compared to well-established parametrizations derived by classical regres-

sion approaches) and providing physical insight into coastal processes. The beach slope

emerged as an important parameter when predicting infragravity swash, contributing to

clarify the existing discussion in the literature. Novelty in this research also consists of

field measurements of wave swash and runup with the presence of seagrass (Posidonia

oceanica) litter on the beach face and berm. Measurements are performed through an

ad-hoc installed easily-reproducible coastal video monitoring station, from which the

interaction between wave swash and seagrass berm is studied. Results show that runup

process is shifted offshore due to seagrass wrack accumulation and that the swash en-

ergy is shifted towards higher frequencies, with the swash peak frequency being located

within the incident band, in contrast with a nearby seagrass-free profile under the same

wave forcing condition. This behaviour is probably due to the beach slope made steeper

by the seagrass beach-cast accumulations. The findings of this research involve impli-

cations for coastal protection and management (e.g. seagrass deposits role on coastal

protection), hazards mitigation and prediction (e.g. inundation).
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Chapter 1

INTRODUCTION

Coastal areas host several different type of activities which can be grouped into sectors:
defence and national security, marine renewable energy, ports and shipping, marine ag-
gregates and dredging, cabling, fisheries and aquaculture, wastewater disposal, tourism
and recreation, marine resource extraction. Those sectors exploite marine areas nearby
the coast, and conflicts between them exist introducing potential cumulative impact on
the environment, even if a marine conservation sector exists (e.g. marine protected areas
and parks).

The complexity of managing coastal areas requires specific marine planning and
strategy. The Organisation for Economic Co-operation and Development (OECD), re-
ports in a recent issue paper, that Marine Spatial Planning (MSP) is fundamental for
the European integrated maritime policy EU (2007). Furthermore, it could contribute
to achieve a good environmental status (EPC, 2008), and the blue growth strategy (EU,
2012) for European Countries (Stephen, 2017). UNESCO (2018) reports that marine
spatial planning is the object of projects, discussion and implementation in over 60
countries around the world. It is required to all European members states by 2021 (by
the Marine Spatial Planning Directive, adopted in 2014, (EU, 2014)) to set up a national
marine spatial plan, but not all the European countries have adopted one yet (e.g. Italy
only has regional pilot projects).

Furthermore, following the Climate and Energy Packages targets, the strategy de-
nominated ”Blue Growth” (EU, 2012) to enhance the ”blue” economy (which has a
value of about e500 billion a year and assure roughly 5.4 million jobs), was set in Eu-
rope in 2012 (EU, 2012). The Blue Growth is centred on the exploitation of marine
resources, rising from one hand the attention of policymakers and investors on coastal
areas, but on the other hand, potentially incrementing the impact of human activities
on the coasts. Results from this work can have useful applicability to marine environ-
mental protection and strategic coastal planning as required urgently worldwide and
specifically in Europe.

Environmental protection is strictly related to coastal management, and criticality
in those fields is enhanced by coastal hazards, and climate changes which nowadays
should not be ignored.
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The last Intergovernmental Panel on Climate Change (IPCC) reports, released in
2013-2014, summarizes the impacts, adaptation, vulnerability and mitigation related
to CC, starting from the review of the relevant scientific literature. Compared with
previously released IPCC’s reports (in 2007) the evidence of the influence of human
actions on climate changes has risen (IPCC, 2014). This influence is principally related
to anthropic CO2 emissions, the warming of the ocean and atmosphere, in resulting de-
crease of ice cover, global mean sea level rise, ocean acidification, habitats and marine
ecosystems impact, as well as the water cycle changes (IPCC, 2014).

Special attention is given to coastal systems (Wong et al., 2014), oceans (Hoegh-
Guldberg et al., 2014; Rhein et al., 2013), sea level rise (Church et al., 2014) and small
islands (Nurse et al., 2014), since the ocean has a fundamental role in regulating the
global climate and effects of CC are particularly appreciable at coasts. The Ocean acts
as a buffer to CC thanks to its capacity of heat storage immensely higher than the at-
mosphere about 93% of the energy excess due to human activities is absorbed by the
oceans, 3% by the continents and only 1% by the atmosphere (Rhein et al., 2013).
Moreover the ocean naturally ”recycles” CO2 through four ocean ’carbon pumps’ (Sol-
ubility, Biological, Continental Shelf and Carbonate Counter) and stores carbon to the
deep ocean reservoir (Reid et al., 2009). At coast consequences of CC (as rising severity
of the storms, change in wave climate and storm surge, sea level rise) are translated of-
ten into natural hazards as coastal erosion, flooding and they strongly influence coastal
processes and morphodynamics.

A parameter often used to assess the effect of storms on the coast and to predict
when the sea will potentially reach a certain high and extension towards the coast, is
the wave runup. Wave runup, the wave generated vertical excursion of water up a beach
slope, is the final expression of processes acting within three connected coastal zones
as waves travel from deep to shallow waters: 1) the shoreface, where wave transforma-
tion towards the coast occurs; 2) the surf zone, where most of the energy is released by
breaking of the waves; and 3) the swash zone, where the water edge runup (uprush) and
down (backwash) on the beach face. Wave runup is composed by the swash (vertical
water oscillation) and the setup (temporal mean of swash oscillation). Swash calcula-
tions have two components: one due to the incident and the other to the infragravity
(wave period, T > 20 s) waves (Guza and Thornton, 1982; Komar, 1998).

Understanding runup and its constitutive components is necessary for comprehend-
ing the impacts of coastal hazards, managing the coasts and improving the knowledge
of swash zone hydrodynamics and sediment transport. Runup is also demonstrated to
contribute to about 60% of the total water level in extreme conditions (Serafin and Rug-
giero, 2014). The action of extreme runup during storms can reach the dunes, contribut-
ing to natural erosion processes (Komar, 1998; Ruggiero et al., 2001), and flooding be-
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hind them, extending the water edge to inhabited areas. In regards to coastal hazards, in
the last two centuries, humans extended their activities and settling towards the coast,
rising human impact and vulnerability of the coast itself (Nordstrom, 2013). Several
strategies are proposed to mitigate coastal hazards, including managed retreat strategies
(accommodating natural processes), or building of rigid structures (impacting, how-
ever, the natural coastal processes). To precisely understand and predict wave runup
can contribute to improving mitigation and adaptation strategies. For instance, runup is
included in methodologies for evaluating the effective water edge position at the coast,
for representing vulnerability to flooding in coastal management maps useful for coastal
managers and politicians (Perini et al., 2016), and to managers and practitioners dealing
with hazard setbacks, evaluating risk and coastal vulnerability (e.g Bosom and Jiménez
(2011); Vousdoukas et al. (2012)).

The utility of accurate runup prediction rises in a changing climate (affecting the
wave climate and producing sea level rise) and for coastal areas affected by increasing
human impact. Swash processes are also of interest for understanding rates of coastal
sediment transport (e.g. Masselink and Puleo (2006)) and developing numerical mod-
els of the swash zone morphodynamics (e.g.Karambas and Koutitas (2002)). Under-
standing and prediction of runup elevations are therefore critical to scientists trying to
understand the dynamics of flow motions and sediment transport.

Broad considerations about the future of the coasts worldwide are given by Mas-
selink et al. (2012b) and Nordstrom (2013) where the importance of climate changes
in influencing coastal processes appears clearly. Specific coastal systems impacts, from
Masselink et al. (2012c); Wong et al. (2014), are listed below:

• Site specific increase/decrease in magnitude and frequency of storms which pos-
sibly produce an increase/decrease in wind speed and wave heights with conse-
quent coastal erosion/deposition, geomorphological and sediment supply change.

• Change in wave direction during a storm affecting the longshore transport, deter-
mining a modification of beach width of the order of 10 m in few weeks.

• Rise of sea level is likely related to inundation of small islands, coastal flooding
and erosion with consequent dryland and wetland loss and change, as well as the
saltwater intrusion (in groundwater). Sea level rise also possibly impacts ecosys-
tems mainly affecting animals and plants (corals, mangroves, seagrass) which
will suffer changes in light availability, sea water characteristics (e.g temperature
and salinity).

• Increase of sea surface temperature is likely related to processes as a decrease of
upwelling and seawater oxygen content, increase of hurricane intensity, increase
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Figure 1.1 Confidence in detecting sensitivity and attribution of coastal systems to cli-
mate changes (Wong et al., 2014).

in ocean stratification, coral bleaching enhancing vulnerability to mortality, shift-
ing of marine species towards poles.

• Increase of CO2 in atmosphere likely favour ocean acidification, and reduction of
carbonate with serious consequences on marine ecosystems.

The confidence with which those changes in coastal systems are happening and will
possibly continue to happen is summarized in Figure 1.1

Coastal areas and ecosystems are subject to cumulative impact (due to both anthro-
pogenic and CC drivers), the highest predicted impacts are concentrated around the
coasts because anthropogenic drivers from land and ocean sum up, resulting to largest
areas of high predicted impact in North and China seas, Eastern Caribbean, North-east
America, Mediterranean, Persian Gulf, Bering Sea, and Sri Lanka (Halpern et al., 2008;
Wong et al., 2014). No coast or ecosystem is completely free of anthropogenic impact
due mainly to an excessive use of natural resources and threatened ecosystem (Wong
et al., 2014; Lotze et al., 2006).

Marine vegetation habitats are recognized to contribute in protecting the coasts (On-
diviela et al., 2014) and mitigating coastal hazards (e.g. coastal erosion), however, is
demonstrated that they are deteriorating worldwide (Duarte et al., 2004), due to CC and
human pressure (Wong et al., 2014). Seagrass meadows in general (Wong et al., 2014)
and Posidonia oceanica in particular in the Mediterranean Sea (Duarte et al., 2004),
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are under stress and mortality. They furnish several ecosystem services as high produc-
tivity acting as a biogenic sediment factory, water oxygenation, fish nursery, reducing
wave energy with possible consequent shoreline defence and sediment entrapment (Vas-
sallo et al., 2013). Seagrass deposits on the beach face (beach-cast litter, beach wrack,
banquette) likely have an effect of directly protect the coastline from wave action and
consequent erosion and flooding during storms (debate in the literature is still open,
Gómez-Pujol et al. (2013); Simeone et al. (2013); Vacchi et al. (2017)).

The importance of seagrass ecosystems is largely recognized, and a high economic
value is attributed to those ecosystems (e.g. Posidonia oceanica is estimated to be
worth 172 em−2 a−1 (Vassallo et al., 2013)). Seagrass represents fragile ecosystems
which are often protected as the Posidonia oceanica meadow is safeguarded by EU
legislation such as the Habitat Directive (Habitat Type 1120, (EC, 1992)), the Water
Framework Directive (EPC, 2000) and the Marine Strategy Framework Directive, (EPC,
2008). Posidonia seagrass is a key element of Australian (various species) and Mediter-
ranean coastal areas (Posidonia oceanica). Within the Mediterranean Sea, Sardinia
island keeps highly environmentally conserved coastlines, representing a strategic lo-
cation to perform studies devoted to coastal management and environmental protection
which includes the seagrass role (Demuro and De Falco, 2015). Despite the laws dedi-
cated to the protection of seagrass ecosystems, bad practices exist in managing coastal
areas in relation to this and other frail ecosystems as ungoverned anchoring and the
mechanical removal of seagrass litter from the beach face, berm and backshore (Nord-
strom, 2013; Demuro and De Falco, 2010, 2015). The main landforms alterations are
due to heavy visitation, deforestation, pedestrian and vehicle trampling, military use,
structures and parking building, beach cleaning and beach wrack removal especially
by heavy mechanical vehicles on dunes, backshore, berm and beach face (Eastwood
and Carter, 1981; Anders and Leatherman, 1987; Demuro and De Falco, 2010, 2015;
Wiedemann, 1984).

Good practices for managing and surveying beaches were developed, in order to
limit the human impact especially of heavy visitation like the building of elevated
boardwalks, fencing sensitive areas, and educating stakeholders or visitors. (Carlson
and Godfrey, 1989; Demuro and De Falco, 2010, 2015).

As pointed out by Demuro and De Falco (2010, 2015), an erroneous use of beach
systems, with consequent human impact, is probably due to a misunderstanding of the
beach morphodynamics. The authors stress that the beach should not be managed as a
static element, but indeed as naturally subject to cyclic change and evolution at different
time scales, which spread from seconds to millennia.

This work investigates coastal processes, directly connected to coastal management
and hazards, which take place in different coastal zones. Coastal areas can be classified
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Figure 1.2 Morphological cross-shore elements (modified from Cowell et al. (1999) in
Masselink et al. (2012a)). Illustration includes coastal zones according to wave propa-
gation towards the coast (in blue) inserted for this work.

by numerous approaches, based on the phenomena which drive coastal geomorphology,
hydrodynamics and morphodynamics as geology, waves, tide, climate, sea-level oscil-
lations (Masselink et al., 2012a). Even though an extensive literature exist on the sub-
ject including peer-reviewed papers, books, and treatises (Niedoroda and Swift (1991)
in Cowell et al. (1999), Davis Jr and Hayes (1984), Short (1999a), Masselink et al.
(2012a), Short and Jackson (2013)), in this thesis the coastal and the spatial/temporal
classifications adopted for introducing and contextualize the work, for clarity and con-
sistency, are the one illustrated and reported in Masselink et al. (2012a) or adapted from
it.

Coastal zones can be summarized by Figure 1.2: the shoreface (including the nearshore,
the surf and the swash zone), the dunes and the backshore.

The shoreface is the landward region of the continental shelf which extends, moving
from the sea towards the coast, from the offshore limit of sediment transport induced
by wave action to the maximum runup reached by waves on the beach face (Cowell
et al., 1999). As reported in Masselink et al. (2012a) the shoreface can be subdivided
into Lower (in which morphological changes are influential only during extreme events)
and Upper (where sediment transport results in morphological changes yearly), and it
includes nearshore, surf and swash zones. The swash zone represents the area in which
the sea reach the land, and from the swash zone to the backshore, the human activities
are inevitably strongly interconnected with the marine environment.

At the same way in which coastal processes interest different location within the
coastal area, they also take place at different time scales. Figure 1.3 shows both spatial
and temporal scale frameworks relevant to coastal processes. This work focuses on the
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Figure 1.3 Interrelationship between spatial and temporal scale in which coastal pro-
cesses take place, from Cowell and Thom (1994) in Masselink et al. (2012a).

upper shoreface until the swash zone. Covering phenomena which take place during
time scales which spread from seconds (wave runup and swash oscillations) to months
(coastal wave recoding). In relations with the definitions adopted by Masselink et al.
(2012a) initially proposed by Cowell and Thom (1994) this work is temporally located
within the instantaneous and event time scales.

The coastal stretches which are studied in this thesis are mainly composed of wave-
dominated sandy beaches, but the results found here, particularly the coastal hazards-
and management-related implications, are potentially expandable to other types of coast-
lines.

For both protecting and managing the coastal environment, it is necessary to know
the keys coastal processes driving coastal hydro- and morpho-dynamics. For which
is critically important to gather on the field and organize environmental data, which
would be utilized: a) to have a baseline knowledge of coastal processes b) as input and
validation of models; c) to predict and manage coastal hazards and CC. This work both
measures on the field (also retrieving information from remote sensing, as coastal video
imagery) and deeply re-analyses previously collected data.

Once the information on the field is gathered, it is fundamental to integrate them
with modelling techniques for allowing for prediction (e.g. physics-based models, data-
driven models, conceptual models) as well as innovative data-mining methodologies as
Machine Learning (ML).

In this context predicting the effect of storms at the coast becomes fundamental
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and this work allows to improve the knowledge and predictability of wave runup on
sandy beaches. In addition, it proposes to achieve a better understanding of the role of
vegetation within the swash zone also in relation to coastal protection with increasing
coastal hazards and human pressure. Future development of the present doctoral thesis
includes coastal early warning systems, which would allow knowing in advance the
coming of a storm and when the sea water may reach critical levels at the coast.

The research performed during this PhD was founded by Sardinia Regional Gov-
ernment which financially supported my PhD scholarship (P.O.R. Sardegna F.S.E. Op-
erational Programme of the Autonomous Region of Sardinia, European Social Fund
2007-2013 Axis IV Human Resources, Objective l.3, Line of Activity l.3.1.). This
PhD activity additionally took place within the framework of the NEPTUNE Project,
(Natural Erosion Prevision Through Use of Numerical Environment) L. R. 7.08.2007,
N.7: Promozione della ricerca scientifica in Sardegna e dell'Innovazione tecnologica in
Sardegna. The support and funding rendered by NEPTUNE project allowed the instal-
lation of the video-monitoring system and the field data-collection campaigns at sea.
Thanks to the international collaborations activated within the project (e.g. University
of Auckland, New Zealand and Curtin University, Australia), part of this research ac-
tivity was performed at the University of Auckland. The visiting period was founded
by the BLOGUSDOC scholarship of the University of Cagliari and partially by the
NEPTUNE project.

1.1 Aim and Objectives

This work aims to improve the knowledge and the predictability of swash processes use-
ful to the purpose of coastal protection, management, hazards mitigation and prediction.
In order to reach this aim the following general objectives are defined:

1. To evaluate existing swash formulas on wide and comprehensive field datasets.

2. To propose new formulations of swash elevation on sandy beaches for improving
predictability.

3. To verify the applicability, and highlight the potential of innovative data-driven
techniques (Machine Learning) to model coastal processes, such as the swash
elevation on sandy beaches.

4. To perform previously missing field measurements of wave swash and runup on
sandy beaches, with the presence of underwater vegetation and its litter.

5. To assess the influence that the beach-cast seagrass litter deposited on the beach
has on wave runup and swash.
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In order to accomplish the main objectives listed above, secondary objectives have
been defined for each point. Firstly, the evaluation of existing swash formulas required:

• To identify swash formulas distinguished between total, incident and infragravity
swash.

• To gather large field vertical swash datasets comprehending total, incident, infra-
gravity swash recorded on beaches spreading from dissipative to reflective world-
wide, under a wide range of environmental conditions, including extreme storms
(fundamental for coastal and hazards management).

• To test and compare, the swash formulas performance on the same field dataset.

Secondly, in order to find a new formulation of vertical swash on sandy beaches,
which could improve its predictability, the following goals should be reached:

• A methodology for modelling the swash elevation on sandy beaches should be
selected between the available data-driven approaches.

• A large dataset including a wide range of beach types, locations and wave con-
ditions should be gathered, for ensuring as much universality of the formulas as
possible.

• The formulas found should be strongly tested on field dataset not used for their
creation, and verified by a comparison against the most largely accepted and
adopted formulas in the literature.

Thirdly, in order to confirm the applicability and enhance the potential of Machine
Learning approaches to swash process it is important:

• To select the appropriated Machine Learning technique.

• To evaluate the predictive power of the predictors chosen and their universality.

• To evaluate the interpretation of the results from the physical process point of
view and not only from the mere prediction performance of the formulas.

Furthermore, a specific field experiment is necessary to accomplish the fourth and
fifth main objectives, which will ensure:

• Contemporary measurements of wave swash, incident wave field, beach morphol-
ogy, cross-shore beach elevation profiles.

• The setting (planning, installation and calibration) of an ad-hoc coastal video-
monitoring station, in a suitable study area.
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• The experimental design should ensure the contemporary occurrence of: a) the
presence-absence of underwater vegetation litter on the beach, b) wave conditions
which will ensure a sufficient wave swash to be observed by the video-monitoring
system.

• Time stack images should be created during the condition of presence/absence
of seagrass beach-cast litter on the beach face ensuring the comparison on two
nearby beach transect.

In Chapter 2 a review of the literature inherent to the topics studied in this doctoral
thesis is provided. Chapter 3 explains the methodology adopted for performing this
research. Chapter 4 explores the accomplishment of the main objective n◦ 1, and it has
been published recently in Passarella et al. (2018a). Chapter 5 links the main objective
n◦ 2 and 3 proposing a new formulation of swash elevation on sandy beaches, by the
use of a Machine Learning technique. The main contents of this chapter have been
published in Passarella et al. (2018b). In Chapter 6 is described the field experiment
planned and performed for reaching the goal n◦ 4, and its results (main objective n◦ 5).
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Chapter 2

REVIEW OF LITTERATURE

Wind-generated ocean waves, the perturbation of the sea surface due to wind stress on
the free water surface (η), are between the most significant process driving coastal sedi-
ment transport and morphodynamics within the shoreface and the swash zone (Huntley,
2013). They represent the highest energy input into coastal systems as microtidal wave-
dominated beaches (Wright and Short, 1984). Waves can be generated by local winds,
resulting into ”wind sea” or by faraway storms, creating waves which have travelled for
several km before reaching the coast, defined ”swell sea”. A number of theories exist
for formulating their motion which can be grouped into: linear and nonlinear. The com-
bined action of waves, wave-induced currents and tides force the morphodynamics of
the shoreface including the swash zone and the beach. The above-mentioned processes
can be monitored by field campaigns and simulated by models.

2.1 Nearshore hydrodynamics

2.1.1 Linear Wave Theory

The linear wave theory or Airy wave theory (Airy, 1845), is based on sinusoidal waves
(Figure 2.1) also called small waves, small amplitude waves, infinitesimal waves, or
linear wave, of the shape of:

Figure 2.1 Sinusoidal wave (courtesy of WMO (1998) ).
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η(x, t) = asin(kx− ωt) (2.1)

where:
η is the free surface elevation, measured from the zero level or mean water level

(MWL), it depends on x (wave propagation direction), and t (time),
a = H

2
, wave amplitude is half of the wave height (H),

k = 2π
L

is the wave number, and L is wave length,
ω = 2π

T
is the angular frequency, and T the wave period,

The assumptions and approximations for the linear wave theory to be formulated
are (WMO, 1998; Svendsen, 2006):

• Work with an ideal fluid (viscous, drag and friction terms can be neglected), for
which the only forces acting on it are gravity and pressure.

• Incompressibility of the seawater (constant density) for which a continuity equa-
tion can be derived.

• Irrotational fluid assumption (individual particles do not rotate) permits the intro-
duction of the velocity potential.

• The wave amplitude can be considered small in comparison with water depth
and length (H << L and nonlinear terms and bottom boundary layer effects are
neglected).

• Constant depth.

• 2-dimensional vertical plane; 1-dimensional motion in the horizontal direction of
wave propagation (x)

• The periodic motion studied has a wave length (L) defined as the distance be-
tween two successive wave crests, and a period T identifying the time interval
between to successive crests or troughs passing from a fixed point.

Some other basic wave characteristics and relationships are:

• the wave frequency f = 1
T

;

• the wave propagation speed, or phase speed c = L
T

= ω
k

;

• the wave steepness H
L

.

Generally, during wave propagation (from the location of generation) waves with
different periods travel at different velocities with longer waves travelling faster. This
principle leads to waves to be grouped and to the dispersion relation:
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ω2 = kg tanh(kh) (2.2)

where h is the water depth,
tanh is the hyperbolic tangent,
g is the acceleration of gravity.
It is possible to rewrite Eq. 2.2, replacing ω and k with their definitions, explicitly

for the wave length L:

L =
gT 2

2π
tanh(

2π

L
h) (2.3)

or the wave speed or wave phase c:

c =
gT

2π
tanh(

2π

L
h) (2.4)

The dispersion relation in its three formulations leads to the description of wave
characteristics, at varying depth or better at varying relative water depth, the ratio be-
tween water depth and wave length ( h

L
or kh).

The nearshore area can be subdivided into deep ( h
L
> 1

2
), intermediate ( 1

20
< h

L
<

h
L
> 1

2
) and shallow water ( h

L
< 1

20
) according to the wave interaction with the seabed

(Figure 1.2). In deep water the seabed is irrelevant to the wave motion, at a depth of
h = L

2
the wave base start to touch the sea bed and the wave to fell its the influence,

which becomes more significant in shallow water (notice that deep, intermediate and
shallow water are not associated with fixed depths but they are wave-dependent).

From a physical point of view, the wave characteristics change within the three
regions. From Equation 2.3 and 2.4 as the water depth decreases also wave length and
celerity diminish (while wave period remains constant not depending on water depth).
For deep water the tanh(2π

L
h) ≈ 1 allowing to the approximations L0 = gT 2

2π
and

c0 = gT
2π

(zero subscript indicates deep water), from which wave length and phase
velocity depend only on wave period (water depth is irrelevant). While for shallow
water tanh(2π

L
h) ≈ 2π

L
h, leading to L2 ≈ gT 2h, which becomes L ≈ T

√
gh and the

wave phase velocity can be simplified as c =
√
gh. Therefore in shallow water, the wave

celerity is depending only on water depth and there is no frequency dispersion.
The airy wave theory also provides the wave particle velocities formulations in

which the orbital velocities under the wave (velocities are directed into the wave prop-
agation direction under the crest and opposite backwards under the trough), decrease
of intensity with depth and describe a closed circular path in deep water, an oval path
in intermediate water and an horizontal movement forwards and backwards in shallow
water. In reality the orbital paths are not completely closed, furthermore, the velocity
decreases with depth, leading to a certain mass transport associated with waves, with
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important consequences in coastal hydrodynamics, as a net drift of water towards the
coast (stoke drift). These processes are of high relevance in coastal hydrodynamics
especially to sediment transport applications (for details the reader is referred to spe-
cialized books (e.g. WMO (1998); Svendsen (2006)).

Another fundamental wave characteristic is the wave power. The wave energy den-
sity (sum of potential and kinetic energy of all particles within a wave length) is defined
as:

E =
1

8
ρgH2 (2.5)

Where ρ is the water density.
The velocity at which the energy propagates is named group celerity or group ve-

locity formulated as:

Cg = nC where n =
1

2
(1 +

2kh

sinh 2kh
) (2.6)

where c is the phase velocity,
k is the wave number,
h is the water depth,
n varies from 1

2
in deep water to 1 in shallow water.

sinh is the hyperbolic sine.
The wave power or the wave energy flux (P ) is the product of the wave energy times

the velocity at which it propagates (Cg):

P = ECg = EnC =
1

8
ρgH2 c

2
(1 +

2kh

sinh 2kh
) (2.7)

In deep water, Cg = c
2

while in shallow water it turns into the same of the wave
phase Cg = C.

The linear wave theory is still largely used even though a number of limitations ex-
ist, mostly because even if the ocean waves are not sinusoidal, it has been successfully
demonstrated that real sea states can be represented as a superimposition of an infinite
number of sinusoidal waves with different wave characteristics and directions (Huntley,
2013). Barber and Ursell (1948) performed a pioneering experiment measuring swell
waves using pressure recorders located underwater (at 33-20 m) and the surface eleva-
tion with echo-profiles. From Barber and Ursell (1948) onwards the Fourier’s analysis
has been applied to wave data, obtaining the wave spectrum describing the wave energy
content distributed for frequencies and directions (Huntley, 2013).
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2.1.2 Wave Transformation Processes

In intermediate and shallow water, while wave celerity and group velocity are a function
of depth (Eq. 2.4), the wave frequency and the period are not, leading to changes in
waves during their propagation (Stewart, 2008). As the wave travels towards the coast
(starting from intermediate water), because of the seabed influence on their motion, they
are subject to five main transformation processes:

• The wave shoaling consists of a change in wave height as waves move from deep
to intermediate and shallow waters. Assuming that no energy loss due to bed
friction occurs, the conservation of wave energy flux should be verified so that as
waves move towards the coast (WMO, 1998):

d(CgE)

ds
= 0 (2.8)

Where CgE is the energy flux per unit of crest;

s is the wave propagation direction.

For Eq. 2.5 and Eq. 2.6 in Eq. 2.8 at a change in wave celerity, period and wa-
ter depth it corresponds to a change in wave height. Eq. 2.8 is an approximation
which is valid if the assumptions of waves travelling on a constant depth, and neg-
ligible wave dissipation (due to friction and breaking) and generation (increase in
wave energy for both energy transfer between components of wave spectrum and
wave generation) are respected (resulting therefore in Eq. 2.8 being applicable
offshore the surf zone) (Huntley, 2013).

As waves enter into intermediate waters H first diminishes and then increases,
particularly right before breaking. This change is due to the modifications of
wave group velocity, length and celerity occurring as wave propagate towards the
coast. The shoaling coefficient Ks (Eq. 2.9) can be used for quantifying these
effects on the wave height:

Ks =
H

H0

=

√
Cg0
Cg

(2.9)

where H0 is the deep water signification wave height; H is the wave height at the
depth of interest; Cg0 is the deep water wave group velocity; Cg is the wave group
velocity at the depth of interest.

• The wave refraction is the result of the wave celerity diminishing with water
depth. Considering a regular bathymetry parallel to the coastline, waves along a
wave front (defined perpendicular to wave rays and to single wave propagation
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direction) approaching the coast with a certain angle, will experience different
phase velocities. Resulting into waves in deeper water travelling faster than the
waves of the same wave front in shallower water. This affects the wave front
which tends to turn parallel to the bathymetry (on regular bathymetry parallel
to the coast). Consequently, the waves tend to approach perpendicular to the
coast and the wave rays to be spread apart, being the waves refracted. On more
complex bathymetry the refraction process can lead to different behaviours, for
instance, the wave energy tends to concentrate on headlands and the bays to be
more sheltered. In presence of submarines canyons as an example (Figure 2.2)
a divergence of wave rays and energy happens, while convergence and focussing
arise when waves travel on areas of localized shallower bathymetry. Refraction
has important consequences for nearshore currents, sediment transport and mor-
phology (Masselink et al., 2012a).

The wave energy flux should also be conserved between two wave rays at two
different locations, and then the ratio H

H0
can also be written as (WMO, 1998):

H

H0

=

√
Cg0
Cg

√
cosα0

cosα
= KsKr (2.10)

where Kr is named wave refraction coefficient; cosα0 is the distance between
two wave rays in deep water; cosα is the distance between two wave rays at the
depth of interest, where α is the angle between the wave rays and the normal to
the bathymetric lines (WMO, 1998).

Figure 2.2 Refraction process on complex bathymerty, with zones of convergence (c)
and divergence (d) of wave height and energy (courtesy of Munk and Traylor (1947) in
Masselink et al. (2012a)).
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• The wave diffraction is the consequence of wave energy propagating along the
wave front instead of the wave propagation direction. This phenomenon occurs
when waves encounter an obstacle during their propagation as an island or an
artificial structure. The wave fronts are refracted in the otherwise sheltered area,
turning and changing shape becoming curvilinear. Diffraction is the mechanism
for which wave energy enters into small entrance bays or harbours (Masselink
et al., 2012a).

• When waves reach the coast they can be back reflected offshore when encounter-
ing a vertical cliff, artificial structure or a sufficiently steep sloping beach. When
the slope is gentle enough another process occurs, which leads to wave energy
dissipation into the surf zone: the wave breaking.

The reflection or breaking of waves depends not only on the slope of the nearshore
bathymetry and coastline but also on the wave characteristics, as the steepness
(H
L

). A relationship for distinguishing when one of the two processes prevails was
formulated by Iribarren and Nogales (1949), the relationship (Eq.2.11) between
wave characteristics and beach gradient was named Iribarren number or similarity
parameter:

ξ =
tanβ√

( H
L0

)
(2.11)

Battjes (1975) reviewed their milestone work, highlighting the implications of
their discovery in terms of ”breaker height-to-depth ratio”, ”phase difference
across the surf zone”, ”breaker types”, ”breaking criterion”, ”reflection” and ”run-
up and set-up”, from which few key points are reported below.

A value associated to Iribarren number ξc (Eq. 2.12) is given for which if ξ < ξc

breaking will occur.

ξc =
4√
(π)
≈ 2.3 (2.12)

ξc ≈ 2.3 is considered a value between complete breaking and complete reflec-
tion.

The ration between wave height and depth at breaking, identify the breaking index
or breaking criterion γb (2.13):

γb =
Hb

hb
(2.13)

whereHb and hb are respectively the wave height and the water depth at breaking.

17



For values of γb = 0.78 (theoretical maximum height to depth ratio of McCowan
(1894)) breaking will typically occur. However, this value increases for steeper
beaches reaching γb ≈ 1.2 and can decreases for beaches with smaller slope
until γb ≈ 0.6 Galvin (1972) as reported by (Woodroffe, 2002). When the wave
heights within the surf zone are limited by the water depth, the surf zone is defined
saturated (usually saturation occurs for incident wave field, while infragravity
longer waves can be, in particular cases, partially saturated). Another research
investigation field regards how the wave height evolves after the breaking and
how the ratio H

h
decay within the surf zone (Nelson and Gonsalves, 1992). The

authors found, by field measurements on a low sloping beach (β < 0.01) that it
decays 33%−48% over the mid to the inner surf zone, suggesting the importance
of considering this variation especially when an infragravity wave component is
present.

The different type of breaking waves, according to (Battjes, 1975) can be related
to the offshore Iribarren number (associated with offshore wave conditions):

– Collapsing waves which arise when ξ0 > 3.3 corresponding to steep beaches
and waves with low steepness.

– Plunging if 0.5 < ξ0 < 3.3 for waves of intermediate steepness on beaches
of intermediate slopes.

– Spilling breakers which occur on a gently sloping beach and steep waves
and are associated with ξ0 < 0.5.

• The wave reflection has important implications in the nearshore morphodynamics
for the interaction between the incident and reflected waves which can give rise
to standing waves, for the influence on cross-shore currents and bars formation
(Masselink et al., 2012a).

The reflection coefficient (Eq. 2.14) is defined as the ratio between the reflected
and the incident wave with the method of (Miche, 1951):

r =
Hr

Hi

(2.14)

According to Battjes (1975) the reflection coefficient depends on the type of wave
breaker (and is associated mostly with surging breakers (Masselink et al., 2012a)),
and therefore on ξ. As Iribarren number increase also r does. Reflection is higher
for steeper beaches and lower wave steepness (longer and lower waves), partial
reflection occurs for r < 1, while r = 1 represents the limit condition of total
reflection (e.g. vertical wall).
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2.1.3 Infragravity Motion

The infragravity motion is a low-frequency motion defined for frequencies lower than
the typical incident wind sea and swell waves. The infragravity waves are therefore
waves of a fundamentally longer period than the typical peak period of the incident
wave spectra (Svendsen, 2006). The definition of the limits of infragravity waves varies
in the literature, for instance being defined between 20-200 s period waves by Huntley
(2013) and 30-300 s in Masselink et al. (2012a). The frequency threshold assumed for
subdividing the infragravity motion from the incident waves is not univocal, however,
the majority of the studies assumed f = 0.05Hz (Guza and Thornton, 1982; Holman
and Sallenger, 1985; Raubenheimer and Guza, 1996; Ruessink et al., 1998; Senechal
et al., 2011; Stockdon et al., 2006; Hughes et al., 2014) with some exceptions adopting
f = 0.04Hz (Nelson and Gonsalves, 1992).

Low frequency motion in the field was firstly studied by Munk (1949) and Tucker
(1950) (Symonds et al., 1982). The former recorded wave motion with the period of
the order of minutes by the use of a new tsunami recorder during high wind waves.
The author attributed the formation of long waves to the changing in wave height of
incoming waves there, where the wave groups are destroyed (at breaking). A free long
wave is released seawards and it is named surf beat (Svendsen, 2006). The latter found a
correlation (Fig. 2.3) between an envelope of the incoming waves and a long wave (with
a time difference proportional to the needed time for the swell to travel within the surf
zone and the one necessary to the long wave to be back reflected offshore). Longuet-
Higgins and Stewart (1964) found a long wave π out of phase with the incident wave
group, and this was re-interpreted by Symonds et al. (1982) as a signal of the possibility
that the long wave of Longuet-Higgins and Stewart (1964) would be released during
breaking and that it would travel back offshore as a free wave.

Figure 2.3 shows wave groups of incident waves the related envelope and the bound
infragravity wave. Compared with the still water level (SWL), a set-down (set-up) of the
infragravity waves occurs in correspondence of the maximum (minimum) of the wave
envelope (Huntley, 2013) as shown by the means of the radiation stress by Longuet-
Higgins and Stewart (1964).

A comprehensive review and a deep mathematical analysis of the infragravity mo-
tion is given by the book of Svendsen (2006), few key concepts form this book are
reported below. Different mechanisms of infragravity wave generation have been pro-
posed in the literature, however, the dominant stream in research is to attribute the
formation of infragravity waves to the variation in location and height of wave breaking
(Fig. 2.4), firstly studied by Symonds et al. (1982).

Waves in groups have different wave heights and considering that the breaking will
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Figure 2.3 Short waves and group (thin black line), bound infragravity wave (thick
black line), wave envelope (blue line). Modified from and courtesy of PhD thesis of
Gerben Ruessink in Huntley (2013).

Figure 2.4 Changing location of the breaking point (and therefore of the strong decrease
in radiation stress 1

ρh
∂Sxx

∂X
) due to incident regular wave groups which forces infragravity

motion, courtesy of Symonds et al. (1982).
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occur at different breaking depths according to the heights, the breaking point will
change position in time. Symonds et al. (1982) in their study assumed shallow water
waves, and that the breaking will occur always at the same breaking criterion value, so
that according to Eq. 2.13 after breaking all waves will have the same height. This im-
plies that the radiation stress will be constant after breaking (Fig. 2.4 1

ρh
∂Sxx

∂X
= const).

As a consequence, the infragravity energy will be produced only outside the surf zone
and in the portion of the surf zone comprehended between the start and end point of
breaking (Fig. 2.4). This because a changing wave breaking location implies a tempo-
ral variation in the starting point of strong decrease in radiation stress (Sxx) and set-up
beginning (which occurs mostly at the start of the surf zone). In Figure 2.4 1

ρh
∂Sxx

∂X
rep-

resents the cross-shore radiation stress gradient, where x is the cross-shore direction, ρ
the water density, Sxx is the radiation stress.

Also, nonlinear interactions between short waves (even monochromatic wave train
studied by Bowen and Guza (1978)) have been demonstrated to transfer energy towards
longer frequencies (an early study of the interaction between different spectral com-
ponents of incident wave spectra was performed by Gallagher (1971)). This energy
transfer from incident short waves to longer waves was considered responsible for the
forcing of infragravity waves.

However, the mechanism of changing location of wave breaking has been shown
to be dominant (in formation of infragravity waves) compared with the forcing process
due to the non-linear resonant interaction between short waves. The consequent basic
concept is to consider the set-up/set-down variation in time (with related currents) being
a proper long wave. The forcing of infragravity waves is therefore essentially due to the
change in radiation stress, which takes place in the surf zone, in relation to the breaking
(Fig. 2.4).

The infragravity motion becomes more relevant in the surf and swash zone, mainly
in relation with three aspects:

1) The relevance of infragravity motion is shown to be high within the surf zone
(Fig. 2.5), which increases moving onshore (due to shoaling of infragravity waves)
where on contrast, the incident energy decays, by means of breaking (Masselink et al.,
2012a; Aagaard and Masselink, 1999). According with Huntley (2013) this arises es-
pecially during storms (when the surf zone becomes wider allowing breaking of higher
incident waves) while incident waves break the infragravity motion (mostly) do not,
and the inner surf zone total wave energy can be dominated (≈ 80% reported by Rus-
sell (1993)) by infragravity band (Guza and Thornton, 1985; Holman et al., 1978). As
a consequence, the shoreline seems to be dominated by infragravity motion (mostly on
dissipative beaches).
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Figure 2.5 Cross-shore velocity measurements within the surf zone show considerable
contribution of energy in the infragravity band (f < 0.05Hz), which is higher in the
inner surf zone compared with the outer surf zone (in contrast with the incident wave
energy). Courtesy of Aagaard and Masselink (1999) in Masselink et al. (2012a).

2) The shoreline oscillation has been shown to occur at frequencies lower than those
of incident waves, apart for very steep beaches (Huntley, 2013), suggesting that in some
way the energy of incident waves, which then possibly break, would be transferred into
lower frequency energy within the surf and the swash zone (Svendsen, 2006). The
wave runup and swash on the beachface have demonstrated to be strongly forced by
infragravity motion, especially on dissipative beaches, when saturation is extended to
the infragravity band (Ruessink et al., 1998; Ruggiero et al., 2004; Senechal et al., 2011;
Guedes et al., 2013).

3) The interest in the infragravity motion was initially connected with the link at-
tributed between long waves and the formation of many morphological features within
the shoreface (multiple bars, rip channels, beach cups etc). In fact, the spatial scale of
such features seems to not be ascribable directly to the incident wave field (Huntley,
2013; Masselink et al., 2012a). Furthermore, according to Huntley (2013), recent stud-
ies (Werner and Fink, 1993; Coco et al., 1999, 2001) do not attribute the formation of
these morphological features directly to long waves but instead to processes of feed-
back and self-organization between hydrodynamics and sediment response. Nowadays,
it seems most possible that the long waves motion responds to these features, instead of
being responsible for their formation (Huntley, 2013). Some of the concepts mentioned
in this section will be expanded in the next sections and chapters.
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2.1.4 Wave Runup, Set-up and Swash Processes

The surf and the swash zone are connected and the residual wave energy after breaking
in the surf zone is responsible for the up and down oscillation of the shoreline. The
waves run on the beachface, between the runup and the run-down limits. The water
motion named uprush and backwash indicates, therefore, the water moving up and down
the beachface. Figure 2.6 indicates the vertical water level reached by the waves (wave
runup), as results of two distinguished components: the wave set-up and the swash.

Figure 2.6 Wave runup, set-up and vertical swash excursion schematics. Courtesy of
Komar (1998) in Masselink et al. (2012a).

The wave set-up was theoretically formulated by the milestones works of Longuet-
Higgins and Stewart (1962, 1964) using the concept of radiation stress (Sxx). The radi-
ation stress is defined as the force exerted on a section of water by the action of waves
only (subtracting the hydrostatic pressure), or equivalently as the mean wave momen-
tum flux. The cross-shore component of the radiation stress is proportional to the wave
energy (E) and thus to the square of the wave height (H) (as ascribed by Eq. 2.15), for
a long sinusoidal wave which is not breaking the relationship is given by (Svendsen,
2006):

Sxx =
3

2
E =

3

16
ρgH2 (2.15)

where E is the wave energy, ρ is the water density, g the acceleration of gravity
and H the wave height. The authors found that there is a balance (Eq. 2.16) between
the cross-shore gradient of the radiation stress and the variation of the water surface
elevation (ζ) along x (cross-shore direction).

∂Sxx
∂x

= −ρgh∂ζ
∂x

(2.16)

23



where Sxx is the radiation stress, h is the water depth, ρ is the water density, g the
acceleration of gravity, and ζ is the water surface elevation.

Eq. 2.16 expresses that at an increase of the radiation stress in the cross-shore
direction it corresponds a decrease in the water surface elevation gradient along x. This
implies that outside the surf zone, where Sxx increases (due to shoaling H increases and
thus Sxx for Eq. 2.15), the term ∂ζ

∂x
should diminish. This results in a lowering of the

water surface elevation, and it drives the wave set-down phenomenon. On the contrary,
after breaking where ∂Sxx

∂x
decreases due to wave breaking, a balance should arise with

an increase in the term on the right of Eq. 2.16, determining the wave set-up.

The motion of the wave swash is composed by an onshore decelerating component
(up-rush) and once the maximum swash is reached on the beachface, the backwash
flows offshore-directed accelerating with a magnitude smaller than the previous uprush.
This difference in magnitude of swash motion is called swash asymmetry and it is of
high relevance for sediment transport. The swash motion time scale can vary between
seconds and minutes depending on the relative wave and beach conditions, with longer
(shorter) period oscillation associated to energetic low sloping dissipative (low energy
steep reflective) beaches (Masselink and Puleo, 2006). The swash flow is turbulent,
aerated, very shallow and varies rapidly, which makes challenging its measurement
in the field (Masselink and Puleo, 2006), furthermore, its intermittent nature makes
difficult the data analysis phase as well (e.g. inhibition of classical time series analysis),
(Hughes and Baldock, 2004).

The swash motion can be thought as developing in cycles, one cycle can be defined
between the approach of a bore on the beachface and the arrival of the next bore, and
can be represented into different phases (Osborne and Rooker, 1997). In the first phase,
a strong onshore directed flow is present in the upper part of the bore, while an intense
offshore directed flow is located near the bed. High level of turbulence characterize the
bore arrival and collapse on the beachface. In the second phase the uprush can accelerate
as a consequence of bore collapse, can infiltrate, and velocities are all onshore directed.
In the third phase, once the maximum uprush is reached the backwash start to accelerate
offshore and the swash lens becomes thicker. In the last phase, the seaward part of the
backwash starts to decelerate because of encountering the next bore, and ex-filtration
can occur.

According to Svendsen (2006) the swash zone mechanics is an active area of re-
search with still open questions. The classical wave theories existing are not applicable
to the swash motion, because the main assumptions for them are not valid in the swash
zone. For instance, the wave height is not small when compared with the water depth.
Also, the slope change is not small compared with the horizontal scale of the motion,
in the swash zone. Although theories exist for swash motion formulation (specific ap-
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plication of the Nonlinear Shallow Water Equations, or a ballistic model), it is hard to
relate the offshore wave conditions to the swash motion itself. This possibly encouraged
empirical swash elevation formulations.

Another approach, as reviewed by Ruggiero et al. (2004), consists in relating the
wave swash amplitude to the reflected waves at the shoreline, found proportional to
the amplitude of the standing component of the incident wave field by Miche (1951),
through laboratory experiments. It has been shown that saturation can occur for wave
runup by laboratory tests (Guza and Bowen, 1976) and extensively by field measure-
ments (Guza and Thornton, 1982; Holman and Sallenger, 1985; Raubenheimer and
Guza, 1996; Holland et al., 1995; Ruggiero et al., 2004; Guedes et al., 2013). Between
the results of Guza and Bowen (1976), it stands out that the swash (considered as the
fluctuation component of the runup) is confirmed to be linked to the reflected incident
wave height (as hypothesized by Miche (1951)) and that once a maximum value is
reached, a greater rise in incident wave energy results in increased dissipation only and
not in a further increase in the swash itself. This leads to the idea of a saturation of
the surf zone and its link with the swash zone hydrodynamics, which has received large
research interest in the last decades. Therefore during saturation, the swash should not
depend on offshore wave height. In order to understand if saturation occurs or not a surf
similarity parameter can be used εs (for a value of εs ≈ 1 the breaking initiates):

εs =
αsω

2

gβ2
(2.17)

where αs is the swash amplitude, ω2 the wave angular frequency, g the acceleration
of gravity, and β the beach slope. Guza and Thornton (1982) looking at the results
of breaking waves in Battjes (1975) reported εs being = 1.25 and independent from
breaking wave height as well as αs. Therefore they clarified that the swash amplitude
reaches a saturated level where it does not increase with incident waves.

When εs ≤ 1 Carrier and Greenspan (1958) found that solution of the equations of
the non-linear inviscid shallow-water theory exists, for non-breaking monochromatic
standing waves. Runup grows until εs reaches a critical value which has been estimated
between 1.25 and 3 (Guza and Bowen, 1976; Guza and Thornton, 1982).

When the findings of Miche (1951) and Carrier and Greenspan (1958) are merged
the vertical wave runup (here represented by S) can be expressed by the following:

S

Hs

=


√

( π
2β

) : ξ0 ≥ ξ∗c reflective

ξ20
π

: ξ0 < ξ∗c saturated
(2.18)

where ξ∗c = (π
3

2β
)
1
4 . When the condition of saturation is verified, substituting Eq.

2.11 in Eq. 2.18, the runup elevation does not depend upon the significant wave height
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Figure 2.7 Schematics representing the wave swash (S), set-up and runup (R), in rela-
tion to the time series of shoreline elevation (η(t)). Courtesy of Holman (1986).

but on the offshore wave length (L0) and the cube of the slope (β) only.

2.1.4.1 Empirical Runup and Swash Formulation

The swash zone hydrodynamics and particularly the wave swash and runup prediction
were intensely studied in the last decades. Strong effort was put for finding the con-
nections of the runup and swash height with the environmental parameters, from field
measurements, as the beach slope (β), the offshore significant wave height (H0) and
length (L0), their ratio and combinations expressed by wave steepness (H0

L0
) and by Irib-

arren number (Eq. 2.11) (Guza and Thornton, 1982; Holman, 1986; Holland et al.,
1995; Ruessink et al., 1998; Ruggiero et al., 2004; Stockdon et al., 2006; Senechal
et al., 2011; Guedes et al., 2012). The wave runup and swash measures can be repre-
sented well by the diagram (Fig. 2.7) form the milestone work of Holman (1986). From
which the definition of the components of wave runup is formulated, in relation to time
series of shoreline elevation (η(t)) which are usually measured in the field.

The shoreline elevation η(t) is the instantaneous elevation of the water on the beach-
face (referred to the offshore measured SWL). The wave runup (R) is defined as a local
maximum of the shoreline elevation. The wave swash (S) is defined between two η(t)

zero up-crossing, as a vertical range. The wave set-up (η) is the time mean of η(t) and
the fluctuations around the mean define the swash (η′(t)).

The first predictors of these phenomena were developed in the context of coastal
structures (Miche, 1951; Hunt, 1959) and the formulas proposed, usually developed for
steep slopes and under the assumption that runup motions reflect the standing compo-
nent of the incident wave field. Overall these formulas suggested a dependence of the
uprush elevation on wave steepness and structure slope.

Hunt (1959) using data from laboratories experiments found that the non-dimensional
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runup (R
H

) is give by:

R

H
= 2.3

tan β√
H
T 2

(2.19)

where H is the wave height, T the wave period and tan β is the plan slope.
Battjes (1975) rearranged Eq. 2.19 in terms of Iribarren number (Eq. 2.11) obtaining

that:

R = Hξ (2.20)

where H is the wave height and ξ the Iribarren number (Eq. 2.11).
A variety of predictors have since then been developed for vertical runup (R) and

swash (S) on sandy beaches (e.g. Guza and Thornton (1982); Holman and Sallenger
(1985); Holman (1986); Ruessink et al. (1998); Stockdon et al. (2006)), with details
of the parametrizations depending on different combinations of deep water significant
wave height (H0), deep water wave length (L0) and beach slope (β).

Guza and Thornton (1982) proposed a linear relationship between the significant
vertical swash (Rs) and the significant wave height (Hs):

Rs= c Hs, (2.21)

where c = 0.7. Guza and Thornton (1982) also first distinguished between infra-
gravity and incident swash components, through spectral analysis of the runup records.
They indicate that the swash energy spectra related to incident waves (Rin) do not de-
pend on incident waves (incident significant swash excursions represented by circled
numbers in Fig. 2.8 stay constant as Hs grows), suggesting saturation. In fact, during
their experiment they found the inner surf zone saturated, the height of the bore depth
limited, and that changes in offshore wave height do not correspond to changes in the
bore height. However, the swash component associated with a longer period (infragrav-
ity, RIg), increases with increasing wave height (uncircled numbers in Fig. 2.8).

They also highlighted that the infragravity swash component depends only on sig-
nificant wave height (therefore excluding the beach slope) while the incident component
can saturate as a result of the dissipative processes occurring in the surf zone.

Their findings were later confirmed by several other studies although different de-
pendencies on environmental parameters were suggested (e.g. Holman and Sallenger
(1985); Ruessink et al. (1998)).

Holman and Sallenger (1985) studying an intermediate to reflective beach (Duck,
North Carolina, USA) described Rs as:

Rs=c ξ0 H0, (2.22)
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Figure 2.8 Significant wave swash excursion measurements versus significant wave
heights in Guza and Thornton (1982).Incident (circled numbers) and infragravity (uncir-
cled numbers) band associated measurements. Courtesy of Guza and Thornton (1982).

where c is a constant, H0

L0
is the wave steepness and ξ0 is the surf similarity index,or

Iribarren number (Eq.2.11).
Holman (1986) re-analysed the data from Holman and Sallenger (1985) for obtain-

ing the extreme value statistics. The data they analysed contained two stormy events
reaching 4 m Hs and an Iribarren number ranging about 0.5 < ξ0 < 3.5. They found
that for ξ0 > 1.5 the incident wave band motion dominates the swash. Smaller ξ0 are
instead related to infragravity motion. The importance of further studying the infra-
gravity motion considering that storms are usually related to small Iribarren numbers
stood out.

The relationship for the 2% exceedance level of swash height, for stormy conditions
determined by ξ0: storm = 6.3β, was proposed as:

R2 = (5.2β + 0.2)Hs, (2.23)

where β is the beach slope and Hs the significant wave height.
Ruessink et al. (1998)studied a low sloping beach (Terschelling) under dissipative

conditions where the infragravity swash is dominant. Through linear regression, they
found that RIg is independent of the beach slope and that RIg/H0 depends on ξ0 (and
therefore on wave steepness) only under highly dissipative conditions, while for more
reflective conditionsRIg seems to depend solely onH0. The constant of proportionality
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betweenRIg/H0 and ξ0 was found lager than what found previously on stepper beaches
and the authors related this with the saturation of the high infragravity band. Ruggiero
et al. (2004) analysing a subset of data of Ruggiero et al. (2001), on a highly dissipative
infragravity-dominated beach (Agate), found RIg depending on β in contrast with the
previous Ruessink et al. (1998) study on dissipative beaches. However, when a wider
runup dataset of Oregon beaches was considered the correlation between β and RIg

results to be only weak (Ruggiero et al., 2004).
The question about if and when the wave swash depends on the beach slope in the

case of infragravity motion remained open in the literature.
The subject was debated again by recent studies as in the work of Stockdon et al.

(2006), which also provided the most largely accepted and used formulation for wave
runup and swash on natural beaches.

Stockdon et al., (2006), aimed to improve the work of Holman (1986) using 10
experiments from different locations to generate new parameterizations of wave runup
on natural beaches. The 2% exceedance value of wave runup R2 was defined as:

R2= 1.1

(
〈η〉+

STot
2

)
, (2.24)

where 〈η〉 is the maximum setup elevation and STot is the total swash defined as:

STot=

√
(Sin)2 + (SIg)

2
, (2.25)

where Sin and SIg are the incident and infragravity components of the swash. Stockdon
et al. (2006) used regression techniques to obtain relationships for Sin and SIg:

Sin= 0.75β
√
H0L0, (2.26)

and
SIg= 0.06

√
H0L0. (2.27)

A number of predictors have been also developed including the effect of other vari-
ables, arguing that solely the wave height, length, and the beach slope might be reduc-
tive for the runup the swash process formulation. A number of studies can be mentioned
proposing other predictors which account for the cross-shore wind component and the
tidal range (Vousdoukas et al., 2012), the presence of nearshore sandbars (Cox et al.,
2013) or the sediment mean grain size for the case of gravel beaches (Poate et al., 2016),
the influence of the wave directional spread (Guza and Feddersen, 2012).

However, the simplicity of relating the runup and swash elevation to the offshore
significant wave height and length and the beach slope seems to prevail in the literature.
Furthermore, the problem of a spread and consistent data availability of other environ-
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mental parameters makes difficult the application of more articulated formulas. Since
its publication the formulations of vertical wave runup and swash proposed by Stockdon
et al. (2006) are between the most accepted and applied in the literature.

The above-mentioned empirical runup and swash formulas have been based primar-
ily on classic regression approaches starting from field measured data (e.g. Ruessink
et al. (1998), Ruggiero et al. (2001), Stockdon et al. (2006), Vousdoukas et al. (2012)).
However, the existing predictors still result in significant error in runup elevation (Atkin-
son et al., 2017). For example, Stockdon et al. (2006) runup formula has been tested
by Vousdoukas et al. (2012) on an intermediate to reflective beach, by Cohn and Rug-
giero (2016) on dissipative beaches and by Atkinson et al. (2017), along with others
formulas, on intermediated beaches. Vousdoukas et al. (2012) collected measurements
of swash over more than a year and found that Eq. 2.24 by Stockdon et al. (2006) tends
to underestimate observed runup, with a root mean square error RMSE=0.46 m, higher
than the formulas elaborated by the authors for the specific beach of the experiment.
(Atkinson et al., 2017) used swash data from experiments on 11 beaches ranging from
dissipative to reflective, under moderate waves. They confirmed what found by Vous-
doukas et al. (2012), that Eq. 2.24 by Stockdon et al. (2006) tends to underestimate the
runup measurements with RMSE=0.32 m. Cohn and Ruggiero (2016) found that gen-
erally 1D Xbeach simulations better agree with field data than Stockdon et al. (2006)
formulation for both SIg and 〈η〉. For one of the experiments reported by the authors,
the root mean squared difference between Stockdon et al. (2006) formulas and field data
for R2, SIg/2 and 〈η〉 was equal to 0.2 m, 0.19 m and 0.28 m.

Even though accepted empirical formulation of wave swash and runup elevation are
largely used, the error which can be committed, even under stormy condition (critical
for natural hazards as flooding and erosion), is not clear. Furthermore, if on one hand
wave runup formulations performances have been received interest in the literature to
be tested, the same was not for swash predictors. The universality of the empirical
formulations derived on one or more field studies (on one or more beaches) is also
questionable. Still, gaps in the literature exist in regards to fileld of validity and per-
formance of existing wave runup and swash formulations, which makes of this topic an
active area of research.

2.1.5 Coastal Currents

Apart from waves in coastal regions and within the shoreface, other water motions are
extremely relevant to sediment transport and therefore to beach morphodynamics, the
coastal currents. The currents driven by the wind and tides are usually located more
offshore of the surf zone. However, the most interesting currents related to the beach
and swash morphodynamics in wave-dominated coastal systems are the current induced
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by waves. The main currents which act within the surf zone (Fig. 2.9) are the wave-
driven longshore currents, the rip currents and the bed return flow (undertow). The three
currents are likely to coexist, if the incident wave field is oblique to the bathymetry,
longshore and rip currents can be present as well as return flow (even if of less intensity).

A recent summary of these phenomena is given by Masselink et al. (2012a), from
which the key points below are reported. Those flows are deeply linked with the break-
ing of the waves. They are essentially due to the gradients in water surface elevations
which can appear both longshore and cross-shore, as a consequence of varying breaker
heights. They are proportional to the incident wave energy so that during storms they
will be more intense, contributing more to sediment transport (which is proportional
to the flow velocity). All the three currents can be defined quasi-steady as they have a
constant velocity for given forcing and environmental conditions (waves, tide, etc.).

Longshore currents are due to oblique incident wave field, in relations with the
bathymetric lines and in simplified beaches with the shoreline. They are proportional to
the angle of incidence and to the wave breaking height and can exceed 1m/s velocity.
They may be located in different areas of the shoreface, depending on the presence or
not of morphological features as sand bars. For instance, if a sand bar is present, the
longshore currents will usually be confined between the bar and the swash zone (within
the trough). Other nearshore phenomena can influence the longshore currents, as the
tides and the winds, In case of longshore wind with the same direction of the currents,
the flow velocity may be greatly increased.

The bed return flow occurring most intensely in the mid surf zone or in presence of
bars landward of the bar crest is related to the set-up gradient within the surf zone. Due
to wave energy dissipation at breaking, a decrease of the cross-shore radiation stress
gradient induces a set up in the water surface elevation ((Longuet-Higgins and Stewart,
1962) Eq. 2.16). As a consequence of wave set-up, a water pressure gradient is directed
offshore. This gradient is balanced overall by the onshore wave momentum but, near
the bed, the pressure gradient is still imbalanced. This lead at the seabed to a net force
which will be offshore directed, producing the return flow current also named undertow.
The return flow is part of varying vertical distribution of water flow velocities. In the
upper part of the water column, the flow is onshore directed (linked to the onshore
directed wave mass transport) and a return flow directed offshore characteristic instead
of the near-bed flow. This cross-shore current is less intense than the alongshore current
and is of the order of magnitude of 0.1−0.5m/s (0.5m/s can be reached under extreme
storms).

The rip currents are other types of cross-shore currents, and they can extend farther
offshore than the other two type named above, overpassing also the surf zone. They
are intense currents (0.5m/s) which flow on channels in the surf zone usually between
transverse bars and are associated with hazard as mortality for people swimming in their
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Figure 2.9 Coastal currents within the surf zone, lonshore current (a), bed return flow
(b), rip current (c). Courtesy of Masselink et al. (2012a).
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presence. In case of extreme storms, mega-rips can originate in their necks velocities
up to 2m/s. Maximum current velocities occur in the rip neck and may reach up to
2m/s under extreme storm conditions when mega-rips form (Short, 1985). Figure 2.9c
represents the entire circulation system characterizing the nearshore when rip currents
are formed. Within the surf zone, nearer to the coast, a longshore feeder current bring
water to the rip necks which are located between transverse bars. This because of the
enhanced breaking on the bar compared with the rip channel, an alongshore pressure
gradient is formed which leads water between the bars. Intense and narrow offshore
directed currents pass through the surf zone, called rip necks. Then once the flow
velocity decreases outside the surf zone, the rip neck expand forming the rip head.
Between single rip currents, there is an onshore-directed flow which closes the coastal
circulation cell associated with the presence of rip currents.

A recent field study (Austin et al., 2010), by the means of lagrangian drifters, found
that a greater eddy within the surf zone characterizes the rip currents system.

2.2 Beach and Swash Zone Morphodynamics

The hydrodynamics covered by the previous section is connected to sediment transport
and to the formation and evolution of forms (from which is in turn influenced) within
the entire shoreface and beach. Coastal hydrodynamics is therefore intrinsically con-
nected with beach and shoreface morphology. Wright and Thom (1977) coined the term
”coastal morphodynamics” for their approach to study coastal environments defining it
as ”the mutual adjustment of topography and fluid dynamics involving sediment trans-
port”. This approach considered time scales from instantaneous to the Quaternary and
spatial scale of the order O(cm) to O(1000)km (Fig. 1.3), covering an extensive range
of coastal processes. They applied a system approach to coasts, considering the coast
and its morphology as a geomorphic system, connected with external factors and envi-
ronmental conditions as well as having an input and output of both energy and material
(Masselink et al., 2012a).

The mechanics of the systems can be applied to coasts with the main features sum-
marized recently by Masselink et al. (2012a). Coastal systems represent typical open
systems since the fluxes of matter and energy is freely exchanged between components
of the system and with factors external to the system itself. In coastal areas, the sys-
tem can manifest as a geomorphological process which models landforms within the
shoreface, the beach and the back beach. Changes in the systems occur through coastal
processes. A system can be defined in quasi or dynamic-equilibrium when over time
the components of a system tend to remain stable.

According to Sterman (2000), the complexity of a system is due to the interactions
(feedback) between its components more than by the complexity of the components
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themselves. In the book, is highlighted the importance of identifying the feedback
process in a system, because two feedback processes determine the entire dynamic of
the system itself (along with other factors, such as time delays, the nonlinearities and
the flow structures). The positive feedback loop is defined self-reinforcing since it tends
to amplify what is happening in the system leading to change (Fig. 2.10, B to C)
while the negative feedback opposes instead to the change, tending to maintain a quasi-
equilibrium (Fig. 2.10, D to E). The positive feedbacks reinforce their own growth,
while the negative feedbacks are self-limiting, tending to a balance and an equilibrium.
A self-reinforcing process would grow infinitely, but in nature, no such process usually
occurs, so that a limiting factor to the growth is represented by the negative feedback.
Between positive and negative feedback processes a relaxation time occurs (Fig. 2.10, C
to D). Reversing feedback points out thresholds in morphodynamic behaviour (Cowell
and Thom, 1994).

Figure 2.10 System mechanics states for coastal systems. The stages between A and B,
D and E represent negative feedback, between B and C positive feedback, and between
C and D relaxation time between positive and negative feedback. Courtesy of Masselink
et al. (2012a).

Cowell and Thom (1994) identified feedback loops between topography and fluid
dynamics which lead to sediment transport and morphology changes. They also re-
ported as positive feedback produces the growth of an instability resulting in a new
mode of operation of the system thanks to self-organization process (which is also
defined as adaptive) (Waldrop, 1993). While negative feedback in response to minor
perturbation can be associated with properties of self-regulation (Wright and Thom,
1977). Werner and Fink (1993) highlighted the importance of considering complex
system research when studying coastal morphodynamics. Coco and Murray (2007)
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review explore the vision of the sand rhythmic patterns formation theories, from the
original approaches attributing patterns formation to imprinting of hydrodynamical or
geological templates, to the self-organization theory.

2.2.1 Beach States and Morphodynamics

Coastal morphodynamics and particularly shoreface and beach morphodynamics are
extensively reviewed and treated in several textbooks and treatises (Short, 1999a; Cow-
ell and Thom, 1994; Masselink et al., 2012a; Short and Jackson, 2013).

A fundamental element of beach morphodynamics studies is the beach profile. The
measure of cross-shore beach profile, permit the view of several morphological ele-
ments characterizing a beach (Fig. 1.2). Furthermore, the relative easy technique used
for acquiring measurements of cross-shore beach elevations, in comparison with areal
measurements, made this method spread worldwide.

The main morphological elements characterizing a cross-shore beach profile, mov-
ing offshore from the back shore are the dunes, the berm, the sand bars and the troughs
(Fig. 1.2). The complexity of the beach systems, focussing on wave dominated beaches,
can then be extended including a large number of different combinations of these basic
morphological elements adding as well new elements as: beach cusps, mega cusps, rip-
ples, mega ripples, different kind of bars (transverse bars), runnels, terraces, scarps, etc.
The relative hydro/morphological conditions determining one or another configuration
of the beach system have been largely studied (Gourlay, 1968; Wright and Short, 1984;
Short, 2006) and subdivided into different type of beaches as dissipative, intermediate,
reflective and states (Fig. 2.12, 2.13, 2.14).

The repetition in time of the same beach profile can reveal changes into the mor-
phological asset of the beach in the cross-shore direction while, surveying more beach
transects in the same beach along the shore, furnish information about the beach long-
shore morphology (e.g (Farris and List, 2007; Larson and Kraus, 1994)). Repeating
measurements of beach profiles during the year, a seasonal variability in the beach pro-
file was initially identified (Hayes and Boothroyd, 1969). Later, researchers noted that
the seasonal variability more than being linked to standard seasons is strictly dependent
on the wave climate of the year (Nordstrom, 1980). They investigated on the field the
changes in beach profiles, finding that a cyclic change of more exposed beaches occurs,
in contrast with more sheltered beaches (bayside) which follows instead a seasonal re-
sponse.

However simplifying, a ”summer” and ”winter” beach behaviour can be schemati-
cally distinguished 2.11.
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Figure 2.11 Beach profile morphology and seasonal changes. Courtesy of Komar
(2018).

During winter when the severity of the storms is higher, the beach assumes a profile
with the sand being moved from the berm to submerged sand bars, which in turn works
for wave energy dissipation (breaking) farther offshore. In summer, when the storms are
less intense and frequent, the sand is re-deposited on the beach berm. As a consequence,
the part of the beach emerged, results wider during summer than winter.

Among the morphodynamic processes occurring in the coastal areas, the beach mor-
phodynamics has received larger interest. The morphodynamic approach has been ap-
plied on beaches since the late 1960s, starting with the Coastal Studies Institute of
Louisiana State University and then extensively spread in Australia in the last decades
by the Coastal Studies Unit at the University of Sydney (Short and Jackson, 2013).
These studies based primarily on field observation brought to an understanding and
classification of the different type of beaches.

In order to distinguish between the different type of beaches and their character-
istics, several empirical relationships have been used. Relationships which permit to
predict the beach conditions based on environmental parameters as beachface slope,
offshore wave height, and period, breaking wave height and sediments properties.

Wright and Short (1984) formalized the subdivision of beaches in morphodynamic
states, in their milestone work on Australian wave-dominated beaches. The beach mor-
phodynamic state was defined by the author as the group of possible depositional forms
and related hydrodynamical process. They summarized the results of their research
during three years 1978-1982 based on field observations of beaches around the Aus-
tralian coast, mostly located in south-east Australia. According to the authors, the high
variability of beach type studied permitted to generalize their results and to predict the
modal (most recurrent) beach states.

They based their classification and modal beach state prediction on the dimension-
less fall velocity Ω (Gourlay, 1968):
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Ω =
Hb

TWs

(2.28)

Where Hb is the breaker height, T the wave period, and Ws is mean sediment fall
velocity.

They extended the work of Gourlay (1968) on laboratory beaches to natural beaches
based on their observations. They linked values of Ω < 1 to reflective beaches (steeper
without bars), Ω > 6 to dissipative beaches (smaller beach slope and presence of multi-
bar system) and for value between the two, the intermediate beaches are defined (mod-
erate slope with 1 or 2 bars).

The authors stress that the hydrodynamics/sediment transport relative forcing, the
morphologies and their changes, vary greatly with beach modes, which in turn depend
on surf and swash zone regimes: dissipative, intermediate, reflective. They confirmed
on the field, previous findings regarding dissipative beaches being dominated by longer
period motion (e.g. infragravity, as well as the shoreward decay of incident waves with
a contextual increase of infragravity energy on the onshore direction) when compared
with the incident wave-dominated reflective beaches.

The long-term observations of beaches, with varying forcing conditions, permitted
to Wright and Short (1984) to report in which case a certain morphology would form
and which is the connection with sediments type and hydrodynamic conditions associ-
ated, such as the formation of rip currents. For instance, the dissipative beaches (Fig.
2.12, a) with fine and very fine sand exposed to high energy condition tended to exhibit
little change. On the other hand intermediated beaches, lacking sediments (medium
grained sediments) and exposed to highly variable wave conditions showed the largest
mobility, leading to the formation of several beach states (Fig. 2.12-2.13, b-e). For
reflective beaches (Fig. 2.13, f) instead, only a modest mobility was reported occurring
on beaches with coarse-grained sand, exposed to waves with low steepness.

Successively, the work of Wright and Short (1984) was extended and re-analysed in
several ways Short (1999b, 2006) and the wave-dominated, updated micro-tidal beach
systems states representation by Short and Woodroffe (2009); Short and Jackson (2013)
are here illustrated in Fig. 2.14.

The intermediate beach states are therefore the most variables and comprehend the
longshore bar and trough (LBT), the rhythmic bar and beach (RBB), the transverse bar
and rip (later modified into the transverse bar and beach (TBB) (Short, 1999b, 2006))
and the low tide terrace (LTB) (or ridge-runnel). Those beach states occur roughly at
given Ω values: reflective beach (Ω < 1.5), low tide terrace beach (Ω ≈ 2), transverse
bar and rip beach (Ω ≈ 3), rhythmic bar and beach (Ω ≈ 4), longshore bar-trough beach
(Ω ≈ 5), dissipative beach (Ω > 5.5).

The influence of tides was later formalized by (Masselink and Short, 1993) extend-
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Figure 2.12 Six major Wave-dominate micro-tidal beach states. Courtesy of Wright
and Short (1984).
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Figure 2.13 Six major Wave-dominate micro-tidal beach states. Courtesy of Wright
and Short (1984) continued.
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Figure 2.14 Wave-dominate micro-tidal beach states. Courtesy of Short and Woodroffe
(2009) in Short and Jackson (2013).
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ing the type of beaches using the nondimensional relative tide range parameter (RTR)
along with Ω. The type of beaches became therefore 13, 6 wave-dominated (in the
micro-tidal environment), 3 tide-modified and 4 tide-dominated (for meso-, macro-,
and mega-tides) as summarized in the work of Short (2006). This classification is of
high relevance in the literature because it links the hydrodynamic conditions, the sedi-
ment type, with the morphology occurrence and its evolution. Even if those states are
elaborated mainly for Australian beaches, is likely that the beach states identified in
Wright and Short (1984); Masselink and Short (1993); Short (2006) are representative
of beach conditions around the global coastline, as they have already being used to
classify beaches worldwide (Komar, 1998).

Other empirical relationships as the surf scaling index or the Iribarren number (also
called surf similarity index) have been used for beach classification, and to understand
whether waves would break and how, and if the reflection is dominant on wave breaking
or vice versa. The surf scaling index of Guza and Inman (1975) was largely applied.

ε =
abω

2

g tan2β
(2.29)

where ab is the breaker amplitude, ω the wave radian frequency, g the acceleration of
gravity, and β is the swash/surf zone gradient respectively for the beach/surf zone clas-
sification. Short (1999b) reported from previous works (Wright and Short, 1984; Guza
and Inman, 1975), that complete reflection is expected for ε < 1.0, reflective beaches
are attributed at values of 0.1 < ε < 2.5, dissipative conditions at 20 < ε < 200, with
the range in between representing intermediate beaches. Furthermore, plunging waves
are associated to ε > 2.5, while spilling breaker type are connected to value of ε > 20

(Galvin, 1972). Substituting the definition of angular frequency (ω = 2π
T

, where T is
the wave period) and breaker wave heigh (Hb = 2ab) into Eq. 2.29, the surf scaling
index can be rewritten as:

ε =
2π2Hb

g T 2 tan2β
(2.30)

directly related to the significant wave height at breaking (Hb) and to the wave pe-
riod T .

The Iribarren number (Eq. 2.11) is also often used for beach classification —
beaches are classified as dissipative for values of ξ0 < 0.23, reflective for ξ0 > 1 and in-
termediate between the two (Short, 1999b). Those alternative empirical indices resulted
useful for beach classification since they related directly the beach slope (swash and/or
surf zone) and the offshore or at breaking wave parameters, without needing direct mea-
surements of sediment diameter (that is not always available from field campaigns).
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2.2.2 Swash Zone Morphodynamics

An extensive review of the swash zone morphodynamics is given by Masselink and
Puleo (2006), from which few key points are reported below. According to the authors
the definition of the swash zone is not univocal in the literature, some refers to the
zone between the maximum uprush and the minimum backwash, others between the
uprush limit and the point of bore collapse on the beachface (Michael and Ian, 1999)
or where the bore starts to affect the seabed by its turbulence (Puleo et al., 2000; Mas-
selink and Puleo, 2006). The morphodynamical zone corresponding to the swash zone
is named beachface and extends on the beach profile from the berm to the low tide level
(Masselink and Puleo, 2006). The shoreface is easily identifiable on micro-tidal envi-
ronments, being dominated by swash process only and because of its marked unique
steep slope. Its definition becomes more complex on macro-tidal systems, where for
the alternation of wave processes the beach steepness diminishes.

The swash zone morphodynamics is relevant to the cross-shore exchange of sedi-
ments between the sub-aerial and the sub-aqueous marine zones (Masselink and Hughes,
1998) and it is responsible for deposition and erosion there, where the shoreline is lo-
cated and is therefore directly connected to the coastal erosion hazard. Furthermore,
longshore transport on the beachface was demonstrated to accounts for a significant
part of the total transport and of the littoral drift by laboratory experiments (Bodge
and Dean, 1987; Kamphuis, 1991; Smith et al., 2003) as reviewed by in Masselink and
Puleo (2006).

The slope of the beachface was connected since early studies to the asymmetry
in the swash flow (Bagnold, 1940). In the literature is found that an equilibrium exists
between swash asymmetry and the component of the gravity directed downslope, which
drives the beachface gradient (Hardisty, 1986).

Apart from the beachface, some other morphological elements which characterize
the swash zone are berm, beach step and beach cusps, as summarized by Masselink
et al. (2012a). The beach berm represents an accumulation features located shoreward
than the beachface and it is separated from it by the berm crest, which is the highest part
of the morphology before the slope of the beachface starts seaward. This slope would be
more marked on gravel and coarse sand beaches, making the beach crest easily distin-
guishable. However, on fine sediment beaches, it may be not easily identifiable because
of the milder beachface slopes. Berm and shoreface adapt rapidly to changing wave
conditions so that the beach asset can transform rapidly. The profile under storm con-
ditions assumes a concave beach shape (possibly presenting a scarp) due to the erosion
of the berm and beachface. In contrast, as a response to low-energy wave conditions,
the beach presents a convex profile characterized by accumulation and berm formation.
Both accretion and erosion of beach berm require the wave overtopping of the berm
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itself.
The beach step may form due to a back wash vortex nearby the end of the beachface

seaward, leading to an accumulation of coarser material. The step is a small scarp
submerged characterized by a vertical scale length of ≈ 0.01m − 1m and is more
appreciable on gravel and coarse sand beaches. The interaction of the backwash with
the incoming incident bore may lead to step formation by erosion of the beachface and
deposition of coarse material.

The beach cusps are rhythmic patterns appearing on the shoreface composed by
alternating embayments and horns. The embayments are low-sloping, oriented seaward
while, the horns are characterized by steep slopes. The spacing between to consecutive
horns varies and is generally ≈ 10 − 50cm (Masselink et al., 2012a). The uprush has
been shown to be divergent at the horns (Coco et al., 2000). The circulation within the
beach cusps consists therefore of the uprush, divergent at the horns and of the backwash
forming a mini-rip at the centre of the embayments (Masselink et al., 2012a).

The formation of some rhythmic features on the beachface and shoreface have been
historically linked to long wave motion such as edge waves. The subject has been
largely debated in the literature, and it still receives large interest. However, a more
recent emerging theory based on self-organisation attribute to a positive feedback be-
tween sediments and swash flow the formation of beach cusps (Werner and Fink, 1993;
Coco et al., 2001). The positive feedback is self-reinforcing as it acts as enhancement
of the existing small perturbation in the beachface topography, leading to a change in
the system (the formation of rhythmic features). In addition, a negative feedback in the
system impedes that once developed the cusps would be dismantled. Usually, a strong
change in hydrodynamic conditions as a storm could induce a change in the systems
which will lead to cusps disappearance.

In general two main research paths attribute to two different mechanisms the for-
mation of rhythmic features and in generally propose two different views of coastal
morphodynamics and its leading mechanisms (Fig. 2.15).
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Figure 2.15 Pattern-template (a) Vs Self-organization (b) theories of pattern forma-
tion within swash zone and shoreface. Courtesy and modified from Coco and Murray
(2007).

One is the template-forcing principle and the other the self-organization mecha-
nism. A recent review (Coco and Murray, 2007) discuss the differences between the
two approaches through the analysis of several morphological elements as beach cusps,
and crescentic sandbars. The first working principle attribute to spatial structures in
the forcing (such as in the hydrodynamics or geology) the imprinting of the templates
in the sand, forming a given shaped pattern. This forming mechanism is based on the
idea that the template unidirectionally impresses the forcing template on the sediments,
which appears passively subject to the change in morphology.

The second theory explains the formation of rhythmic features in the sand with
a mutual response and adaptation between fluid and sentiment process, between swash
motion and changing topography following a self-organization process. In this perspec-
tive, therefore, fluid and sentiments interact influencing each other. The changes are due
to initial perturbations in the sand. This self-organization process has been successfully
modelled, finding general agreement with field measurements (Werner and Fink, 1993;
Coco et al., 1999, 2000, 2001).

A recent review of waves in relation to geomorphological processes, states that
nowadays, seems to be more likely that long period waves are responding to the mor-
phology they find more than the other way around (Huntley, 2013).
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2.2.3 Seagrass Beach-cast Litter

Coastlines and shoreface worldwide can be characterized by the presence of vegetation,
and seagrass meadow extending for thousands of kilometres being reported in temperate
and tropical bioregions (Short et al., 2007).

The seagrass meadow located within the shoreface, due to the natural cycle in plant
life can produce a particularly large amount of seagrass litter. Those wracks often de-
posit on the coastlines worldwide, creating in some cases enormous accumulation on
the shoreface, berm and backshore, named beach-cast litter, banquette, beach wrack or
seagrass berm. The mean yearly volume of banquette can exceed 1800 m3 (Simeone,
2008) with recorded peaks of accumulation (in the case of Western Mediterranean) of
9000 m3 (Simeone and De Falco, 2012) reaching and influencing also the dune devel-
opment (De Falco et al., 2003; Vacchi et al., 2017). The high of deposits can exceed 2m

and 500kg of dry wtm−1 (Mateo et al., 2003) and within the banquettes over 60kg/m3

of sediments can remain trapped (Vacchi et al., 2017).

These considerable deposits are regulated by seasonality in seagrass life cycles. For
instance, Posidonia oceanica (L), the most abundant species in the Mediterranean Sea,
is reported to shed its leaves and to disconnect the rhizomes mainly between September
and October (Mateo et al., 2003).

The reproductive phases (germination, flowering and fruiting) of seagrass vary de-
pending on the species, even within the same settling site (Buia and Mazzella, 1991).
Buia and Mazzella (1991) analysed the three most spread seagrass species in the Mediter-
ranean Sea over almost a decade. They observed that flowering occurs for Cymodocea

nodosa in April-May (following the minimum water temperature), for Zostera noltii in
July, while for Posidonia oceanica in September or November depending if the meadow
is located respectively at water depths shallower or deeper than 15 m. For Cymodocea

nodosa germination was observed after 2 months of anthesis (flower expansion), 2 of
fruit growing and 8-10 of dormancy, while it occurred for Posidonia oceanica after 8
months subdivided into anthesis and fruit maturing. Zostera noltii showed fruiting in
August, and Posidonia oceanica did not show dormancy.

Seagrass can be defined as clonal rhizomatous plants, which are composed of mod-
ules as rhizomes, leaves and roots (Hemminga and Duarte, 2000). According to Hem-
minga and Duarte (2000) these modules are repeated for several units which compose
the meadow. Each unit called ramet also hosts fruits and flowers, depending on the mo-
ment of the plant life cycle. In the seagrass architecture the rhizomes can extend below
the sediments and be horizontal and vertical, their function is of connecting extending
and integrating the clones. The rhizomes can have a different level of flexibility which
decreases with the size of seagrass species and increases with longevity. For instance,
Posidonia oceanica is characterized by ligneous almost woody rhizomes. The leaves
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of most seagrass species are long, thin and narrow, and their size varies among species.
For instance, Halophila is formed by leaves shorter than 1 cm while species as Zostera

asiatica present leaves longer than 1 m. Leaf fibres of Posidonia oceanica can form
balls rolled by waves that deposit on Mediterranean beaches.

The necromass associated with seagrass decomposition can stay within the plant
meadow itself or interact with other marine and dune ecosystems (Boudouresque et al.,
2015). Part of the necromass once released by the meadow can stay on the seafloor
nearby the meadow and floating can be transported by coastal hydrodynamics due to
wave storms and currents (Simeone and De Falco, 2012). When these deposits reach
the shore can form large seagrass berms. The edification of banquette was reported to
be higher successively to storm events, generally in winter (Mateo et al., 2003) and to
be greater for exposed beaches with respect to the sheltered coastlines (Simeone and
De Falco, 2012). Using samples collected at two locations along the beach profiles, on
three Mediterranean wave-dominated beaches, Simeone and De Falco (2012) found that
on the shoreface the banquette is mostly composed by leaves, while on the backshore
by a mixture of sediments and leaves. The authors also report that the contribution of
the rhizomes to the banquette composition is restricted and limited to the exposed (more
energetic) study sites. The seagrass wrack can represent 50.7 % and 70 % of the yearly
meadow production of biomass and carbon respectively (Mateo et al., 2003).

2.2.4 Seagrass and Coastal Hydrodynamics

The marine vegetation and their beach-cast litter, therefore, interact with the hydro-
dynamic and morphodynamic processes treated herein. Although several studies were
conducted on seagrass interaction with coastal hydrodynamics, the influence of sea-
grass beach litter on the swash process is mostly neglected (only qualitatively described
or suggested) and the debate on how and in which terms the seagrass contributes in
protecting the coastline from erosion remains open. Contrasting opinions still exist.

Firstly, an aspect largely investigated is the influence of vegetation on coastal hydro-
dynamics particularly on wave reduction while propagating on marine vegetation like
seagrass meadows or mangrove forests. Several studies were performed in laboratory
(Fonseca and Cahalan, 1992; Luhar et al., 2010; Maza et al., 2015; John et al., 2016) in
the field (Luhar et al., 2013; Infantes et al., 2012) and by modelling approaches (Guan-
nel et al., 2015; Van Rooijen et al., 2016). Useful parametrizations of wave dumping
attributed to different vegetation types and different hydrodynamics/vegetation inter-
action conditions were found. Formulations of vegetation effect on the incident and
infragravity waves as well as wave set up were also included in storm impact models
as XBeach (Van Rooijen et al., 2016). An approach for the quantification of hazard re-
duction services provided by vegetation was also proposed (Guannel et al., 2015). The
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submergence ratio of the seagrass, the width of the meadows, the vegetation density
distribution and the biomass resulted between the main factors influencing wave atten-
uation, which increases with meadow width and strongly decreases with submergence
ratio (Maza et al., 2015; John et al., 2016). The closer the vegetation is to the water
surface the greater the wave dumping, the wider and the denser the meadow is, over
which wave propagates, the higher the wave reduction. Preliminary laboratory studies
on the influence of such parameters on the wave runup were also realized, resulting
with wider meadow inducing a higher reduction of wave runup (John et al., 2016),
and an increase in relative plant height resulting in a diminishing of relative runup for
emergent vegetation models (John et al., 2018). An integrated modelling approach was
proposed by Guannel et al. (2015) for quantifying the effect of vegetation on coastal
hazards reduction. Using two case studies (seagrass meadow and mangrove forest) they
demonstrated that the vegetation can lower the total water level and reduce the beach
erosion. Furthermore, the authors proposed to include the effect of vegetation on wave
set up and incident swash by modifying the runup formulation of Stockdon et al. (2006),
assuming that the influence of vegetation has a limited impact on the infragravity swash
component.

The second aspect concerning the interaction between coastal hydrodynamics and
seagrass meadow regards the effect of the flow on the plant settling within the shoreface.
The relationship between hydrodynamics and seagrass meadow spatial distribution on
the shoreface was therefore studied (Infantes et al., 2009; Vacchi et al., 2010; Ruju
et al., 2018). The limiting factors for the lower limit of the seagrass meadow are mainly
attributable to the light availability (Duarte, 1991). In the case of Posidonia oceanica

it was shown to be located at depths between 15 − 23 m for high turbidity levels and
at 45 − 48 m for high water transparency (Boudouresque et al., 2012). In contrast,
the upper limit (the one towards the coast) is related in the literature to several factors
including substratum type and hydrodynamic constraints. Both field and numerical
modelling experiments were performed, indicating that some thresholds in the wave-
particle orbital velocities at the bottom during storms (0.4m/s, 0.8m/s), and current
velocities, can be related to the installation or not of the meadow (Infantes et al., 2009;
Ruju et al., 2018).

A third aspect relating coastal hydrodynamics with seagrass investigates the beach-
cast seagrass litter, which can become of interest considering the large amount of de-
position which can occur on beach face, berm, and backshore. Even though the beach-
cast seagrass litter received large interest (Jeudy de Grissac, 1984; Jeudy de Grissac and
Audoly, 1985) in Simeone (2008), and morphological, physical features were largely
investigated (Simeone and De Falco, 2012; Oldham et al., 2014; Mateo et al., 2003), the
attempts to relate this morphology to the coastal hydrodynamics are still limited (Ma-
teo et al., 2003; Simeone, 2008; Simeone and De Falco, 2012; Simeone et al., 2013;
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Gómez-Pujol et al., 2013). Mateo et al. (2003) propose a first schematics describing
formation-destruction of banquette. The authors describe that wave action at the base
of banquette produces erosion until collapse occurs. Oldham et al. (2014) suggests that
erosion of beach wrack is in addition possibly due to an increase in floating material
from the banquette after a period of drying.

Focusing on this third aspect, in the literature, there are contrasting opinions, on the
role of deposited beach wrack in beach protection. On one hand, it is clearly stated that
it protects the beach from erosional processes (Boudouresque and Jeudy de Grissac,
1983; Simeone, 2008; Green, 2003). The World Atlas of seagrasses reports, from a
study in Kenya, that beach-cast can influence the erosional processes associated with
wave action and swash, contributing to beach stability (Green, 2003). The same concept
is found in Nordstrom and Jackson (2012), where it is suggested that beach wrack can
influence wave runup, however, quantitative studies are still missing. On the other hand,
other studies state that vegetation berm does not largely influence the eventual erosional
process in case of storms and that its role in beach protection should be re-considered
(Gómez-Pujol et al., 2013).

From a review of the literature, it seems that the behaviour of beach-cast efficiency
in reducing wave action is differentiated between low and high energy conditions, be-
tween exposed and sheltered beaches (Nordstrom and Jackson, 2012; Simeone, 2008;
Simeone and De Falco, 2012). In Nordstrom and Jackson (2012) low energy beaches
seems to be more highly responsive to the protection function of beach-cast litter, due to
the mild wave conditions. Other studies reviewed that in less sheltered beaches the ban-
quette plays a role in reducing wave energy during storm (Vacchi et al., 2017). In fact,
also a large amount of wrack material was reported to be removed from the shoreface
of a Mediterranean beach by waves, also during winter/spring storms (Simeone and
De Falco, 2012). However, the definition of low and high energy beaches is not un-
equivocal and clear, so that a high level of uncertainty remains.

From the literature review (e.g. Gómez-Pujol et al. (2013); Vacchi et al. (2017)) it
appears that still, gaps exist on 1) the dynamics of deposition and erosion of banquettes
(beach wrack morphodynamics) and 2) on its role of beach protection. Furthermore, it
appeared that not many studies were performed (Jeudy de Grissac, 1984; Jeudy de Gris-
sac and Audoly, 1985; Mateo et al., 2003) in Gómez-Pujol et al. (2013) and they were
mainly of qualitative nature. These gaps in the literature might be connected to the lack
of studies on the interaction of seagrass beach-cast and waves, more precisely with the
swash hydrodynamics. The morphodynamics of banquette was connected with storms
events and their timing in a limited number of attempts (Gómez-Pujol et al., 2013;
Simeone et al., 2013). However, the influence that seagrass beach-cast litter has on
wave runup and its quantification are completely ignored in the literature. Moreover, an

48



overall view of including these morphodynamical process in a more comprehensive vi-
sion of feedbacks between wrack and swash fluid as representative of a self-organization
process has not considered and discussed yet. It is clear that a number of gaps exist in
the literature of morphodynamics of seagrass beach-cast litter and its interaction with
the swash zone process.

2.3 Coastal Monitoring, Modelling and Managing

Knowledge-based management strategies can induce a more correct management of the
coast. Application driven investigations lead scientists to influence policy from the local
to the international level (Wainwright and Mulligan, 2012). Researchers can collabo-
rate with practitioners contributing to enhancing the coastal processes comprehension
where gaps in the literature are still present. The knowledge of coastal processes can be
reinforced by linking observations of the natural processes in the field with advanced
modelling techniques, devoted to a correct and environmentally respectful management
of marine and coastal areas.

2.3.1 Field Observations of Swash Excursion

The swash-zone hydrodynamics and particularly the swash excursion has been largely
studied firstly by the means of resistance wires (Guza and Thornton, 1982) and later
by the observation of shoreline motion through video systems (Holman and Guza,
1984; Holman and Sallenger, 1985; Holman, 1986). The two method were compared
in several works (Holman and Guza, 1984; Holland et al., 1995), with Holland et al.
(1995) findings correspondence between the video−based estimates and measurement
obtained by wires located very close to the bed.

More recently the proliferation of runup measurements exist as a result of video
monitoring experiments (Ruessink et al., 1998; Ruggiero et al., 2001, 2004; Stockdon
et al., 2006; Guedes et al., 2011; Senechal et al., 2011; Guedes et al., 2012; Vousdoukas
et al., 2009, 2012; Poate et al., 2016). Even though most measurements of swash ex-
cursion are obtained on oceanic sandy beaches with large incoming waves, exceptions
exist. For instance gravel beaches were investigated by Poate et al. (2016) obtaining
also a new formulation of wave runup for gravel beaches, as well as field experiments
were performed in the Mediterranean Sea where Vousdoukas et al. (2009) instigated
three sediment-starved pocket beaches, under ordinary wave conditions (not focussing
on storm events).

Swash excursion field experiments mainly include video observations of swash os-
cillations, coupled with wave and beach surveys data. Additionally contextual current,
sediment transport and meteorological data along with other environmental observa-
tions can be collected, however, measurements of wave swash in correspondence of
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underwater vegetation or its deposits on the beach seems still missing in the literature.
This type of field experiments is highly needed for management applications in relation
to coastal hazards and climate change. In fact, Guannel et al. (2015) in their modelling
framework for quantifying the effect (for coastal communities) of hazards reduction
produced by vegetation, express the urgency of field measurement of runup with the
presence of vegetation. In fact they found that field datasets are missing for validat-
ing their modified version of Stockdon et al. (2006) runup formula which include the
vegetation effect.

2.3.2 Machine Learning for Wave Swash Modelling

The field data represents valuable information essential also for modelling coastal pro-
cesses, depicting the reality which the models attempt to reproduce with an approx-
imation. Their utility is both related to the validation of existing models and to the
creation of new one. However, the observations on the field present a number of limi-
tations. Firstly, they are limited both in time and space, since the field campaigns can
be programmed for a limited time and a restricted area. Secondly, the hostility of the
marine environment makes difficult and expensive to operate at sea, introducing a re-
source limitation to the research campaigns. Furthermore, researchers have to rely on
natural events without having control of the boundary conditions. The models can fulfil
to those limitations, however introducing other uncertainties, due to their attempt to re-
produce a real process without being able to represent its entire complexity (Roelvink,
2011). Models can be applied for the purpose of environmental protection when en-
suring a critical and precise interpretations of their results (Wainwright and Mulligan,
2012), also testing them against field measurements.

The modelling of the environmental processes in general can be differentiated into
several types: mathematical (physics-based), data-driven, conceptual, explanatory (sim-
ulation) and physical models. Once data are collected in the field, the information
contained in the data can be further explored to gain knowledge and to model the ob-
served phenomenon. The techniques used for these purposes are defined data-driven
approaches. Between the data-driven approach available, Machine Learning (ML) has
demonstrated extraordinary potential. Many different data-driven techniques fall under
the purview of ML (e.g., decision trees, artificial neural networks, Bayesian networks,
and evolutionary computation), all of which have shown applicability in coastal set-
tings (e.g., Pape et al. (2007); Knaapen and Hulscher (2002); Dickson and Perry (2016);
Yates and Cozannet (2012)). Previous Machine Learning work has focused on predict-
ing runup and swash, but only for engineered structures, impermeable slopes, and/or
for laboratory experiments (e.g., Kazeminezhad and Etemad-Shahidi (2015); Bonakdar
and Etemad-Shahidi (2011); Bakhtyar et al. (2008); Abolfathi et al. (2016) and not on

50



natural beaches. Only Vousdoukas et al. (2011) used artificial neural network (ANNs)
for shoreline contour elevation (which includes the wave runup), on a natural beach in
Portugal.

Between the ML existing techniques Genetic Programming (GP) is a population-
based approach based on evolutionary computation (Koza, 1994). GP has been largely
adopted showing good results in coastal applications (Goldstein et al., 2013; Gold-
stein and Coco, 2014; Tinoco et al., 2015). The predictors produced by GP techniques
showed overall to reduce the errors compared with classical-regression-based predic-
tors. Even though ML has shown high potential as a data-driven techniques for mod-
elling coastal process, it has not being used for obtaining predictors of wave swash on
natural beaches before Passarella et al. (2018b).

2.3.3 Coastal Management and Good Practices

Several actions have been taken for trying to modify coastal morphology according to
human needs (Masselink et al., 2012a), with the consequent modifications or destruc-
tion of natural landforms (Nordstrom, 2013). Even though coastal erosion is a natu-
ral geological process fundamental of the formation and maintenance of the beaches
(Short, 2012) humans largely focussed their actions at the coast for fighting coastal ero-
sion. In the 90s coastal management was mostly devoted to ”hard engineering” (e.g.
breakwaters) interventions, recently shifting towards ”soft” intervention (e.g. beach
nourishment) Masselink et al. (2012a).

Furthermore, a number of bad practices can be identified attributed to ignorance or
economic interests in the exploitation of the natural beach resource. In fact, coastal ar-
eas represent a rising economic sector in the global economy with a incoming of about
2 billion of dollars per day (Silva et al., 2007). The carrying capacity of a beach system
can be overcome (Da Silva, 2002) and coastal tourism can be responsible for severe
coastal issues and environmental impact (Silva et al., 2007). Coastal landforms alter-
ations are often a consequence of heavy visitation, tourism, deforestation, pedestrian
and vehicle trampling, military use, structures and parking building, beach cleaning
and beach wrack removal (especially by heavy mechanical vehicles) on dunes, back-
shore, berm and beach face (Eastwood and Carter, 1981; Anders and Leatherman, 1987;
Demuro and De Falco, 2010, 2015; Wiedemann, 1984). Beach wrack removal resulted
highly impacting as it is a spread practice (Duarte, 2004; Nordstrom, 2013). The beach-
cast removal was analysed in the Mediterranean, for instance as exemplification case
study in Sardinia Island for the year 2004 resulting in a total of 106, 180 m3 being
removed from 44 beaches, generally using heavy vehicles (Simeone, 2008).

However, these structures, actions and bad practices excite a strong impact on coastal
morphodynamics, and alternative coastal management procedures exist. In order to
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limit the human impact, especially due to heavy visitation, new management actions
and good practices were suggested. For instance, the building of elevated boardwalks,
fencing sensitive areas, avoid beach cleaning with seagrass beach-cast litter removal
especially with heavy vehicles, realignment of beach use and educating stakeholders or
visitors. (Carlson and Godfrey, 1989; Demuro and De Falco, 2010, 2015). The beach
is also equated by the authors, to a living organism of which the single constitutive
parts play functions essential for the correct working of the whole beach system. In
this vision, all the element from lagoons to the underwater seagrass meadows require
the same safeguard and protection in a systemic coastal management view (Demuro
and De Falco, 2010, 2015; De Muro et al., 2017b). Good practices should also be
sustained by the scientific knowledge based on field measurements, of morphodynami-
cal processes as well as accompanied by information and participation of stakeholders
(Carlson and Godfrey, 1989; Demuro and De Falco, 2015).

Recent studies show that managing strategies should include the peculiarity of the
presence and role of ecosystems and habitats as lagoons, seagrass, mangroves and
salt marshes (Duarte, 2004; De Falco et al., 2008; Barbier et al., 2008; Demuro and
De Falco, 2010; Simeone et al., 2013; Möller et al., 2014; De Muro et al., 2017b). Car-
tography can supplement monitoring and management practices representing coastal
hazard vulnerability (Perini et al., 2016) and taking into account the presence of sea-
grass as proposed for the Mediterranean Sea and Australian case studies (Tecchiato
et al., 2016; De Muro et al., 2018, 2017b). Furthermore, the idea that conservation and
human use of coastal habitats could not coexist should be re-evaluated (Barbier et al.,
2008). In fact, it was recently shown how the use of ecosystem-based management
could result in an excellent compromise (Barbier et al., 2008).

Seagrass meadow in the shoreface was shown to decrease globally, with a rate of
110km/yr since 1980 (Waycott et al., 2009). Seagrass meadow and vegetation beach-
cast litter (banquette) deposited on the beachface, beach, and backshore have been
largely studied also for management purpose, being often artificially removed (Gómez-
Pujol et al., 2013; Simeone et al., 2013; Simeone and De Falco, 2013). However, the
debate about its role in shoreline protection from erosion is still open. Furthermore, a
lack of field quantitative studies on seagrass litter influence on swash process seems to
arise. This lack of knowledge may be fundamental for supporting knowledge-based, ad
hoc-planned coastal management strategies.

2.4 Gaps in the literature

In this section the gaps identified in the literature are listed below:

• Although a number of parametrizations of swash excursion exist, depending on
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different combinations of beach and wave characteristics, their universality has
not been extensively assessed. It is not clear if existing swash formulas are appli-
cable to a wide range of wave conditions and beach types.

• The most largely adopted empirical parametrization of wave runup still predict
with large errors and important underestimations, especially during extreme storms,
raising the interest in proposing new formulations of wave swash.

• Although machine learning techniques have demonstrated to have a high poten-
tial in modelling nearshore processes, they are not yet being used for finding
predictors of wave swash on sandy beaches.

• The influence of the beach slope on the infragravity component of the swash is
still an open question discussed controversially by several authors.

• Even though the importance of seagrass in protecting the coast from hazards such
as erosion or flooding is largely stated in the literature (even if the debate is still
open), the influence that seagrass beach-cast, deposited on the beachface has on
the swash process and wave runup has not been measured and quantified yet.

• The dynamics of deposition and erosion of banquettes (beach wrack morphody-
namics) in relation with swash process, beach type, storm intensity and timing is
not clear.

• Which could be the implications of the lack of knowledge related to the seagrass
beach-cast litter/swash process interaction for coastal management?
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Chapter 3

METHODOLOGY

In order to facilitate coastal protection, management and hazards mitigation, coastal hy-
drodynamic and morphological factors are investigated by a multidisciplinary approach
which combines field experiments and data-driven techniques.

3.1 Preparatory Case Studies

Part of the focus of this PhD investigation was reached by the literary review treated
in Chapter 2 and additionally by two preliminary case studies. The preliminary case
studies highlighted some gaps in the literature and suggested the field location for the
experimental part of the present work.

The two preparatory case studies, performed within the framework of the NEP-
TUNE project, investigated two counterpoised beach systems in the Western Mediter-
ranean Sea (Fig. 3.1). One more naturally preserved (case 1) and the other strongly
subject to anthropic pressure (case 2).

Figure 3.1 Location of two preparatory case studies in the Western Mediterranean Sea.
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The studied areas can be classified as microtidal wave-dominated environments be-
cause the dominance of waves, which represents the main input of energy in the coastal
systems according to the classification adopted by Masselink et al. (2012a) from the
works of Davies (1977) and Davis Jr and Hayes (1984). Both areas of study are charac-
terized by a large Posidonia oceanica meadow within the shoreface, in one case more in-
tact (case 1) and in the other more degraded (case 2). The works, which integrated mor-
phological, sedimentological, bathymetric, facies, ecological and hydrodynamic data,
furnished geomorphological maps, also applicable to coastal management which were
published in De Muro et al. (2016, 2018). Both cases are located in Sardinia Island,
but with two highly different expositions to storm events (e.g. geographical fetch in
Fig. 3.1) and human pressures. While the first (case 1) is located in the north of the
island exposed to high northwesterly stormy conditions and low density of population,
the second is part of the beach system of the Gulf of Cagliari, surrounded by strong in-
dustrial and human activity, with ≈ 500000 inhabitants and exposed to generally lower
and less frequent southeasterly wave storms.

The studies reported interesting links between the meadow of a particular species
of seagrass (Posidonia oceanica) and the hydrodynamics, the human activity and the
coastal management, which inspired part of this PhD research. Furthermore, during
the field campaigns performed for case study 2, high quantities of banquette (seagrass
beach wrack) was reported to be deposited in Giorgino beach (Fig. 3.2), suggesting that
the Gulf of Cagliari may be an appropriate area for studying this phenomenon.

Figure 3.2 Seagrass beach-cast (mainly Posidonia oceanica) deposition on Giorgino
Beach, Gulf of Cagliari, Western Mediterranean, during the field campaigns of prepara-
tory case study 2. Picture courtesy of the Coastal and Marine Geomorphology Group
of the University of Cagliari.
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A review of the literature was therefore performed on the subject (Chapter 2), find-
ing interesting gaps, regarding the role of seagrass wrack in protecting the coast from
erosion and its interaction with wave swash phenomenon (Section 2.2.3 and 2.2.4).

3.2 Comparison of Existing Wave Swash Formulas

Another aspect investigated in this PhD thesis regards the wave swash process and its
formulation, being extensively included in coastal hazard and vulnerability assessment
framework (Stockdon et al., 2007; Serafin and Ruggiero, 2014).

In Chapter 4 existing vertical swash formulas (total, incident and infragravity) are
tested for evaluating their universality on a wide range of forcing and environmen-
tal conditions. The dataset used for testing the formulas is a newly compiled dataset
from 13 published swash experiments worldwide, 10 experiments from Stockdon et al.
(2006), the others from Guedes et al. (2011, 2012), Guedes et al. (2013) and Senechal
et al. (2011). Section 4.2 provides details on data and methods adopted, the new com-
piled dataset includes swash excursion from video observations (ST ot, Sinc, SIg) cou-
pled with offshore wave data (H0 and Tp) and beach slope (β) from beach surveys. This
dataset contains the most extreme conditions recorded for a runup experiment (Senechal
et al., 2011) and includes beaches ranging from dissipative to reflective. Two total, 3
incident and 8 infragravity empirical published formulas are tested using different error
metrics, details are reported in Section 4.2.1. The literary review (Section 2.1.4.1) and
the results of Chapter 4 inspired the research performed in Chapter 5. In fact, it was
found that existing swash formulas still result in big errors with scatters which increase
for large swash excursion. The need for more accurate prediction of wave runup be-
comes critical, especially for coastal management and hazards applications when large
swash events are more significant.

3.3 New Formulation of Wave Swash by Machine Learning

Between the available modelling approaches, in this work, a data-driven machine learn-
ing (ML) technique was selected for the problem of formulating swash elevations on
natural beaches, reducing the prediction errors while maintaining a physical mean. The
use of ML has rapidly escalated for its ability to automatically learn from the dataset
provided (Domingos, 2012). The ML computer science techniques, with origins in arti-
ficial intelligence, are able to model complex processes from an empirical dataset. ML
has found large applicability to natural science such as ecology (Olden et al., 2008) and
specifically to coastal processes studies (Pape et al., 2007; Knaapen and Hulscher, 2002;
Dickson and Perry, 2016; Yates and Cozannet, 2012; Goldstein et al., 2013; Goldstein
and Coco, 2014; Tinoco et al., 2015) overcoming traditional methods.
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ML consists of a number of statistical techniques including supervised learning ap-
proaches which from a given set of input and output, act to model complex phenomena
searching for relationships between the variables (Olden et al., 2008). For instance,
classification and regression trees have found large applicability in case of hierarchical
interaction between variables, in which parent and child nodes alternate by recursive
partitioning (Olden et al., 2008). Artificial neural network is a modelling approach
based on the biological nervous system approach to solving a complex problem. Its
innovative structure is composed of numerous elements (neurons) interconnected for
working together for solving a problem. The input and output consist of the indepen-
dent and dependent variables respectively (Olden et al., 2008). Evolutionary compu-
tation includes several stochastic optimization methods which find their origins in the
evolution process of natural systems, such as genetic algorithm, genetic programming
(GP), evolutionary programming and simulated annealing (Olden et al., 2008).

In Chapter 5, among the existing supervised learning approaches, GP (Section 2.3.2
and 5.3.1) was chosen for proposing new formulations of vertical swash. The use of
this evolutionary computation technique also permitted to enhance the knowledge of
the physical process of wave swash itself. The evolutionary technique of GP allows
computers to find insightful relationships between variables involved in a natural pro-
cess, such as wave swash, learning at each iteration from an experimental dataset. The
process of GP can generally be divided into four steps: 1) an initial population of solu-
tions for the problem is produced. For regression tasks such as developing a predictor
for swash, the initial population of candidate solutions is in the form of equations (en-
coded as a tree or graph with a predefined mix of variables, operators and coefficients).
For step 2 of the routine the solutions are all compared to the training data to determine
‘fitness’ using a predefined error metrics; 3) the best solutions that minimise the error
are proposed and the worst solutions are discarded; 4) new solutions created through
‘evolutionary’ rules (crossover via reproduction and mutation) and are added to the
population of retained solutions. Steps 2 through 4 are repeated until the algorithm is
stopped. The method adopted here has successfully demonstrated to be able to automat-
ically reproduce, form the only input of measured experimental data, Lagrangians and
other laws regulating different physical processes as oscillators and pendula (Schmidt
and Lipson, 2009), finding large recognition from the scientific community. The abil-
ity of the algorithm to discover analytic relations without any information regarding
the physics or the geometry of the problem has suggested the adoption of the software
based on this method (Schmidt and Lipson, 2018) for the application necessary to this
chapter, of retrieving swash formulas from a collected dataset. Only the meaningful
information in the dataset should be retained from the algorithm which is based on a
principle for identifying nontriviality (Schmidt and Lipson, 2009).

The data (Section 5.2) and method (Section 5.3) adopted for deriving two new pre-
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dictors of total and infragravity swash is illustrated in Chapter 5. While details on the
training, validation and testing phases are given in Section 5.3.2. Literary review and
findings of this chapter also highlight that the parameters used for swash formulation
are still limited and that neither experimental data nor modelling approaches exist to
consider wave runup in case of seagrass beach-cast litter. This gap identified in the
literature is investigated in Chapter 6.

3.4 Wave Swash and Beach-cast Litter Field Experiment

Chapter 6 illustrates a field experiment performed for studying the interaction between
the waves moving uprush and backwash on the beach face and the deposition of seagrass
beach-cast litter. The field experiment was designed for measuring swash oscillations,
coastal waves and environmental conditions with the contrasting conditions of pres-
ence/absence of seagrass deposition on a wave-dominated urban beach in the Western
Mediterranean Sea (Cagliari, Sardinia, Italy).

The experimental design is reported in Section 6.3.1. The details on the methodol-
ogy adopted for the new video-monitoring station setting, image calibration and recti-
fication are given in section 6.3.1.1, while the information about how the environmen-
tal conditions were monitored during the experiment (e.g. wave, beach morphology
and cross-shore elevation) can be found in Section 6.3.1.2. The method adopted for
recording the wave swash is explained in Section 6.3.2. The wave swash was obtained
manually digitalizing the shoreline oscillations from time stacks images. The ad hoc
programmed Matlab routine then converted the horizontal swash time series obtained
into vertical swash thanks to the measured foreshore slope. Spectral analysis is fi-
nally applied to calculate from the energy spectrum the vertical wave swash, including
a frequency partition for the incident and infragravity components. The methodology
adopted (from the video-monitoring station installation, calibration, geo-rectification to
the wave swash measurements from image analysis) follows approaches largely adopted
in the literature (Holman, 1986; Holland et al., 1997; Ruessink et al., 1998; Ruggiero
et al., 2004; Stockdon et al., 2006; Archetti and Zanuttigh, 2010; Vousdoukas et al.,
2011; Senechal et al., 2011; Taborda and Silva, 2012).
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Chapter 4

AN ASSESSMENT OF SWASH EXCURSION PREDICTORS
USING FIELD OBSERVATIONS

The main findings of this chapter have been published in Passarella et al. (2018a).

4.1 Introduction

Wave-induced swash is the oscillation of the water edge up (uprush) and down (back-
swash) on the beach face. The oscillation occurs around the mean of the water level
time series (induced by wave action and measured above the still water level), defined
as wave setup. The sum of vertical swash and setup determinates the wave runup (Hol-
man, 1986; Stockdon et al., 2006). Since the pioneering work of Guza and Thornton
(1982) the contribution of incident (high frequency, f > 0.05) and infragravity (low
frequency, f < 0.05) motion is often considered separately when studying swash (e.g.
Ruessink et al. (1998); Ruggiero et al. (2004)).

Chardón-Maldonado et al. (2016), in their recent review paper on swash hydrody-
namics, highlighted the importance of studying the swash zone because it represents a
buffer region for hydrodynamic forcing where energy is released and sediment transport
(accretion and erosion) occurs. During swash oscillations, the rapid flow sets a large
amount of sediments in motion so that understanding and prediction of swash excur-
sions is critical for sediment transport studies. Furthermore, the interest in studying this
zone increased over the last decades since it often hosts infrastructure, private properties
and recreational activities.

Wave swash is a critical parameter when trying to study or manage coastal hazards,
in fact waves contribute extensively to storm, hurricanes-induced extreme water levels,
which may end in inundation, beach and dune erosion (Bosom and Jiménez (2011);
Stockdon et al. (2007); Serafin et al. (2017)). Swash excursion parametrizations (as
component of wave runup) are usually included in costal hazard and vulnerability as-
sessment framework (e.g. Stockdon et al. (2007); Serafin and Ruggiero (2014)).

Although a number of parametrizations of swash excursion exists, depending on dif-
ferent combinations of beach and wave characteristics, their universality has not been
extensively assessed. This is possibly related with the few tests of the formulas per-
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formed on conditions other than those for which they were developed.
Despite recent studies show that the spectral signature of swash (infragravity and

incident) is different for beach type (Hughes et al., 2014) it is not clear if swash for-
mulas are applicable to a wide range of wave conditions and beach types. A parameter
summarizing the relative beach-wave conditions is the Iribarren Number:

ξ0 =
tanβ√

(H0

L0
)

(4.1)

where β is the beach slope, HS0 is the deep water significant wave height and L0

the wavelength. The Iribarren parameter is also used to classify beaches according to
the following scheme: dissipative (D) for ξ0 < 0.23, reflective (R) for ξ0 > 1 and inter-
mediate (I) for 0.23 < ξ0 < 1 (Short, 1999a). The following question is therefore still
open: it is possible to use parametric swash formulas for predicting swash excursion,
knowing the error which is likely to be committed?

While existing wave runup formulations were recently extensively tested, swash
formulas received relatively less interest (e.g. Ruggiero et al. (2004)). Several works
focused on the evaluation of existing runup formulas (e.g. Atkinson et al. (2017); Vous-
doukas et al. (2012); Cohn and Ruggiero (2016)). For instance, Atkinson et al. (2017)
used swash data from 11 intermediate beaches in Australia, for assessing wave runup
predictor as the one from Stockdon et al. (2006), highlighting the criticality of formulas
performance for coastal hazards and management applications. They verify the accu-
racy of 11 runup predictors obtained from both field and laboratory data finding that the
models retrieved from field data are more accurate. They also found a high variability
among models predictions with a MSE of the order of 25%. Among the tested mod-
els Holman (1986) and Vousdoukas et al. (2012) resulted in the most accurate. They
conclude that for coastal management applications it is recommended to calibrate the
runup models on the studied beach, especially if not tested on a dataset including ex-
treme events as in their case. The test of swash or runup predictors on a dataset which
includes field measurements of extreme events is therefore highly valuable and rec-
ommended when studying environmental protection hazards and management of the
coasts.

Overall, an extensive assessment of swash formulas using multiple field datasets is
still missing. This chapter aims to test 13 published swash formulas to assess the relia-
bility of each predictor on a wide range of beach types and wave conditions including
extreme storms.
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4.2 Data and Methods

Shoreline motion monitoring is a largely accepted method for studying the swash-zone
hydrodynamics (Holman and Sallenger, 1985). The data used in this chapter are ob-
tained mainly from video observations of swash excursions, coupled with wave data
and beach surveys (for details on the methodology the reader is referred to the original
works in which the data were collected or analysed: Stockdon et al. (2006); Guedes
et al. (2011, 2012, 2013); Senechal et al. (2011).

4.2.1 Swash Formulas and Testing Data

The test of 13 vertical swash formulas from the existing literature (2 for total swash, 3
for incident and 8 for infragravity swash, Table 4.1 ) is performed against 13 published
field experiments (636 swash measurements). The data used in this chapter includes
a wide range of environmental conditions, in Figure 4.1 (foreshore slopes 0.01-0.16,
offshore significant wave heights 0.4-6.4 m, peak periods 3.7-16.4 s, total swash 0.24-
3.3 m, infragravity swash 0.24-2.37 m and incident swash 0.04-2.86 m) on beaches
spreading from dissipative to reflective. The above-mentioned dataset includes extreme
events, which ensure a test of formulas performance in the most critical cases for coastal
hazards and management applications (e.g. flooding).
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Table 4.1 Swash formulas tested, total (STot), incident (Sinc), infragravity (SIg). Inter-
val of environmental parameters during experiment

** field data used for retrieve the formulas are presented in Ruggiero et al.
(2001).**mainly dissipative only one exception of ξ > 0.23.****referred to the swash
zone slope (peculiar case of Senechal et al. (2011) recorded dissipative conditions of
the surf zone and intermediate of the swash zone.
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Figure 4.1 Environmental forcing conditions: (a) significant wave height versus beach
slope; (b) wave peak period versus beach slope; (c) significant wave height versus wave
peak period.

The formulas assessed here in some cases have a similar shape (with the only dif-
ferences found in the coefficients), especially for infragravity swash. For instance, the
formulas SIgSt and SIgSn are exactly the same with a slight difference in the coeffi-
cient respectively equal to 0.06 and 0.05, for which

√
H0L0 is multiplied. SIgHo, SIgRG,
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SIgHS are also similar depending upon Hs and ξ which are proportional to the infra-
gravity swash excursion. SIgRs and SIgRg02 are both directly proportional to H0 with
coefficients of proportionality and constants which varies: 0.17, 0.18 for the former and
0.33, 0.33 for the latter.

4.2.2 Error Metrics

Three error metrics are used for evaluating the discrepancy between predicted and ob-
served swash excursions: the Mean Squared Error (MSE, Eq.(4.2)), the Root Mean
Square Error (RMSE, Eq.(4.3)), and the Maximum Error (MaxE, Eq.(4.4)).

MSE =
1

N

N∑
i=1

(yi − xi)2 (4.2)

RMSE =

√√√√ 1

N

N∑
i=1

(yi − xi)2 (4.3)

MaxE = maxi=1...N(yi − xi) (4.4)

Where N is the number of measurements in the dataset, yi is observed and xi the
predicted value.

4.3 Results

Results show that the formulas both under and over predict the observations depending
from the formulation.

4.3.1 Total Swash

Figure 4.2 shows the scatter of predicted versus observed vertical swash. The total
swash predicted by Stockdon et al. (2006) has generally less scatter than the one pre-
dicted by Guza and Thornton (1982) which tends mostly to under predict the observed
data (with local high over predictions). For both formulas, the highest scatters are found
for large swash (> 2m) in which case remarkable under and over prediction occurs.

4.3.2 Incident Swash

The formulas for incident swash from Stockdon et al. (2006) and from Ruggiero et al.
(2004) (one dependent on slope, SinRg01 and another on Hs, SinRg02 are plotted against
the data in Fig. 4.3. SinRg01 performs better than SinRg02 suggesting the importance
of the beach slope on incident swash process. This behaviour seems to be described
correctly by the Stockdon et al. (2006) formula, even if larger scatter is present. The
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Figure 4.2 Observed versus predicted total swash using the formulas of Stockdon et al.
(2006) and Guza and Thornton (1982).
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scatter between observations and predictions increases for all formulas for rising in-
cident swash excursion highlighting criticalities of the predictors for storm induced
swash. Specifically, Ruggiero et al. (2004) formulas underestimates while Stockdon
et al. (2006) both under and over predicts the observations.

4.3.3 Ifragravity Swash

Between the infragravity swash formulas plotted in Fig. 4.4, Ruessink et al. (1998)
and Ruggiero et al. (2004) SIgRg01 seem to diverge the most from the field data (the
former consistently under- and the latter over- predicts). The other formulas generally
reproduce the trend in the observed data in some cases with some large over predic-
tion (Raubenheimer and Guza, 1996; Holland, 1995) and underestimation (by Rug-
giero et al. (2004) SIgRg02, mostly for large swash excursions (> 1.5m). Stockdon
et al. (2006), Holman and Sallenger (1985) and Senechal et al. (2011) better reproduce
infragravity swash observations.

4.3.4 Errors

The errors in swash formulas are summarized in Fig. 4.5. All error metrics resulted
in larger errors in the formula of Guza and Thornton (1982) compared to the Stock-
don et al. (2006) total swash formula (Fig.4.5a) (respectively MSE = 0.2, 0.6 m2,
RMSE=0.5, 0.8 m); both maximum errors indicate over prediction of the field ob-
servations (the former of 1.8 m and the latter of 2.6 m). Error metrics for incident
swash formulas (Fig.4.5b) indicate, consistently with Fig.4.3, that the Ruggiero et al.
(2004) formula including beach slope (SinRg01) has smaller errors than the others, while
the Ruggiero et al. (2004) formula including Hs (SinRg02) has the largest (respectively
MSE = 0.1, 1 m2, RMSE = 0.3, 1 m, MaxE = −1.6, −2.7 m. SinSt errors are
intermediate between the two: MSE = 0.3 m2, RMSE = 0.5 m, MaxE = 1.9 m.
SinSt appears to overestimate the data measured while the other formulas underestimate
observations.

The smallest errors for infragravity swash formulas resulted from the SIgSn formula
of Senechal et al. (2011) in Fig.4.5c. Similar results were obtained using SIgRg02 and
SIgHS while SIgRg01 resulted in the highest MSE (0.8m2) and RMSE (0.9 m) and SIgRG
in the largest MaxE of 2.6 m.

4.4 Discussion

Results show that formulas behave differently with under and over prediction of the
field data depending on the details of the formulation. However some trends can be rec-
ognized. Generally for large swash events (swash > 1.5m) large scatter are found for
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Figure 4.4 Observed versus predicted infragravity swash using the formulas of Stock-
don et al. (2006) (a), Ruessink et al. (1998) (b), Holland (1995) (c), Raubenheimer
and Guza (1996) (d), Holman and Sallenger (1985) (e), Ruggiero et al. (2004) (f,g),
Senechal et al. (2011) (h).
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all formulas (total and infragravity swash is both under- and over- predicted while in-
cident swash is mainly under-predicted). However when looking at extreme conditions
(swash > 2.5m) total and incident swash are strongly underestimated, while infragrav-
ity swash predictions vary for each formulas. The different behavior of the formulas
tested in this chapter could be the direct result of the conditions under which the formu-
las were developed, in other words from the data from which they were initially tested.
For instance a formula developed for a dissipative beach under mild wave conditions
could easily not work well for a reflective beach during storms. It is surprising that for-
mulas developed using experiments on intermediate to reflective beaches (e.g. SIgHS ,
Holman and Sallenger (1985)) predict better the infragravity swash elevation than for-
mulas with similar shape, obtained by experiment performed on a dissipative beach
(SIgHo, Holland (1995)) or under conditions spreading from dissipative to intermediate
(SIgRG, Raubenheimer and Guza (1996)).

The reader should also note that some predictors were already obtained from part
of the dataset used in this chapter (e.g. Stockdon et al. (2006) from 10 of the 13 ex-
periments; Senechal et al. (2011) from the most extreme waves present in the dataset).
This aspect reduces confidence and increases uncertainty concerning the universality of
the formulas tested and further investigation discriminating data on which the formula
were developed, is suggested.

The results of the present chapter are based on the use of three error metrics, in the
future test of the formulas, using more advanced techniques as a sensitivity analysis is
also suggested. The finding here obtained that SinRg01 and SIgRg02 result in smaller er-
rors than SinRg02 and SIgRg01, respectively, is in agreement with Ruggiero et al. (2004).
In their study the formula for incident swash with slope dependence (SinRg01) showed
a better correlation with the observations r = 0.92 than the formula dependent on H0

(SinRg02) r = 0.56. Similarly SIgRg02 correlated better (r = 0.67) with their field data
than SIgRg01 (r = 0.34). Surprisingly, Ruggiero et al. (2004) formulas for both inci-
dent and infragravity swash developed under a limited range of environmental condi-
tions, typically with a fully saturated incident band, perform better than Stockdon et al.
(2006) predictors, obtained from a dataset of 10 intrinsically different experiments (in
terms of beach characteristics and wave forcing). However, Ruggiero et al. (2004) for-
mulas still has a strong bias for high swash values, which are of critical importance
for coastal management and hazard applications. The importance of testing formulas
on large datasets not used for obtaining the predictor itself stands out. The fact that
one single predictor is retrieved from a wide range of environmental conditions, does
not necessarily implicate that it also will perform well on other beaches with likewise
variegate environmental conditions.

This chapter highlights that uncertainty related to the prediction swash excursion
remains and the universality of swash formulas can be questioned. This is relevant
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for swash zone hydrodynamics, sediment transport, coastal management and hazards-
related applications (e.g. flooding and erosion).

Parametric formulas of wave runup (and therefore swash) are often used for as-
sessing coastal vulnerability and hazards (Bosom and Jiménez, 2011; Stockdon et al.,
2007). This work indicates that some predictors perform better than others under al-
most all conditions but particularly during storms and extreme conditions, which are
the most relevant for planning and management purposes. However, it remains unclear
why a certain predictor outperforms another but this work indicates that swash excur-
sion prediction can still result in extremely high errors (maximum errors were almost
of 3m). Caution is needed when applying parametric swash formulas and further in-
vestigation on the applicability of parametric swash formulas for extreme conditions is
recommended.

4.5 Conclusions

This study tests 13 existing swash (total, incident and infragravity) formulations, using
13 published experiments (636 swash measurements) carried out on beaches worldwide,
with the purpose of improving understanding about the universality of those formulas.
Formulas behave differently over and under-predicting the field observations. Gener-
ally total swash formulas both over and under estimate the field data, with Stockdon
et al. (2006) predictor resulting in smaller errors than Guza and Thornton (1982). Inci-
dent swash formulas mainly under predict, with Ruggiero et al. (2004) SinRg01 formula
(including beach slope) resulting in smaller errors. Infragravity swash formulas be-
have differently both over and underestimating the measurements, with Stockdon et al.
(2006), Holman and Sallenger (1985), Ruggiero et al. (2004) and Senechal et al. (2011)
better reproducing infragravity swash.

Two aspects stands out: a) the importance of considering the kind of data used
for developing the formula (and how it might limit) their universality and b) that the
scatter between observations and predictions for large swash excursion increases for all
formulas. Even though several swash formulas have been developed in the literature,
still errors are found (highly relevant to coastal and hazard management applications)
when tested in this chapter. An open question seems to persist: is it possible to create
new formulas of vertical swash, which could be applicable to a wide range of beach
type and environmental conditions, improving predictability?

This and other questions will be addressed in the next chapter (Chapter 5).
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Chapter 5

NEW FORMULATION OF WAVE SWASH BY THE USE OF
MACHINE LEARNING

The main findings of this chapter have been published in Passarella et al. (2018b).

5.1 Introduction

Wave runup, is the final expression of waves travelling from deep to shallow water and
is directly associated with coastal hazards like flooding or erosion. Wave runup height
can be defined from water level elevation time series at the shoreline η(t) as the sum of
two distinguished components: the wave set up (the temporal mean of the time series
〈η〉 relative to the still water level) and the swash η′(t) (the vertical fluctuation of the
water level around the wave set up).

Understanding and predicting swash characteristics is critical for researchers seek-
ing to understand the dynamics of fluid motions and sediment transport in the swash
zone (e.g., Elfrink and Baldock (2002); Masselink and Puleo (2006)), and for managers
and practitioners addressing hazard setbacks, risk and coastal vulnerability (e.g., Bo-
som and Jiménez (2011); Vousdoukas et al. (2012)). Wave runup, (and therefore swash
excursion) is a key component to evaluate inundation hazards and vulnerability to storm
impacts (e.g., Bosom and Jiménez (2011); Stockdon et al. (2007); Serafin et al. (2017)).
Stockdon et al. (2007) found that the wave action counted for about 48 % of the max-
imum total water level during two hurricanes along the USA coast. The problem of
accurate predictions of wave runup and swash on sandy beaches has been a research
topic for over 50 years but today we still struggle to provide reliable quantitative pre-
dictions.

A number of predictors have been developed depending on different combinations
of wave and environmental parameters (Section 2.1.4.1). Stockdon et al. (2006) is the
most commonly used empirical parametrization of runup but, as can be noted compar-
ing Eq. 2.26 and 2.27, the beach slope is missing from the predictor of the infragravity
component of the swash. The dependency (or not) of SIg on beach slope is a topic
that has been debated but not solved (Section 2.1.4.1) and some authors (e.g. Ruessink
et al. (1998)) have indicated that infragravity swash is independent from the beach slope
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while a weak dependence on beach slope has instead been reported by others (e.g., Rug-
giero et al. (2004)). Cohn and Ruggiero (2016) suggested a bathymetric control of the
infragravity swash component through 1D and 2D numerical simulations performed us-
ing Xbeach (where incident swash contribution is excluded) and compared them with
previous formulas (Ruggiero et al., 2001; Stockdon et al., 2006) and field data on dis-
sipative beaches. They suggested that beach morphology (> -2 m MSL) influences the
infragravity component of runup more than the nearshore morphology (< -2 m MSL)
and indicated that including the foreshore beach slope in the formulation of SIg im-
proves predictability. Overall, it remains unclear if and when SIg depends on beach
slope.

The empirical runup formulas mentioned in Section 2.1.4.1 were obtained primarily
by classic regression approaches (e.g., Ruessink et al. (1998); Ruggiero et al. (2001);
Stockdon et al. (2006); Vousdoukas et al. (2012)). Stockdon et al. (2006) predictors
have been tested by various authors on beaches ranging from reflective to dissipative
(e.g., Vousdoukas et al. (2012); Cohn and Ruggiero (2016); Atkinson et al. (2017)).
Predictions using Stockdon et al. (2006) are certainly sound (especially considering the
task of generating a universal formula for vertical swash excursion) even though differ-
ences between measurements and predictions, possibly associated to local conditions,
are inevitably found. More importantly, the regression approach of multiple datasets
first proposed by Stockdon et al. (2006) paves the way for this chapter working hy-
pothesis: can powerful data-driven techniques be used to provide robust, reliable and
realistic predictions of swash excursion?

When enough data exists, Machine Learning (ML) is a viable approach to regres-
sion problems (Section 2.3.2). ML is a sub-discipline of computer science focused on
techniques that allow computers to find insightful relationships between variables in-
volved in swash processes, learning at each iteration (algorithm training and validation)
from the provided dataset. A key goal of ML is to develop predictors that are general-
izable (able to describe the physical process beyond the training dataset itself). Even
though ML in general and GP, in particular, were demonstrated to be able to produce
predictors which improve predictability of coastal process (e.g. Goldstein et al. (2013);
Goldstein and Coco (2014); Tinoco et al. (2015)) they have not being used for obtaining
predictors of wave swash on natural beaches yet.

In this study, the focus is on the use of an evolutionary technique, Genetic Program-
ming (GP), to solve the symbolic regression problem of developing new, optimized
swash predictors. This chapter contributes to coastal protection and hazards mitiga-
tion as well as to enhance the knowledge of swash processes. Particularly, in addition
to the total swash, the infragravity component of the swash is investigated, in relation
to its dependence on the foreshore slope, as it resulted still an open discussion in the
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literature.
In this contribution firstly swash excursion predictors are developed using the orig-

inal dataset of Stockdon et al. (2006), one of the most comprehensive studies in this
area of research. In addition, data from Guedes et al. (2011, 2012), Guedes et al. (2013)
and Senechal et al. (2011) is used to broaden the parameter space and to test the new
swash equations. The data used in this work cover a broad range of swash excursion
including extreme wave conditions (maximum H0= 6.4 m in Senechal, et al., 2011).
High swash excursions, generated by extreme storms, are of particular interest when
studying coastal hazards and protection because they relate to flooding, beach and dune
erosion (Bosom and Jiménez, 2011; Stockdon et al., 2007). The new ML derived re-
sults are also compared to the most widely used predictors from Stockdon et al. (2006).
Finally, the physical interpretation of the GP predictors and how ML can be used to
gain knowledge of the physical process related to the infragravity swash component is
discussed.

Section 5.2 describes and plot the data used. Section 5.3 explores the machine learn-
ing data-driven methodology of Genetic Programming adopted to retrieve the swash to-
tal and infragravity formulas. Section 5.3.1, the supervised ML approach is presented.
In Section 5.3.2 the data pre-processing technique used to decide what data is shown to
the ML algorithm is described along with the techniques used to test the results from
the ML algorithm against the testing data. Results are presented in Section 5.4, re-
sults regarding the GP experiments in Section 5.4.1, the total swash in Section 5.4.2,
the infragravity swash in Section 5.4.3. The results are discussed in Section 5.5 and
conclusions drawn in Section 5.6.

5.2 Data

This work is based on two published video image-derived runup datasets — 13 field
experiments in total. The first dataset (referred to here as the “original dataset” and
displayed in blue circles in Fig. 5.1-5.3) is composed by 491 swash measurements from
10 experiments aggregated by Stockdon et al. (2006). The second dataset (referred to
here as the “new dataset” and represented by red crosses in Fig. 5.1-5.3) consists of
145 swash measurements compiled for this work from three experiments performed by
Guedes et al. (2011, 2013) and Senechal et al. (2011).

The compiled dataset of total and infragravity swash is plotted in Fig. 5.2 and
Fig. 5.3. The compilation of a large dataset deriving from 13 different experiments
requires merging data collected using different techniques and equipment. Details of
each experiment can be found in the original references. Looking at the environmental
forcing conditions, Figure 5.1 shows that the original and new dataset cover similar
ranges of beach slope, while they differ in significant wave height (the new dataset
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Figure 5.1 Environmental forcing conditions (blue circles: original dataset, red crosses:
new dataset): (a) significant wave height versus beach slope; (b) wave peak period
versus beach slope; (c) significant wave height versus wave peak period.

includes wave heights over 6 m) and peak period (the original dataset includes more
short period waves).

Both datasets include recordings of infragravity swash (SIg; m), total swash (STot;
m), beach slope (β) and associated offshore wave characteristics: significant wave
height (H0; m) and peak period (Tp; s). From these measurements the offshore sig-
nificant wave length (L0; m), wave steepness (H0/L0), and Iribarren number (ξ0) are
calculated. Experiments are located in North America, Europe and Oceania and cover
a large range of the environmental condition (see Table 5.1 and Fig. 5.1).

Both datasets include all beach types, from dissipative to reflective. The two datasets
also have a similar range of STot (although the original dataset records a larger swash,
0.2-3.3 m vs. 0.24-2.5 m of the new dataset), SIg (about 0.2-2.4 m for both), and
β (about 0.01-0.1 for both). The two datasets differ in the range of offshore wave
conditions — in the original dataset H0 and Tp range over 0.4-4.1 (m) and 3.7-17 (s),
respectively, while in the new dataset the ranges are 0.6-6.4 (m) and 8.1-16.4 (s).

The dissipative beaches of the original dataset (Fig. 5.4 d, h) are Terschelling
(Netherlands) and Agate (USA), and for the new dataset Ngarunui in New Zealand
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Figure 5.2 Compiled Total swash data (blue circles: original dataset, red crosses: new
dataset) against the environmental variables: significant wave height (a), wave peak
period (b), beach slope (c) and Iribarren number (d), for which beaches are classified
as dissipative (D) for values of ξ0 < 0.23, reflective (R) for ξ0 <1 and intermediate (I)
between the two Short (1999a).
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Figure 5.3 Compiled Infragravity swash data (blue circles: original dataset, red crosses:
new dataset) against the environmental variables: significant wave height (a), wave peak
period (b), beach slope (c) and Iribarren number (d), for which beaches are classified
as dissipative (D) for values of ξ0 < 0.23, reflective (R) for ξ0 <1 and intermediate (I)
between the two Short (1999a).
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Figure 5.4 Total swash dependence on the environmental variables of the original
(a,b,c,d) and new (e,f,g,h) datasets. The variables displayed are: significant wave height
(a,e), wave peak period (b,f), beach slope (c,g) and Iribarren number (d,h). Beaches are
considered dissipative (D) for values of ξ0 < 0.23, reflective (R) for ξ0 <1 and interme-
diate (I) between the two Short (1999a).

79



(although, during the experiment, the beach also experienced intermediate conditions).
The purely intermediate beaches for the original and new dataset are Scripps (USA) and
TrucVert (France). Some beaches of the original dataset (USA) represent both interme-
diate and reflective conditions: Duck 94, Gleneden, Sandy Duck, Delilah and Duck 82.
San Onofre for the original and Tairua (New Zealand) for the new dataset are reflective.

5.3 Methodology

The large amount of data available (636 field swash records), including multidimen-
sional variables, supports the feasibility of a ML approach. The data covers a wide
range of environmental conditions (including extreme storms) and beach type, ensuring
the applicability of our results to sandy beaches spreading from dissipative to reflective.

5.3.1 Genetic Programming

GP is a machine learning approach (defined population-based) which is based on evolu-
tionary computation (Koza, 1994). The four steps which compose the working principle
of GP are summarized in Section 5.3.2. In this chapter, the research of the population
of solutions is stopped after the GP evaluated 1011 formulas because the solutions sta-
bilized and no significant improvement in formula performance was found.

At the end of a routine, when the solutions have stabilized, a final population of solu-
tions exist. A range of final solutions is given by the algorithm — more mathematically
complex solutions (with more variables, operators, and coefficients) that minimize er-
ror are given alongside more simple, parsimonious solutions with a higher error. These
solutions exist along a “Pareto Front” that balances decreases in error with increasing
solution complexity. Given a range of solutions with different error and complexity, the
author do not know of a perfect method for a user to determine the single best solu-
tion from the suite of final solutions — a user must decide on the solution according
to different criteria: minimization of the error, computational time, physical meaning.
In this work, the criterion of minimization of the error is adopted, with an eye toward
the ability to interpret physical meaning from the formulas. A compromise between
error reduction (more complex predictors) and the ability of the predictors to generalize
(predictive power on new data) should be found during the selection of a predictor.

All genetic programming in this study is performed using the software “Eureqa”
developed by Schmidt and Lipson (2009, 2018) which has successfully been used for
a range of coastal problems (e.g., Goldstein et al. (2013); Tinoco et al. (2015). Pre-
dictors of total and infragravity swash elevation are searched — ultimately researching
for the best equation that satisfies STot/Ig = f(H0, L0, β, Tp). Note also that some ex-
periments are performed searching for total and infragravity swash as a function of
composite variables like wave steepness, wave power (Pw), and the Iribarren number.
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Figure 5.5 Schematics of the GP structure and principle of operation for an example of
simple total swash predictor. α1 and α2 are the coefficients, β, H0 and L0 the variables
and +, ∗ and / the mathematical operators.

However, the predictors did not show improvement — also keep in mind that the GP can
autonomously find these interrelationships between the basic parameters themselves,
leading to the appearance of these composite variables in each optimization experi-
ment. In addition to physical parameters, constants are included in the research and the
mathematical operations allowed to the GP are: addition (+), subtraction (-), multiplica-
tion (*), division (/), exponential (∧) and square root (√). Predictors developed on the
training subset are assessed on the validation subset, using an error metric (also known
as fitness function). From the available metrics, selected the mean squared error (MSE,
Eq.(4.2)) is selected.

All selected formulas from the genetic programming routine are further optimized.
First, the formulas are rearranged algebraically to ease interpretation by the user. Sec-
ond, two coefficients of each selected formula are further optimized using a gradient
descent algorithm in an iterative process.

5.3.2 Training, Validation and Testing

In order to obtain generalizable predictors, it is necessary to train, validate and test any
ML routine on distinct and non-overlapping subsets of data (e.g.,Domingos (2012)).
There is no universal, optimal method to select enough data to explain variability of the
dataset while still retaining the most data to use for testing — recent work by Galelli
et al. (2014) highlights that, even with the numerous input variable selection methods
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that have been proposed, there is no single best method for all the typologies of envi-
ronmental datasets, and for all environmental models.

The maximum dissimilarity algorithm (MDA) is adopted as selection routine (e.g.,
Camus et al. (2011)), already successfully tested in other works of predictors developed
by GP for physical problems (e.g., Goldstein and Coco (2014)). The MDA is a routine
for the selection of the most dissimilar points in a given dataset. Each data point is a
vector composed by all the variables of our dataset (η, STot, SIg, Sin, H0, L0, β, Tp,
ξ0, Pw, R), where each variable is normalized between 0 and 1. At each iteration
(i=1. . . n), the MDA finds the most different data point from the data selected in all pre-
vious iterations. Consequently, the MDA selects a diverse set of data from the original
491 data points used by Stockdon et al. (2006). The operator must set the number of
data points selected — the MDA is applied to 150 data points (∼30% of the original
dataset). The analysis is also run using a subset of variables (not including the variables
representing swash elevations) but no significant loss in prediction power of the algo-
rithms developed by the machine learning algorithm was observed. The data selected
by the MDA is used as the training subset and the remaining data (∼70 % of the original
dataset, not selected) is used as validation subset.

The predictors developed by the GP using this training data is tested using the new
dataset from Guedes et al. (2011, 2013); Senechal et al. (2011). This new dataset is
completely independent from the training and unknown at the GP algorithm providing
a test in the ability of the GP parameterization to generalise, even beyond the range
of the testing and validation data (Fig. 1). The performance of our predictors using
the testing data is compared to the Stockdon et al. (2006) predictors using three error
metrics.

The testing phase and for comparing our predictor with known predictors in the lit-
erature the mean square error, as defined in Eq.(4.2), the root mean square error (RMSE,
Eq.(4.3)), and the maximum absolute error (MaxE, Eq.(4.4)) are used, Where N is the
number of measurements in the dataset, yi is observed and xi the value predicted by GP.

5.4 Results

5.4.1 Results of GP experiments

After∼1011formulas were evaluated, the solutions from the GP algorithm for both STot
and SIg follow a “Pareto front” where the error decreases (compared with the valida-
tion subset) as the size (or complexity) of the formula increases. Generally, extremely
complicated predictors fit the training and validation dataset better than simpler predic-
tors but they may lose generalization power when tested on a separate testing dataset
(overfitting). In other words, a predictor with overfitting could represent the noise in the
training and validation subsets instead of defining a general predictive rule (Dietterich,
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1995) and therefore it will result in smaller training errors but in higher testing errors.
Several viable techniques exist for selecting the best solution to avoid overfitting, all
meant to balance the fact that simpler solutions (the minimum description length) might
risk losing more accurate information contained in more complex models (e.g., ONeill
et al. (2010)). Picking a solution is a subjective task, and relies on specific domain
knowledge on the part of the user — here the focus is on predictors with clear physical
plausibility (avoiding predictors with physical nonsense such as increase of STot as H0

decreases) and avoid predictors that are difficult to interpret, (e.g., extremely nonlinear
relationships, possibly a result of overfitting the training dataset). The focus is also on
two predictors for both the STot and SIg, evaluating a simpler and more complex pre-
dictor to determine if the more complex expression warrants use when generalized to
the testing dataset.

5.4.2 Total Swash

Following the principle of error reduction and physical interpretability of the results,
and finally from the pool of candidate solutions available from the GP experiments, two
formulas for STot, one simpler (Eq. 5.1) and one more elaborate (Eq. 5.2) are selected.

STot = 12.314β + 0.087Tp − 0.047
Tp
H0

, (5.1)

STot = 146.737β2 +
TpH0

3

5.800 + 10.595H0
3 − 4397.838β4. (5.2)

Note that the coefficients of both Eq. 5.1 and 5.2 are dimensional. Eq. 5.1 represents
the best solution in terms of error reduction while maintaining a physical interpretabil-
ity. It also stands out for its simplicity and only weak nonlinearity — it looks similar to
a multiple linear regression.

The first term in Eq. 5.1 indicates the dependence of the STot on the beach slope
(direct proportionality: STot increases as β increases), the second term on the only peak
period (direct proportionality: STot grows as Tp increases) and the third (note that is
subtracted to the sum of the other two) indicates the relationship of STot with the ratio
Tp/H0. This ratio increases for long period and small waves. In Eq. 5.2 the first and
the third term depend exclusively on β, while the second term includes the contribution
of the incident waves.

For understanding the different contribution of the three terms of Eq. 5.1 and 5.2,
5 simple case studies (Table 5.2) are evaluated. The case studies combine minimum
and maximum environmental forcing conditions of the new dataset varying β,H0, Tp

(excluding the minimum H0 because resulting in too small swash for coastal hazard
applications), results are displayed in Fig. 5.6.
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Table 5.2 Cases used for evaluating the contribution of terms of Eq. 5.1 and 5.2 to STot
prediction.

The second term of Eq. 5.1 has a higher weight than the third (Fig. 5.6 a). This
difference in weight between the second and third term is enhanced as the wave height
grows. Therefore from this formula seems that the contribution of Tp is more important
than H0. The First term is smaller than the other two for small β (e.g. 0.01 minimum
of new dataset, case 1 and 2 in Fig. 5.6 a) while it overpasses them for higher values of
slope (e.g. 0.13 maximum of new dataset case 3 and 4 in Fig. 5.6 a). While Eq. 5.1
describes more linear aspects of the problem, in Eq. 5.2 more non-linear terms appear,
adding possibly useful information about the swash process.

Figure 5.6 Contribution of terms of 5.1 and 5.2 to total swash predicted for 5 case
studies.

The weight of the single terms in Eq. 5.1 varies depending strongly on the val-
ues assumed by the variables: β,H0, Tp (Fig. 5.6 b) probably due to the nonlinearity
introduced in this more complicated model. For instance:

• typically for small values of β the terms assume an importance with decreasing
order: second, first and third. Eq. 5.2 indicates that in this case, the beach slope
terms count greatly less than the term of the incoming waves (mostly indepen-
dently form variation in H0 and Tp).
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• However for greater β the first term has a higher weight than the other two, and
in this case variations in wave conditions influence the relative importance of the
second term (changes form Case 3 to 4).

• The second term is bigger than the third for large waves (H0 = 6.4 m and Tp =

16.4 s, corresponding to the maximum recorded of the new dataset at the beach
TrucVert) while the third seems to exceed the second for smaller waves (e.g. case
3: H0 = 2.5 m and Tp = 8.1 s) but, a decrease in slope drastically reduces the
contribution of the third term

The behaviour described by both Eq. 5.1 and Eq. 5.2 captures the observations
of the new dataset (note that predictors are found by algorithm trained on the original
and not on the new dataset). Similar total swash is recorded at TrucVert (intermediate)
and Tairua (reflective) beaches, even though the wave height and period during the
TrucVert experiment are much higher than at Tairua. On steeper beaches for same wave
input (case 5 to 4) the total swash grows, demonstrating the ability of GP to produce
predictors which correctly describe the behaviour of different beach types. The distinct
contributions of H0 and Tp cannot be easily deduced in Eq. 5.2 because of the non-
linear relationships. Generally, STot grows as the waves increase in both H0 and Tp. As
for Eq. 5.1, it seems that an increase in Tp (case 1 to 2) corresponds to an increase in
STot.

The total swash in both GP predictors is related to the wave peak period (instead of
wave length) different from previous formulations (e.g. Stockdon et al. (2006); Holman
and Sallenger (1985)). Recently also Poate et al. (2016) used the wave peak period in
their runup predictor for gravel beaches. The use of the peak period instead of the wave
length has no influence on the physics of the predictor but could allow the users a more
direct utilization of the formula.

Figure 5.7 displays a comparison of performance of swash predictors obtained through
the ML approach (Fig. 5.7a, 5.7b) and Stockdon et al. (2006) (Fig 5.7c), on the training
and validation dataset. This does not constitute a test of the predictors, only a con-
sistency check to see that the predictors are modelling the training and validation data
appropriately. Overall Eq. 2.25 shows a higher scatter in the whole original dataset
(details on the errors can be found in Table 5.3). It is not clear why all formulas do not
successfully fit the data Duck 82 and Delilah (especially for STot > 2 m). The Stockdon
et al. (2006) predictor shows scatter at larger total swash, while the GP predictors show
slight underfitting of swash elevation during large events. Stockdon et al. (2006), Eq.
2.25, 2.26 and 2.27 in this contribution, mostly underpredicts the data with the exclu-
sion of the Duck 82 dataset, which is largely over predicted for high values of the swash
excursion. Both GP predictors more accurately fit data from dissipative beaches (Agate
and Terschelling) compared with the Stockdon et al. (2006) formula.
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Figure 5.7 Observed versus predicted STot using (a) GP Eq. 5.1, (b) GP Eq. 5.2 and
(c) Stockdon et al. (2006) Eq. 2.25 for the original dataset (Stockdon et al., 2006). This
is not a test of any predictor, only a consistency check — all data was shown to the GP
algorithm and used to generate the linear regression in panel c.

Figure 5.8 Observed versus predicted STot with the new independent dataset. (a) GP
Eq. 5.1 , (b) GP Eq. 5.2 and (c) Stockdon et al. (2006) — Eq. 2.25.

86



Ta
bl

e
5.

3
R

es
ul

ts
of

er
ro

rm
et

ri
cs

fo
rb

ot
h

to
ta

la
nd

in
fr

ag
ra

vi
ty

sw
as

h,
ca

lc
ul

at
ed

fo
rt

he
G

P
pr

ed
ic

to
rs

an
d

St
oc

kd
on

et
al

.(
20

06
)o

n
bo

th
or

ig
in

al
an

d
ne

w
da

ta
se

ts
.T

he
re

su
lts

ca
lc

ul
at

ed
w

ith
th

e
or

ig
in

al
da

ta
se

t(
in

ita
lic

s)
do

no
tr

ep
re

se
nt

a
te

st
of

an
y

pr
ed

ic
to

r,
on

ly
a

co
ns

is
te

nc
y

ch
ec

k
al

l
or

ig
in

al
da

ta
w

er
e

sh
ow

n
to

th
e

G
P

al
go

ri
th

m
an

d
us

ed
by

St
oc

kd
on

et
al

.(
20

06
).

87



Figure 5.8 shows the observed versus the predicted STot — both GP models and
Stockdon et al. (2006) — for the new, ‘testing’ dataset. Note that swash values (0- 2.5
m) are lower than the maxima observed in the original data set, but these values repre-
sent absolutely new, out of sample prediction for all equations. Overall the Stockdon
et al. (2006) formula has higher scatter than both GP predictors (Fig. 5.8), and consider-
ably overestimates swash measurement of Truc Vert (intermediate beach under extreme
highly energetic wave storm) and Ngarunui (dissipative beach under mild wave condi-
tions) while underestimates the observations at the reflective beach of Tairua. Equations
5.1 and 5.2, from the GP routine, perform similarly (Fig. 5.8 a, b).

5.4.3 Infragravity swash

The two formulas selected for describing SIg are Eq. 5.3 and the more complex Eq.
5.4:

SIg = 10β +
β

β − 0.306
+

H0 − 0.456

0.447 + 136.411(H0

L0
)

(5.3)

SIg =
β

0.028 + β
+

(−1)

2412.255β − 5.521βL0

+
H0 − 0.711

0.465 + 173.470(H0

L0
)
, (5.4)

As in the case of STot, the coefficients of Eq. 5.3 and 5.4 for SIg are dimensional.
The reader should also note that both formulas depend on the beach slope in contrast
with Ruessink et al. (1998) and Stockdon et al. (2006), Eq. 2.27, but in agreement
with other slope inclusive predictors (Ruggiero et al., 2001, 2004). Eq. 5.4 represents
the best solution in terms of error reduction while maintaining physical meaning and
Eq. 5.3 is a simpler predictor where the contribution of beach slope and waves to
infragravity swash remains separate.

Both Eq. 5.3 and 5.4 have the same nonlinear term H0−0.456
0.447+136.411(

H0
L0

)
, with slight

difference in the coefficients, that describes the incoming waves. The threshold that
flips this term from negative to positive is related to wave height and is probably an
indication that for small waves the infragravity component is extremely limited (this
term needs to be negative to compensate for other terms that only depend on beach
slope and provide a constant contribution). The ML predictor not only suggests that
the beach slope is important when predicting infragravity swash but also indicates a
nonlinear interaction between waves and beach morphology through the wave length
(second term of Eq. 5.4).

To evaluate the role of each term of Eq. 5.3 and 5.4 the same case studies as for
STot are used (Table 5.2).
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Figure 5.9 Contribution of terms of 5.3 and 5.4 to infragravity swash predicted for 5
selected case studies.

The second term assumes higher values than the other two only in case 2 (Fig. 5.9b)
because of the combination of long waves with low sloping beach. In both formulas,
contrary to what suggested previously (e.g. Stockdon et al. (2006)) the factors regarding
wave characteristics do not always have a higher weight in the formulas. Indeed the
terms containing the beach slope can be prevalent (case 3 for both Eq 5.3 and 5.4 and
also case 2 for Eq. 5.4, in which case, the interaction between beach slope and wave
length is the leading term). These formulas suggest that more studies could be necessary
to study the influence of beach morphology on the infragravity motion for shorter waves
on steep beaches (case 3), and for longer waves on low sloping beaches (case 2).

Figure 5.10 displays a consistency check, highlighting the performance of swash
predictors obtained through a ML approach (Fig 5.10a, b) and Stockdon et al. (2006)
(Fig 6c), on the training and validation dataset. It is not clear why all formulas provide a
less precise prediction with data from Duck 84 and Duck 82 but it is noted that these two
experiments focused on intermediate to reflective conditions with relatively large wave
conditions (Table 5.1). Generally, the three formulas seem to perform similarly. Some
differences are found in dissipative settings (i.e., Agate and Terschelling) —predictions
by Stockdon et al. (2006) tend to overestimate SIg compared to the GP predictors.
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Figure 5.10 Observed versus predicted SIg using (a) GP Eq. 5.3, (b) GP Eq. 5.4 and
(c) Stockdon et al. (2006) Eq. 2.27 for the original dataset (Stockdon et al., 2006). This
is not a test of any predictor, only a consistency check — all data was shown to the GP
algorithm and used to generate the linear regression in panel c.

The same difficulty in predicting swash excursion on a dissipative beach is observed
on Ngarunui (Fig. 5.11). Even though this experiment was performed under mild wave
conditions (H0 ≈ 0.6-1.26 (m) and Tp ≈8.1-12.4 (s), Table 5.1) compared to the exper-
iments at Agate and Terschelling. Note that dissipative beaches are the one were the
infragravity motion has greater importance. Also Truc Vert presents dissipative condi-
tions in the swash zone, while the surf zone is intermediate (ξ0 up to 0.87 as reported
by Senechal et al. (2011)). For this experiment Eq. 5.3 and 2.27 (Fig. 5.11 a, c) over-
estimate SIg while Eq. 5.4 has better performance for the dissipative beach Ngarunui,
suggesting that it could be the most appropriate for SIg predictions.

Overall the GP predictors perform better than the Stockdon et al. (2006) formulation
for all the error metrics considered and for the new testing datasets (for both STot and
SIg). While for STot the predictor of smaller size performs better than the more complex
predictor, for SIg the errors decrease with increasing GP predictor size (Eq. 5.3 to 5.4),
when tested on the new dataset. Eq. 5.1 has the smallest RMSE (0.272 m), MSE (0.074
m2) and MaxAE (0.695 m) of the STot formulas, evaluated on the new dataset, while
the predictor from Stockdon et al. (2006) — Eq. 2.25 — has the highest RMSE (0.570
m), MSE (0.325 m2) and MaxAE (1.771 m). Eq. 5.4 performs slightly better than Eq.
5.3 in predicting SIg evaluated on the new dataset, while the difference is larger when
compared to the predictor from Stockdon et al. (2006) — Eq. 2.27.
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Figure 5.11 Observed versus predicted SIg with the new independent dataset. (a) GP
Eq. 5.3 , (b) GP Eq. 5.4 and (c) Stockdon et al. (2006) — Eq. 2.27.

5.5 Discussion

In this work, the data compiled by Stockdon et al. (2006) are used to build new predic-
tors, by the use of GP, for both total and infragravity swash elevations. The generaliz-
ability of these new predictors is then tested using new data (including some extreme
conditions). This is different from many previous applications of ML in coastal set-
tings in two ways: First, the ML-derived predictor is tested on data that is collected
from a different setting (compared to the training data) — three beaches not included
in the training data. Second, the testing data includes events that are outside the data
range of the training data — the ML-derived predictor is extrapolated as a test of its
generalizability. A single criterion is not assumed for the selection of the best predic-
tors, but a compromise between error reduction (on the testing dataset) and the physical
interpretability of the results is found.

Results demonstrate that the GP predictors proposed in this work perform better
than existing formulas and that ML can identify nonlinear relationships between the
variables of this problem. Specifically, Eq. 5.4 introduces the dependence of SIg on
the beach slope, but also its nonlinear relationship with the wave length. Furthermore,
solutions for SIg found by the GP algorithm with the smaller size (not shown) show a
simple linear dependence on H0 with a constant (identical to early formulation of wave
runup e.g. of Guza and Thornton (1982)). More complex predictors add a dependence
on L0,

√
H0L0 (similar to Eq. 2.27 — from Stockdon et al. (2006) and H0

L0
.

The GP algorithm found solutions for SIg that include the beach slope (β), a vari-
able that is never excluded from predictors of further increasing size. Because the can-
didate solutions resulted from GP experiments follow a “Pareto front” distribution in
which the increase in fitting (smaller MSE) grows as the size of the formula rises, the
continuous inclusion of β for more complex predictors implies that including β in SIg
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formulation reduces prediction error. The improvement of classic empirical techniques,
by innovation in data-driven methodologies, has already been discussed (e.g. the case of
depth-averaged velocities over model vegetation by Tinoco et al. (2015)). Experiments
based on GP also highlighted a way to focus on and add dependencies in predictors
describing coastal processes (e.g. grain size in the case of prediction of ripple wave
length by Goldstein et al. (2013)). The predictors proposed in this work perform well
on a wide range of environmental conditions, including, as defined by Nicolae Lerma
et al. (2016), the highest stormy condition dataset (Truc Vert beach) recorded in the
field and available in the literature. Furthermore, the work here demonstrates that ML
derived results, when physically plausible, may be generalizable beyond the limits of
the training data, extrapolating to a novel, out of the sample data set.

Looking at the limitation of the proposed models, the variables taken into account
(H0, Tp, L0, β) are easily accessible but also oversimplify the processes that affect
swash. For instance, the influence of the wave directional spread (Guza and Feddersen,
2012)) and of the cross-shore wind component and the tidal range (Vousdoukas et al.,
2012) is not included. However, in order to include these and other aspects (e.g., role
of underwater vegetation, nearshore bathymetry) it is necessary to perform more field
experiments that record swash, runup and other relevant variables. An additional limita-
tion is that the swash formulas obtained in this study approach a nonzero value as wave
height approaches zero. While this is physically incorrect, the data used in the analy-
sis does not include the limit condition of ‘no waves-no swash’. Consequently, even
if the GP formulas obtained do not correctly predict the limit condition corresponding
to a no wave scenario, the prediction for both datasets has smaller errors compared to
commonly used formulas. Generally, the results from machine learning technique are
strictly related to the range of the training and validation datasets (original dataset in
Fig.5.1). This work demonstrated that the applicability of the predictors can sometimes
be used beyond the range of the testing dataset (new dataset in Fig. 5.11). However it
is unknown how predictors will perform in settings beyond those in the present work
— future tests on new field data are therefore recommended. Furthermore, parameteri-
zations always work better when free parameters are optimized to a given site by using
existing data and it should be considered when proposing universal parameterizations.

The results of this chapter contribute to the discussion on the role of beach slope
on the prediction of the infragravity component of the swash. The GP algorithm found
a SIg dependence on beach slope and increasingly more complicated formulas (i.e.,
more precise predictions) found by the GP all include beach slope as one of the predic-
tive variables. This result is in line with studies such as Ruggiero et al. (2001, 2004)
and in contrast with Stockdon et al. (2006), Senechal et al. (2011) and Ruessink et al.
(1998). Although difficult to quantify and extremely simplified (this parameter together
with sediment diameter should integrate the effect of the entire cross-shore profile), our
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results suggest that some parameter involving the beach profile should be considered
when predicting runup characteristics.

The results found in this chapter are relevant for a variety of applications where the
errors related to empirical formulation obtained by classic regression techniques could
be reduced. For instance, in the case of coastal hazards, Stockdon et al. (2006) formu-
lation for wave runup is used by Serafin et al. (2017) for their extreme total water level
estimation and by Bosom and Jiménez (2011) in their framework for coastal hazards
assessment. Accuracy in runup formulation has consequences for risk and vulnerability
assessment as coastal management maps (De Muro et al., 2017a; Perini et al., 2016),
and other several studies regarding sediment transport (Puleo et al., 2000), swash zone
hydrodynamics and (Puleo and Torres-Freyermuth, 2016).

5.6 Conclusions

Starting from a large dataset covering a wide range of swash, beach and wave field char-
acteristics, two new predictors for total and infragravity swash elevations are developed,
using the machine learning technique of Genetic Programming. The new formulas are
tested and compared with previously developed and largely accepted parameterizations
of swash (e.g., Stockdon et al. (2006)) using independent published datasets. Results
of the two GP predictors selected (one for total and one for infragravity swash) show
better performance compared with the formulation of Stockdon et al. (2006), evalu-
ated using an independent (unknown to the algorithm) dataset (which included extreme
highly energetic wave storm, particularly relevant for coastal hazards). This work con-
tributes to reducing the uncertainty in predicting the swash excursion and consequently
in assessing the coastal vulnerability and hazards (e.g. inundation) which depend in
part upon wave swash (Bosom and Jiménez, 2011). A better prediction of swash excur-
sion could also influence retreat or accommodation strategies and integrated planning
for the mitigation of coastal hazards. Furthermore, GP results indicate that the beach
slope influences the infragravity component of the swash — GP predictors improve in
performance when the beach slope was included. Therefore is concluded that beach
slope is a relevant parameter when predicting the infragravity component of the swash
elevation, even though this is contrary to several previous studies (e.g., Stockdon et al.
(2006); Ruessink et al. (1998); Senechal et al. (2011)). This have important implica-
tions for coastal management highlighting that eventual impacts on beach morphologies
(e.g. beach slope modification by beach cleaning and seagrass wrack removal by heavy
vehicles) may strongly impacting wave runup. ML and specifically GP can be a use-
ful tool for data-rich problems providing robust predictors and possibly also physical
insight. The role and importance of the scientist are not reduced or substituted by the
machine but instead improved thanks to a powerful data analysis tool.
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Chapter 6

FIELD MEASUREMENTS OF SWASH OSCILLATION WITH
PRESENCE/ABSENCE OF SEAGRASS BEACH-CAST LITTER

(Posidonia oceanica BANQUETTE)

A field experiment was carried out for measuring swash oscillations, coastal waves
and environmental conditions with the presence of the seagrass Posidonia oceanica in
a wave-dominated urban beach in the Western Mediterranean Sea (Cagliari, Sardinia,
Italy). The main findings of this chapter will be published in peer-reviewed international
journals.

6.1 Introduction

In the last decades, several strategies are proposed to mitigate coastal hazards also in-
duced by climate changes, including managed retreat and accommodation strategies
(accommodating natural processes), or protection strategies building of rigid structures
or soft intervention, impacting, however, the natural coastal processes and landforms
(Masselink et al., 2012a; Nordstrom, 2013). Nowadays, innovative techniques are look-
ing to include vegetation in coastal protection strategies (Demuro and De Falco, 2010;
Möller et al., 2014; De Muro et al., 2017b) and proposing ecosystem-based coastal
defence (Temmerman et al., 2013). In fact, it was recently shown how the use of
ecosystem-based management, in general, could result in an excellent compromise
(Barbier et al., 2008).

In this context to preserve, where present, the natural vegetation is becoming even
more crucial (Demuro and De Falco, 2010) and understating coastal processes/vegetation
interaction seems fundamental. In fact, the role of vegetation in protecting the coast
from erosive processes or flooding events is acquiring increasing scientific interest
(Loder et al., 2009; Borsje et al., 2011; Guannel et al., 2015; Vacchi et al., 2017). Even
during storm events with high storm surge levels salt marshes demonstrated to dissipate
waves efficiently and coastal protection scheme was suggested to account for vegetation
ecosystems (Möller et al., 2014). The role of several kinds of vegetation in coastal pro-
tection was largely studied (e.g. seagrass, mangroves, salt marshes) however, still gaps
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exist. In this framework, most of the studies regarding seagrass looked at the influence
which seagrass has on waves and currents (e.g. wave dumping) in both laboratories
(Luhar et al., 2010; Maza et al., 2015) and field (Luhar et al., 2013; Infantes et al.,
2012).

An aspect which received relatively less interest, lacking quantitative assessment, is
the effect of seagrass beach-cast litter on waves and coastal protection, which is clearly
declared in the literature (e.g. Boudouresque et al. (2015)) even though the discussion is
still open (Gómez-Pujol et al., 2013). Vacchi et al. (2017) in a recent review highlight an
open issue regarding particularly the role in beach protection by seagrass depositions
on the beach face and the interaction of banquettes with approaching waves. It was
largely observed that in some cases the amount of seagrass litter which can deposit
on the beach face and back beach, can be enormous with 9000 m3 of accumulation
peaks recorded in the Western Mediterranean (Simeone and De Falco, 2012). These
deposits can reach and influence the dune development and within the banquettes over
60 kg/m3 of sediments can remain trapped (De Falco et al., 2003; Vacchi et al., 2017).
Recalling that it is clear how beach-cast litter modifies the cross-shore beach profile, it
seems logical that it leads to important modifications to swash motion and erosional/
depositional processes on the beach face. From the author knowledge, the influence of
seagrass beach-cast litter on wave swash was never studied, quantified or recorded on
the field.

Although the seagrass influence on hydrodynamics was largely discussed in the
literature (Luhar et al., 2010; Infantes et al., 2012; Maza et al., 2015; Luhar et al., 2013)
and the role of seagrass in protecting the beach from wave action and erosion is largely
stated (Boudouresque et al., 2015) the quantification of seagrass berm effect on wave
runup seems not to be assessed and measured yet. The limited studies about seagrass
depositions morphodynamics and its role in beach protection (Jeudy de Grissac, 1984;
Jeudy de Grissac and Audoly, 1985; Mateo et al., 2003) in Gómez-Pujol et al. (2013)
are mainly of qualitative nature. This gap in the literature could be linked to the lack of
studies relating the seagrass beach-cast litter and the swash hydrodynamics. Only few
examples of studies regarding seagrass deposits morphodynamics in relation with storm
events exist, (Gómez-Pujol et al., 2013; Simeone et al., 2013) This lack of investigation
suggests: how in turn seagrass beach-cast litter on the beach face and berm influences
the wave runup and swash process?

The wave swash represents the moving water surface at the beach face (uprush and
backwash between the upper and lower limit of runup). During extreme conditions
wave runup can account for about 60% of the total water level (Serafin and Ruggiero,
2014), reach the dune, contribute to important (although natural) erosive processes, or
flooding within inhabited areas (Komar, 1998; Ruggiero et al., 2001). Wave runup is
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included in frameworks for assessing coastal hazards and vulnerability and represents
a key parameter largely adopted by coastal managers, engineers, scientists and practi-
tioners when dealing with coastal hazards, climate change management and mitigation
(Perini et al., 2016; Bosom and Jiménez, 2011; Vousdoukas et al., 2012). However,
the influence of vegetation on this process presents still limited investigation. Some at-
tempts were made both from laboratory (John et al., 2016) and numerical studies (Guan-
nel et al., 2015) however, still gaps exists. No field campaigns are known to the author
which investigate wave swash and runup in the case of the presence of vegetation. Fur-
thermore, a quantification of the influence of seagrass deposits on the above-mentioned
processes seems also lacking in the literature. A better understanding and quantifica-
tion of vegetation influence on wave runup and swash process could be critical for 1)

coastal hazards and climate changes management, prediction and mitigation, as well
as for 2) enhancing swash zone hydrodynamics and sediment transport knowledge and
modelling during these conditions.

This chapter describes a new high-resolution coastal video monitoring system in-
stalled in an urban wave-dominated beach in the Mediterranean Sea (Italy) and provide
measurements of wave swash, never previously coupled with the presence-absence of
seagrass litter (banquette) on the swash and back-beach zones. This chapter aims to en-
hance the knowledge of the influence of beach-cast litter (deposited on the beach face
and berm) on the swash process, and consequent implications for beach protection and
management. Section 6.2 describe the field study site. The experimental design, the
setting and calibration of the new coastal video-monitoring system, the methodology
adopted for image processing and swash extraction is reported in Section 6.3. Section
6.4 shows the findings of the present study. Wave runup and vegetation results are
discussed in Section 6.5.1 while seagrass beach-cast litter morphodynamics in Section
6.5.2. Conclusions are drawn in Section 6.6.

6.2 Field Site

The study area (Fig. 6.1 b) ”Poetto Beach” is located in the western Mediterranean, in
the Gulf of Cagliari, Italy. It is an 8 km long and about 100 m width sandy beach, the
shoreface is characterized by a wide Posidonia oceanica meadow and it is confined to
the west by Sella del Diavolo Promontory (Brambilla, 2014; Brambilla et al., 2016).
The beach is characterized by sediments classified as fine and very fine sand for the
submerged beach and medium and coarse for the emerged beach (Brambilla, 2014).
Poetto beach is classified as dissipative or intermediate depending from the beach sector
considered, with morphodynamic states (Wright and Short, 1984; Short, 1999b, 2006)
which can vary between longshore bar-trough (LBT), rhythmic bar and beach (RBB),
transverse bar and rip (TBR) and low tide terrace (LTB) (Brambilla, 2014; Brambilla
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et al., 2016). However, the section of the beach analysed in this chapter is mainly
intermediate characterized by LBT morphodynamic state (Brambilla, 2014; Brambilla
et al., 2016).

Dominant winds in the study area come from north-west but the winds which give
rise to principal wave events come from southern directions (De Muro et al., 2018).
The beach is in fact exposed mainly to storms from south-east (41 % of the total en-
ergy) south-west (20%) and south-south-east (10%) directions, with a fetch which can
overpass 500 km. However, the average wave climate is mild (Hs ≈ 1m) and the
tidal excursion generally does not exceed 0.4 m (De Muro et al., 2018; Brambilla et al.,
2016).

This beach can be defined an urbanized beach as it is subject to severe human pres-
sure due to tourism (100000 visitor estimated per day) and nourishment works (Bram-
billa et al., 2016; De Muro et al., 2017a, 2018).

6.3 Methodology

6.3.1 Experimental Design

The experiment was performed within the wider framework of the project NEPTUNE,
acting in the Gulf of Cagliari, studying the coastal geomorphology and hydrodynam-
ics of the area. The experiment was explicitly planned for this PhD thesis research, for
recording contextual swash excursion with the contrasting presence-absence of seagrass
litter deposition on the beachface. Environmental conditions were monitored during the
experiment including hydrodynamical, topo-bathymetric, morphological and meteoro-
logical conditions (a weather station was installed in the study site). Acoustic wave and
current meters were also set to acquire data contemporaneous to the acquisition interval
of the newly installed low-cost video-monitoring system. Contextual cross-shore beach
profiles were also acquired by the means of RTK D-GPS surveys. All field data of the
experiment are geo-referenced based on the UTM-WGS84 datum coordinate system
(UTM zone 32N) and then corrected by local benchmarks.

6.3.1.1 Setting a New Coastal Video-monitoring System

The installation of a new coastal video-monitoring system for hydro- and morpho-
dynamic research purposes is considered a challenging process (Vousdoukas et al.,
2011). In fact, it requires to overcome difficulties, as in this case, related to data stor-
age, planning, installation, management, calibration, rectification and geo-referencing
of a high-resolution video-monitoring system. In order to overcome those hardships,
the procedure applied to the current system follows workflows of previously installed
coastal video-monitoring frameworks (Holland et al., 1997; Archetti and Zanuttigh,
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2010; Vousdoukas et al., 2011; Taborda and Silva, 2012). The procedure followed here
for the setting of a new video-monitoring system consists firstly, in selecting adequate
video-cameras and lens according to the purpose of the study. Secondly, the selected
instrument was installed at the highest location available in the study area. Thirdly, the
system acquisition was set for ensuring that the observation of the temporal and spa-
tial scale of the phenomena studied is guaranteed. As a fourth step, the system needs
to be corrected for lens distortions (camera calibration and image correction). Then
calibrated images are rectified and image coordinates transformed into real-world co-
ordinates (transformation of oblique images into corresponding plan view images). At
this point, images are ready for further processing aimed to features extraction for quan-
tifying the investigated coastal process (in this case time stacks images are created for
wave swash digitalization).

Two cameras were installed for this research, monitoring coastal processes at the
urban beach ”Poetto”. The main purpose is to increase the understanding of seagrass
influence on near-shore and swash processes, starting from field observations. The sys-
tem is operating from October 2016 onwards and the data used for this work are span-
ning the same operational period of an Acoustic Wave and Current Profiler (AWAC)
and an Acoustic Doppler Profiler (ADP) from 30/03/2017 until 17 /05/2017. Only data
from Camera 1 and AWAC are used for the purpose of this chapter, which was set for
wave runup measurements with presence-absence of seagrass litter on the beachface.

The digital IP video-cameras selected are two 12 Megapixel Ultra HD Network
Cameras (Ajhua Technology, model DH-IPC-HF81200E, Fig. 6.1 a) which ensure a
high-resolution dataset. Camera 1 was installed on the Sella del Diavolo Promontory
(UTM coordinates: 4337871.75179 m North, 513664.756181 m East) at a high of 125
m above SWL, using an existing steel structure of a previous video-monitoring system
and powered by solar panels (Brambilla, 2014; Brambilla et al., 2016). Camera 2 is
installed on the roof of the Marino Hospital building (UTM coordinates: 4340526.002
m North, 515027.048 m East) at 34 m height (Fig. 6.1), where the data from both
camera 1 and 2 are received. The system is set to record snapshots for 6 times per
day (starting at 07:30 a.m. local time) every 2 hours, for 30 minutes long intervals at
a frequency of acquisition of 4Hz. The high amount of data collected, due to the high
spatial and temporal resolution required by the experiment, are stored in a local server
before analysis.

In order to correct the images from the distortions induced by the camera lens the
internal camera parameters were computed (e.g. focal length, principal point position,
radial and tangential distortion coefficients). The calibration of the coastal video mon-
itoring system was performed using 14 selected snapshots of a regular pattern, posi-
tioned at numerous different angles from the camera (Fig. 6.2). The images were ac-

98



Figure 6.1 (a) Video-camera adopted for coastal video-monitoring station at Poetto
beach. (b) Location of the study area in Western Mediterranean Sea, Cagliari Gulf,
Sardinia, Italy. (c) 3D view of cameras, weather station, AWAC and ADP location
during ”Poetto” experiment, courtesy of Google Earth.
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quired at the installation location of the cameras (including camera cover lens effects)
with the selected working focal length of the experiment. Thanks to the calibration
images, a relation between the geometry of calibration objects (chessboard) and their
re-projection by the camera is created. The calibration process was implemented us-
ing the open source toolbox ”Camera Calibration Toolbox for MATLAB” (Jean-Yves
Bouguet, 2018), largely adopted in the literature for coastal studies (e.g. Vousdoukas
et al. (2011); Taborda and Silva (2012)). The size of the acquired images is nx = 4096,
ny = 2160 pixels.

Figure 6.2 Calibration images mosaic used for Camera 1 Calibration.

The results of Camera 1 calibration are reported in Fig. 6.3 and 6.4,
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Figure 6.3 Tangential (upper panel) and radial (lower panel) components of camera 1
distortion model.The effects of the distortion introduced by the lens is shown for pixels
image, blue arrows indicate the displacement of pixels due to lens distortion. Contour
line indicates pixel displacement. The center of the image (cross) and the principal
point (circle) are also reported in red.

The complete distortion model (including radial and tangential components Fig.
6.3) resulted by Camera 1 calibration process is reported in Fig.6.4. The distortion
resulted dominated by the radial component as already found in previous coastal studies
adopting non-metric cameras (Taborda and Silva, 2012). From these results, undistorted
images were created and stored automatically for selected time intervals of interest, by a
MATLAB routine. The undistorted images resulted in errors of the order of 0.15 pixels.
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Figure 6.4 Results of camera 1 lens calibration, complete distortion model. The effects
of the distortion introduced by the lens is shown for pixels image, blue arrows indicate
the displacement of pixels due to lens distortion. Contour line indicates pixel displace-
ment. The center of the image (cross) and the principal point (circle) are also reported
in red.

The acquired images once corrected by lens distortion are rectified and geo-referenced
by the means of 14 ground control points (GCPs) collected by RTK DGPS surveys
and contemporaneously recorded by camera 1 within the study area. For each GCP
the image coordinates in pixel (2D) are associated with real-world ground coordinates
(3D). The correlation between GCPs image and ground coordinates was found manu-
ally by the operator. The above information is necessary for accomplishing the proce-
dure of image orto-rectification shown in Holland et al. (1997) and solving, therefore,
the collinearity equations. This technique defines the correlation between the ground
coordinates, the image coordinates and the projection centre. Thanks to the knowl-
edge of the internal (results of camera calibration) and external (real-world camera po-
sition and orientation) camera parameters, the image orto-geo-referencing problem is
solved. In other words, the deformation due to the obliquity of the camera is corrected
with this procedure (the reason why it is necessary to install the camera at the highest
location available in the study area - for camera 1 installation heigh is 125 m above
SWL). The resulting plan view images are created on a grid of 0.15 x 0.15 m. The root
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mean squared error for the GCPs resulted for the longitude and latitude respectively
RMSEE= 0.13 m and RMSEN= 0.38 m. An example of a rectified geo-referenced
image is given by Fig. 6.5.

Figure 6.5 Geo-referenced rectified snapshot, UTM zone 32N, during 28/04/2017
wave event with banquette deposited on T1. Circles indicates locations of GCPs used
for image rectification for Camera 1 and asterisk the cross-shore begging and ending of
time stacks on T1 (green) and T2 (yellow).

6.3.1.2 Monitoring Environmental Conditions

Contextual and contemporaneous measurements of environmental conditions at the
study site were performed during the experiment. An AWAC by Nortek and an ADP
by Sontek were installed at 18.5 and 8 m depth respectively (Fig. 6.1 c and Fig. 6.6).
The AWAC was installed within an intermatte (an opening in the Posidonia oceanica

meadow) on sandy substratum and it was operating at 1MHz, from 30/04/2017 at 7.32
a.m. to 17/05/2017 at 03.32 p.m. (local time). The instrument worked for about 20 min-
utes at the beginning of the hour with a burst every 2 hours in order to be synchronized
with camera acquisition intervals. Waves samples were set as 2048 at a sampling rate
of 2 Hz. Once the instrument switched from wave to current measurements the follow-
ing settings were used: averaging interval of 120 s, profiling interval 7200 s. Internal
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AWAC processing provided statistical wave parameters (e.g. significant wave height,
mean and peak period). Wave measured were back-shoaled by means of linear wave
theory in order to obtain deep water wave data. The head of the instrument was installed
at 0.5 m from the seabed. The current data consists of one measurement every vertical
cell of 0.5 m height, starting from a blank distant of 0.4 m due to instrumental working
principle constraints. Additional current measurements were collected in the surf zone
by an Acoustic Doppler Profiler (ADP 500kHz by Sontek), located in correspondence
of an opening of the Posidonia oceanica meadow on a sandy bottom. Current data are
not presented here, being out of the purpose of this chapter.

Figure 6.6 Acoustic wave and current meters deployment AWAC underwater at 18.5 m
depth APD at 8 m depth.

The cross-shore RTK beach profiles were planned to be repeated on two profiles in
correspondence of camera 1 and camera 2 study areas (profiles out of the purpose of
the present chapter will not be presented here). The acquisition of topo-bathymetric
profiles (until about -1 m) were performed before and after (or ending of) wave events:
06/04/2017, 22/04/2017, 28/04/2017 and 11/05/2017. Observational field campaigns
were also performed in order to monitor the presence/absence of seagrass beach-cast
litter in relation with wave events and to accordingly plan the RTK cross-shore surveys.
The location of transects was therefore selected according to the presence of banquette
deposition on the beachface and berm. This chapter focusses on two cross-shore beach
profiles recorded with RTK DGPS NavCom SF3040 (Fig. 6.7), within the camera 1
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framing, named hereafter T1 and T2 (Fig. 6.5).

Figure 6.7 Posidonia ocenaica banquette accumulation at T1 during the end of E2
(28/04/2017), pictures taken simultaneously to TMSK2 interval.

Meteorological parameters (e.g. atmospheric pressure, wind direction and intensity
etc.) were also monitored during the experiment by an ad hoc installed weather station,
at the same location of camera 2.

6.3.2 Wave Swash

In order to select within the experimental period the more appropriate intervals of time
for studying wave swash, a preliminary analysis of the environmental conditions was
performed. The aspects taken into account are the appropriate environmental conditions
which would ensure wave swash to be appreciable from the video-monitoring system,
contextual with the presence/absence of seagrass beach-cast litter on the beachface, in
correspondence of the two beach profiles (T1 and T2). Eq. 5.2 found in Chapter 5
was used to predict the total wave swash (Fig. 6.8c ) which could occur during the
”Poetto experiment”. Figure 6.8 show wave parameters (deep water significant wave
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height (a), peak period-panel (b) and predicted total swash by Eq. 5.2 (c). Swash events
predicted > 0.7m are identified from which four wave events are found (E1-4). The
most energetic wave event (E2) is selected for producing four time stacks.

Figure 6.8 Wave events and time stacks identification. Significant wave height (H0),
peak period (Tp) and total swash (ST ot) predicted by Eq. 5.2 are plotted for the entire
experiment duration. Four selected wave events (E) are highlighted by yellow bands.
Two time stacks are defined (green dotted lines) during the most energetic wave event
(E2).

The wave swash is measured by the means of time stacks images (Aagaard and
Holm, 1989), obtained as pixel intensity ”stacked” over time, along defined cross-shore
transects. The time stacks images were produced on two cross-shore beach transects T1
and T2 located at 100 m apart Fig. 6.5 (landward and seaward edges of time stack are
identified by asterisks). The profile T1 is in some cases characterized by the presence
of abundant seagrass beach-cast litter (Fig. 6.7) and the other without (T2). The time
stacks span a time interval of 30 minutes with a resolution of 4 Hz. The time stacks
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at T1 and T2 are both referred to the same cross-shore reference system so that swash
results of the two profiles are comparable cross-shore. The time stacks cover a cross-
shore extension of roughly 61 m for T1 and 53 m for T2.

TMSTK 1 is defined for the wave event, recorded by the video-monitoring system
(26/04/2017), which is predicted to produce the highest swash (Fig. 6.8). TMSTK 1 it
is created both on T1 and T2 in this case, however, both T1 and T2 are free of beach-
cast-litter. TMSTK 2 is defined during the highest and more abundant accumulation of
seagrass in the experiment (mainly Posidonia oceanica banquette Fig. 6.7). Accumu-
lation happened on T1 and the time stacks are created on both T1 and T2. TMSTK 2 is
digitalized by two operators for checking the subjectivity in swash extraction from time
stacks due to the operator perception, also in the case of beach-wrack accumulation.

The horizontal wave swash was extracted from time stacks manually by digital-
ization of the shoreline oscillations by an ad hoc programmed Matlab routine. The
routine thanks to the field measurements of elevation along the transect, associates to
the time stack images the 3D real-world coordinates. Two vectors of time and cross-
shore position are created for the shoreline. The horizontal swash time series obtained
was then converted into vertical swash by the measured foreshore slope. The foreshore
beach slope is calculated for the region defined between +- 2 standard deviation of mean
runup elevation, obtained by video-imagery, following the largely adopted method in
the literature (Stockdon et al., 2006; Senechal et al., 2011).

The wave swash is calculated from spectral analysis of detrended vertical swash
time series data obtained from the 30 min-long time stacks elaboration. The vertical
swash signal is transformed from the time domain to the frequency domain through
the use of the Fast Fourier Transform (FFT), by a Matlab routine. The FFT is applied
to 6 overlapped segments of the series, 512 s long (the routine automatically finds the
optimal number of segments for an overlap of about 50%). Both the amplitude and
the energy spectra are calculated. The energy spectrum obtained is used for calculating
the vertical wave swash from the following accepted formula (Stockdon et al., 2006;
Senechal et al., 2011):

STot = 4 ∗
√∑

PSD(f)df (6.1)

where PSD(f) is the energy spectrum and f the frequencies. In this study the
analysis was performed for 0 < f < 2 Hz and df = 0.002 Hz. A frequency partition
(threshold f = 0.05 Hz) was also applied to runup spectra for obtaining incident and
infragravity swash contributions to the total swash.
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6.4 Results

6.4.1 Environmental Parameters

Figures 6.9 (T1) and 6.10 (T2) show the topo-bathymetric beach profiles recorded be-
fore (22/04/2017) and at the ending (28/04/2017) of the most energetic wave event (E2).

Figure 6.9 T1 cross-shore topo-bathymetric beach profiles recorded on 22/04/2017
(blue) and 28/04/2017 (green). Beach profile recorded on 28/04/2017 includes the
accumulation of banquette on the beach face and berm.
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Figure 6.10 T2 cross-shore topo-bathymetric beach profiles recorded on 22/04/2017
and 28/04/2017.

The recorded waves during the ”Poetto experiment” are prevailing from ESE direc-
tion (Fig. 6.11). The maximum significant wave height and period recorded are 1.27
m and 9.17 s. Mean wave height and period resulted respectively 0.35 m and 5.08
s. The mild wave conditions are linked to the spring season in which the experiment
took place. The more intense wave events are connected to ESE direction even though
oscillations in wave direction are found due mostly to daily breeze effect.
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Figure 6.11 Significant wave height and direction recorded by the installed AWAC
during the ”Poetto experiment” (30/04/2017 - 17/05/2017).

6.4.2 Beach Morphology

One of the two transects analysed in this work, T1, resulted characterized by the pres-
ence of beach-cast litter deposition (mainly Posidonia oceanica banquette). The ele-
vation of the banquette accumulation is recorded by cross-shore RTK measurements
resulting in a maximum height of 0.5 m. Beach-cast litter is found along T1 (Fig. 6.7),
during the descending phase of the stormy event E2, from 28/04/2017 until 29/04/2017
(temporal interval during which TMSTK 1 is created 28/04/2017 from 11:30 a.m. to
11:59 a.m., local time, in Fig. 6.13 a and c). Banquette accumulation persisted, with
slight variation in shape, until the next wave event of the interval 04/05-06/05, during
which erosion of the banquette happened. The dismantling of beach wrack deposi-
tions started in the morning of 04/05/2017 (≈ at 07:30 a.m.) and ended the night of
05/05/2017. At the first daily recording of the camera system (06/05/2017 at 07:30
a.m.) the dismantling was completed and only few seagrass deposits were found at
higher sea water levels on the beach face, probably due to lowering of the tide.

From time stack analysis at the same time of cross-shore RTK survey, the total cross-
shore length covered by beach-cast litter (identified by brown colour versus typical
sandy colour) results in 7.2 m (dry plus wet in Fig. 6.13 a). However, the cross-shore
extension of banquette associated to a notable change in elevation in beach profile (by
field cross-shore RTK measurements), is recorded as 3.4 m (Fig. 6.9, green line). This
value is in general agreement with a net difference in colour (darker brown, associated
to wet seagrass in Fig. 6.13 a) in time stack, suggesting that a colour-classes based
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analysis of time stacks could be used for classifying the different morphologies and
morphodynamics in case of seagrass beach-cast litter presence.

6.4.3 Wave Swash

Segments of TMSTK 1 including the maximum swash event on both T1 (a and c) and
T2 (b and d) are reported in Fig. 6.12. During TMSTK 1 both profiles are free from
seagrass beach wrack. Note that the cross-shore scale is the same for both T1 and T2
and the temporal scale is consistent between panel a and b. Swash events recorded on
TMSTK 1 are higher than those during TMSTK 2 (Table 6.1) because of the higher
forcing conditions taking place during the peak of wave event E2, while TMSTK 2 is
created on the descending phase of E2 (Fig. 6.13 and Table 6.2 including environmental
conditions associated to the time stacks). Table 6.1 reports the maximum (and mean)
horizontal and vertical swash recorded, during TMSTK 1, which are respectively on T1
19.5 m (10.5 m) and 2.0 m (1.09 m), on T2 are 24.7 m (13.6) and 2.2 m (1.21 m). The
standard deviation is around 3 m for the horizontal swash and 0.3 m for the vertical one,
for both profiles. In TMSTK 1 longer horizontal swash (both maximum and mean) for
T2 corresponds to higher vertical swash when compared with T1 (Table 6.1).

Table 6.1 Results of time stacks analysis, maximum (max), mean and standard devi-
ation (stdv) vertical and horizontal swash, for the two time stacks and the two beach
profiles analysed.

Segments of TMSTK 2 are reported in Fig. 6.13, during which T1 is characterized
by an abundant deposition of seagrass beach-cast litter. The swash digitalized by the
two operators is also plotted on the time stacks and the derived swash height difference
due to subjectivity of the operators resulted always less than 6.7 %.

Note that the cross-shore scale is the same for both T1 and T2 and the temporal
scale is consistent between panels a-b and c-d. The horizontal swash on T1 does not
exceed the cross-shore limit (located at about 30 m) given by the seagrass deposition
(banquette, Fig.6.13 a and c). In contrast, on T2 both on normal conditions (b) and dur-
ing the maximum swash event (c) the swash oscillations result shifted onshore, easily
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exceeding the above-mentioned limit. In fact, the uprush seems to be limited by the
presence of seagrass accumulation and it does not exceed the banquette cross-shore po-
sition. This behaviour is also appreciable in detrended vertical swash, which presents a
net up-rush limit (Fig. 6.14 c). Only rarely, however, overtopping of the banquette by
waves was observed. From Table 6.1 the maximum (and mean) horizontal and vertical
swash for TMSTK 2 are on T1 5.37 m (1.91 m) and 1.02 m (0.36 m), on T2 they result
in 11.42 m (5.67) and 0.65 m (0.32 m). The standard deviation is respectively for T1
and T2, 1.23 m and 1.76 m for the horizontal swash, 0.23 m and 0.1 m for the vertical
one. In contrast, with TMSTK 1 longer horizontal swash (both maximum and mean)
for T2 correspond to lower vertical swash than T1 (Table 6.1). In other words, in case
of seagrass wrack, even though Table 6.1 shows smaller horizontal runup oscillations,
these oscillations results in greater vertical swash (as appreciable also in Fig. 6.14 c-d).

In regards of the seagrass beach-cast morphodynamics, observations of TMSTK
2 on T1 indicates that no change in cross-shore position of the seaward limit of the
banquette was observed between begging and ending of the 30 min time stacks.

Table 6.2 Results of environmental parameters and swash analysis.

Wave forcing conditions for TMSTK 1 (Table 6.2) are H0 =1.22 m and Tp = 7.64
s with a consequent wave length (L0) of 91.13 m and a wave steepness of 0.013. The
beach slope for T1 resulted in 0.103 and for T2 0.089, and the profiles are classified
both as intermediate according to Short (1999b) due to their resulting Iribarren num-
berd. The emerging total swash for TMSTK 1 is 1.20 m on T1 and 1.32 m on T2, with
the incident component slightly prevailing on the infragravity one, (for T1 Sinc=0.94 m
and SIg=0.75 m and for T2 Sinc=0.98 m and SIg=0.89 m). Wave forcing conditions for
TMSTK 2 (Table 6.2) are H0=0.37 m and Tp = 6.87 s with a consequent wave length
(L0) of 73.69 m and a wave steepness of 0.005. The beach slope for T1 resulted 0.187
and for T2 0.056, consequently T1 is classified as reflective and T1 as intermediate
(Short, 1999b), because of ξ0 for T1 >> ξ0 for T2. The resulting total swash for TM-
STK 2 is 0.86 m on T1 and 0.35 m on T2, with Sinc=0.80 m >> SIg=0.32 m for T1,
while for T2 Sinc=0.28 m ≈ SIg=0.21 m).

The runup energy spectra from TMSTK 1 (Fig. 6.15) resulted in similar results for
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Figure 6.12 TMSTK 1 a and c on T1, b and d on T2; a and b portion of time stacks
which includes maxima swash event (blue circles), c and d temporal zoom 200 s long
of swash maxima, red line indicates digitalizations of horizontal swash.
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Figure 6.13 TMSTK 2 a and c on T1, b and d on T2; a and b at the beginning of the time
stack, c and d temporal zoom during maximum swash event on T2. Red and yellow line
indicates two different operator digitalizations.
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Figure 6.14 Detrended vertical swash. Panels a and c on T1, b and d on T2, panels a
and b TMSTK 1, and c (case with beach-cast litter) and d on TMSTK 2.

115



the cross-shore beach profiles analysed, which are both characterized by the absence of
seagrass litter. Both profiles peak frequencies resulted within the infragravity band of
the spectrum, nevertheless resulted that Sinc > SIg, even if only slightly (Table 6.2).

In contrast, for the case of TMSTK 2 (Fig. 6.16) the spectral results seem different
between T1 (characterized by the presence of beach-cast litter on the beach face and
berm) and T2 seagrass depositions free. The energy content seems higher in case of
banquette deposition. The wave swash peak frequency for T1 is in the incident band
of the spectrum (blue vertical dashed line in Fig. 6.16) accordingly with the incident
swash being higher than the infragravity one (table 6.2). It appears that a great amount
of energy is concentrated within this band. In contrast, the swash peak frequency for
T2 is located in the infragravity band. Moreover, a secondary peak is identified for
both profiles, which resulted reversed with respect to the primary peak: for T1 in the
infragravity band and for T2 in the incident one.

Figure 6.15 Wave runup energy spectra for TMSTK 1, thick blue line for T1, green
thick line for T2. Vertical black dashed line indicates separation between incident (>
0.05 Hz) and infragravity (< 0.05 Hz) frequency band. Vertical blue (T1) and green
(T2) dashed lines indicates swash peak frequency.
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Figure 6.16 Wave runup energy spectra for TMSTK 2, thick blue line for T1 (seagrass
presence), green thick line for T2. Vertical black dashed line indicates separation be-
tween incident (> 0.05Hz) and infragravity (< 0.05Hz) frequency band. Vertical blue
(T1) and green (T2) dashed lines indicates swash peak frequencies.

Table 6.3 Dimensionless swash results, adimensionalized by total swash (ST ot) and
offshore incident significant wave heigh (H0).

6.5 Discussion

6.5.1 Wave Runup and Vegetation

The results presented here indicate that the presence of seagrass deposition on the beach
face influence the wave runup process. In fact, the whole runup process is shifted sea-
wards by the accumulation of seagrass, the horizontal swash associated with runup is
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reduced while the vertical swash increased, furthermore an increased swash energy con-
tent is also recorded. This could have clearly important implications for beach and haz-
ards management (considering that bad practices exist regarding artificial mechanical
removal of such deposition (Duarte, 2004; Simeone, 2008; Nordstrom, 2013; Demuro
and De Falco, 2015)) as well as for beach morphodynamics and sediment transport.

The swash analysed on a profile characterized by seagrass presence (when com-
pared with one by seagrass absence) indicates that the frequency distribution is shifted
towards higher frequencies, with the peak frequency being located within the incident
band, in contrast with a nearby (100 m apart) seagrass-free profile under the same wave
forcing condition (TMSTK 2). On the seagrass-free profile, the peak frequency is in-
deed located in the infragravity band. This seems to be additionally confirmed by the
nondimensional swash parameter results, for which the deviation between Sinc/STot

and SIg/STot is higher for T1 (seagrass presence) than for T2 (seagrass absence). In
other words, for TMSTK 2, even though the incident swash is bigger than the infragrav-
ity swash for both profiles, in the case of seagrass presence this disparity is enhanced
(the difference between Sinc/STot and SIg/STot for T1 is bigger than that one for T2,
Table 6.3).

These results could be re-conducted to the change in foreshore beach slope which
is induced by the accumulation of seagrass beach-cast, making the profile steeper (for
T1 β = 0.187, versus β = 0.056 for T2, case of seagrass absence). As a consequence,
the two profiles exposed to the same wave input, result in a different behaviour: the
first (seagrass presence) presenting a higher Iribarren number (2.645) which falls in
a classification of reflective condition, and the second (seagrass absence) in smaller
Iribarren number (0.797) which can be re-conducted to intermediate conditions. These
disparities produce consequences in wave swash oscillation on the beach face. In fact,
from time stacks analysis (on TMSTK 2) longer horizontal swash (both maximum and
mean) for T2 (seagrass absence) correspond to lower vertical swash than T1 (seagrass
presence) see Table 6.1. This is in contrast with what happens for TMSTK 1 when
slopes for T1 and T2 are instead similar.

The present study is limited to mild wave conditions, recorded during the ”Poetto
experiment” and relay on two time stacks for each of two cross-shore profiles, which
were located on a single beach. Extension of the present work could include the digital-
ization of more swash events, on more transects, associated to a more spread out wave
and environmental conditions, including extreme events and other study sites. In order
to better relate wave swash to seagrass deposition, other seagrass-beach-cast parameters
should be collected during field campaigns (e.g. width, stage of biodegradation, elastic-
ity of the deposited leaves, brittle leaves, etc). From a wider dataset, a predictor of wave
runup in the case of presence of seagrass deposits could be developed, derived poten-
tially by data-driven techniques as Machine Learning (following the work of Chapter
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5).
Indeed, both field measurements and formulation of wave runup which account for

vegetation effects are highly demanded in the literature (Guannel et al., 2015; Van Rooi-
jen et al., 2016). Although, Guannel et al. (2015) proposed a modelling framework ac-
counting for underwater vegetation effects on wave set up and incident swash (adding
specific terms in Stockdon et al. (2006) formulation), neither the effect of vegetation on
infragravity swash component nor the cases of seagrass beach-cast litter were consid-
ered. Moreover, Van Rooijen et al. (2016) included in Xbeach model new formulations
for accounting for vegetation effects on the incident and infragravity waves as well as
on wave setup. Even though Van Rooijen et al. (2016) study is directly related to wave
runup, neither a direct consideration of swash and runup process nor the eventual pres-
ence of seagrass berm was included. Both studies explicitly highlight the importance
of field measurement of runup process with presence of vegetation, no field datasets for
validating their formulas were in fact available.

6.5.2 Seagrass Beach-cast Litter Morphodynamics

This study may be useful for improving our understanding of seagrass wrack deposi-
tional and erosional processes, and therefore of banquette morphodynamics. In fact,
recent studies (Oldham et al., 2014) clearly stated that the wrack discharge from the
beach is related to swash hydrodynamics. According to Oldham et al. (2014), the de-
positional process of wrack on the beach is likely to be due to a complex process, in-
volving changes in bulk density of both accumulations and particles (increase in density
through compaction and decrease due to drying). In Oldham et al. (2014) is suggested
that erosion of beach wrack is likely to be due, apart from wave action at the base of
the banquette producing collapse proposed by Mateo et al. (2003), to floating particles.
After a period in which the particles dried, the percentage of particle floating in their
experiment increases. They also pointed out that the deposition might be produced by
high-water events. The innovative coupled seagrass/swash field observations of this
chapter represent a solid basis for further investigations of the vegetation wrack mor-
phodynamics on beaches. In fact, is observed that both dry and wet material compose
beach-cast litter accumulations and that they are differentiable by an easily reproducible
low-cost video-monitoring system, which could also trace their dynamics both in space
and time at different scales at high resolution.

Although its potential, still a limited image analysis and quantification of banquette
morphodynamics were performed in this chapter, providing mainly general descriptive
and conceptual results which, however, open the investigation to a successive more
detailed analysis of seagrass beach-cast morphodynamics, on several coastal settings.
This work also presents a first contribution for measuring on the field, wave swash with
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the contrasting presence/absence of seagrass deposition on the beach face and berm.
However, more field experiments are needed, which could monitor other swash zone
processes (e.g. littoral drift, sediment transport) in presence/absence of seagrass litter.
Furthermore, they could be performed on varying and spread out environmental con-
ditions (wave severity, direction, duration, spectral characteristics, tidal regime, water
level, storm surge, beach type, slope and alongshore variability, seagrass deposition
type and characteristics, storm/seagrass deposition timing). This work represents a first
attempt in clarifying the consequences of such depositions on wave runup, a process
recognized fundamental for beach management and coastal hazard applications. How-
ever, this attempt remains limited to the experimental setting here investigated, there-
fore the author is not responsible for any practical application of these preliminary sites-
and time- specific results here obtained, which are not meant to be general or directly
functional.

The debate on the role of the vegetation in beach protection has historically been
open and still seems to attract interest in the literature. Probably, because our un-
derstanding is nonetheless limited especially of seagrass beach-cast deposition on the
beach face and its interaction with the complex beach morphodynamics, as well as
because the banquette morphodynamics itself is defined as a complex phenomenon
(Gómez-Pujol et al., 2013; Oldham et al., 2014). According to Gómez-Pujol et al.
(2013) Posidonia oceanica banquettes uses to be removed in low wave energy condi-
tions, and seagrass wrack, in general, tends to be accumulated by high energy events
(Oldham et al., 2014), results indicate that hardly they persist until a next wave stormy
event. However, in this work is found that accumulation can occur between two suc-
cessive stormy events (from 28-04-2018 to 04-05-2018), and dismantling of banquette
starts indeed during the next storm. This possibly influences wave-foreshore interaction
and therefore morphology and morphodynamics having a direct effect on wave swash
and runup processes. These aspects can conduce to important implications in beach
protection services furnished by the banquette, likely slowing down the beach erosional
process, and therefore to beach and hazards management. However, the results of this
chapter are not completely in contrast with those of Gómez-Pujol et al. (2013) since the
deposition of the banquette started during the end of the second storm (E2) when the
wave conditions already were decreased. This seems in agreement with Gómez-Pujol
et al. (2013) which observed deposition during mild wave conditions.

Finally, in this study simultaneously with the dismantling of the banquette on T1, an-
other accumulation of seagrass, further at east on the bachface and berm, was recorded
to grow, increasing its extension seaward. This second previously existing seagrass-
accumulation (it was recorded to be completely formed during the day 29/04/2018),
was located≈ 300 m apart from the T1 deposit, and extended towards the sea during the
dismantling of T1 banquette. The observations including this second seagrass accumu-
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lation indicate 1) that very probably the material eroded from T1 deposit was moved to
another nearby location on the beach, 2) that possibly interaction between waves, swash
motion, near-shore currents, littoral drift within the swash zone resulted in this transla-
tion of material, 3) potentially making of seagrass deposits a natural lagrangian tracers
of nearshore, swash hydrodynamics and sediment transport 4) additionally it suggests
that possibly banquette morphodynamics could be studied as a self-organization pro-
cess, because the second accumulation increases and grows, starting from an initial
discontinuity within the foreshore, where released free material of seagrass deposits,
tended to accumulate interacting with waves and currents.

6.6 Conclusions

A new low-cost easily reproducible high-resolution video-monitoring system is in-
stalled to observe the interaction between seagrass beach-cast deposition on the beach
face and swash flow. Results show the influence that seagrass deposits on the beach have
on wave runup on a wave-dominated sandy beach in the Mediterranean Sea. This work
furnishes innovative never previously recorded field observations of shoreline time se-
ries with the contrasting presence/absence of seagrass beach wrack during mild offshore
wave conditions (max H0 =1.22 m and max Tp = 7.64 s).

In case of seagrass presence, the swash process results shifted offshore with a re-
duced horizonatal swash and an increased vertical swash, compared with a 100 m apart
seagrass-free profile. This change seems to be ascribable to the foreshore slope becom-
ing steeper, from β = 0.056 (seagrass absence) to β = 0.187 (seagrass presence) which
induced the beach profile to become reflective (ξ0 = 2.645) in contrast with the seagrass-
free intermediate profile (ξ0 = 0.797). From runup energy spectrum analysis the energy
content seems generally to rise, with the incident swash becoming mainly dominant on
the infragravity component. The swash peak frequency is recorded on the incident band
for seagrass presence and on the infragravity band for seagrass absence. It seems that
the banquette deposition acts as a barrier to swash process, inhibiting the horizontal
swash to extend onshore, in fact, the uprush seems to be limited by the presence of
seagrass accumulation and it does not exceed the banquette cross-shore position.

This behaviour could have important implications in coastal hazards, management,
swash zone morphodynamics and sediment transport. This work partially confirms the
role of seagrass beach-cast litter in beach protection, creating shoreline accretion and
therefore shifting the wave runup process offshore. From the findings in this contribu-
tion, artificial removal of seagrass wrack from the beach face, berm and back-beach,
would possibly have a new negative impact to be added to the existing list of seagrass
eco-system services impacted by this bad practice (Duarte, 2004; Simeone, 2008; De-
muro and De Falco, 2010; Nordstrom, 2013; Boudouresque et al., 2015). The wave
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swash process would be shifted towards the coast and the wave runup process would
act at the beach without the natural barrier constituted by the seagrass berm. Still,
uncertainty remains on the long-term effect of such deposition during storm events,
seasonality, the severity of storms and beach type. However in this work, differently
from what found in Gómez-Pujol et al. (2013), banquette deposition was observed to
occur also between two successive wave events and persist until the beginning of the
next storm possibly providing an initial beach-protection service. Open questions re-
main regarding the beach management and coastal hazard implications. For instance,
which may be the effects of mechanically removing seagrass deposits by humans, in
terms of wave runup?

In the future, from the field data available a predictor for wave swash in presence
of seagrass wrack should be obtained, contributing to the increasing demand of both
field measurements and models of runup in case of vegetation (Guannel et al., 2015;
Van Rooijen et al., 2016) adding at the same time a new factor to be taken into account:
the seagrass beach-cast litter. New different experimental settings could be further in-
vestigated additionally by the means of both numerical and physical modelling, also
in relation with protection strategies for coastal hazards and management applications.
Low-cost video-monitoring systems are confirmed useful tools when studying beach
swash hydro- and morpho-dynamics. This work suggests that dry and wet material are
differentiable by these techniques potentially giving insight on seagrass deposition mor-
phodynamics at different spatial and temporal scales. As already proposed for several
swash-zone and shoreface morphodynamic phenomena (e.g. beach cusps, sand bars),
future research could investigate if seagrass wrack morphodynamics responds to self-
organization process being governed by a mutual adjustment of swash flow, beach-cast
litter and sand particles.

Finally, this work demonstrated to contribute to enhancing the knowledge of swash
zone hydro- and morphodynamics. Results and feature developments of this work can
be of interest for scientists, managers engineers, practitioners, studying and dealing
with sediment transport, hydro- and morpho-dynamics modelling, coastal hazards and
vulnerability prediction and management, aspects which nowadays acquired critical im-
portance and urgency by ongoing climate change.
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Chapter 7

CONCLUSIONS

This work contributed to improving the knowledge and the predictability of swash pro-
cesses useful to the purpose of coastal protection, management, hazards mitigation and
prediction. The original contributions to the research of this PhD consist of the follow-
ing points:

• While previous works mainly assessed wave runup parametrization performances,
in this contribution the prediction and universality of existing vertical swash for-
mulas were evaluated on a wide field dataset, including extreme conditions, on
worldwide beaches.

• Widely adopted runup and swash predictors, in the fields of coastal manage-
ment, hazards assessment, prediction and mitigations, still showed high errors.
In this dissertation, two new predictors for vertical total and infragravity swash
are proposed showing to improve predictability compared with previously largely
adopted predictors in the literature.

• While existing formulas for wave swash were mainly obtained by classical regres-
sion techniques, in this contribution the 4 swash formulas proposed are found by
the means of innovative machine learning technique.

• Despite machine learning generally and genetic programming, in particular, demon-
strated a high potential for coastal data-rich problems, they were never applied to
vertical swash formulation of natural sandy beaches. This work demonstrates
the utility of the genetic programming technique for obtaining reliable predictors
which maintain a physical insight into the swash process.

• Although previous research largely investigated the infragravity swash phenomenon
is not clear which are the environmental parameters on which the infragravity
swash excursion depends on and still contrasting opinions exist on the contribu-
tion of the beach slope on the infragravity swash. In this work, the powerful data-
mining technique of machine learning shows that introducing the beach slope
into vertical infragravity swash formulas improves predictability reducing errors
when tested on independent (unknown to the algorithm) field dataset.
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• Even though the role of vegetation in protecting the coast was largely stated in
the literature, nowadays still gaps and contrasting opinions exist on the role of
seagrass beach-cast litter in beach protection and its influence on wave runup.
This work contributes to enhancing the knowledge of seagrass beach-cast litter/
swash interaction which shows potential implications for beach protection from
hazards.

• Seagrass wrack influence on wave swash was never recorded in the field or quan-
titatively assessed. In this PhD thesis field measurements of never previously
recorded swash oscillations with the condition of presence/absence of seagrass
deposition on the beach face and berm are presented. Comparisons between the
presence and absence condition reveal the influence on swash excursions exer-
cised by the seagrass wrack. These findings constitute the first step in the knowl-
edge enhancement of the interaction between wave runup and seagrass beach-cast
litter.

The key findings of this research are summarized below for Chapters 4, 5 and 6.

1. Even though numerous vertical swash predictors were developed in the literature,
it is not clear whether the existing formulations are applicable to a wide range of
beaches and wave conditions.

The test, in Chapter 4, of 13 existing swash formulas (total, incident and infra-
gravity) on 636 published field swash measurements (collected on beaches world-
wide) was performed for improving understanding about the universality of exist-
ing swash formulas. Results show that the formulas both over and under-predict
the field observations. Stockdon et al. (2006) predictor for total swash resulted
in smaller errors than Guza and Thornton (1982), both formulas both over and
underestimating the field data. Ruggiero et al. (2004) SinRg01 formula (includ-
ing beach slope) showed smaller errors, both incident swash formulas mainly
under predict observations. Between the infragravity swash formulas analysed
Stockdon et al. (2006), Holman and Sallenger (1985), Ruggiero et al. (2004) and
Senechal et al. (2011) better reproduced the observed infragravity swash.

2. From a review of the literature in Section 2.1.4.1 stands out that the most largely
adopted empirical parametrizations of wave runup (e.g Stockdon et al. (2006))
show large errors and strongly underestimate observations. The discrepancy of
observed and predicted runup is large especially during extreme storms, particu-
larly relevant to coastal hazards, which suggests that new formulations of wave
swash could be proposed trying to reduce the prediction errors. Furthermore,
the influence of the beach slope on the infragravity component of the swash is
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discussed controversially by several authors. Although machine learning (ML)
techniques have demonstrated to have a high potential in modelling nearshore
processes, they are not yet being used for finding predictors of wave swash on
sandy beaches.

In Chapter 5, genetic programming (GP), a type of machine learning approach
is adopted to predict the total and infragravity swash excursion using previously
published data sets that have been used extensively in swash prediction studies.
Three previously published works with a range of new conditions are added to
this data set to extend the range of measured swash conditions.

Using this newly compiled data set is demonstrated that a ML approach can
reduce the prediction errors compared to well-established parametrizations and
therefore, it may improve coastal hazards assessment (e.g. coastal inundation).
Predictors obtained using GP can also be physically sound and replicate the func-
tionality and dependencies of previous published formulas. Overall, it is shown
that ML techniques are capable of both improving predictability (compared to
classical regression approaches) and providing physical insight into coastal pro-
cesses. Furthermore, GP results indicate that the beach slope influences the infra-
gravity component of the swash (the predictors obtained by GP showed smaller
errors as the beach slope was included).

3. Reviewing the literature in Section 2.2.3, the debate on the role of seagrass beach-
cast litter in protecting the coast from hazards as erosion or flooding resulted still
open. The influence that seagrass depositions on the beach face and berm has on
the swash process and wave runup has not being assessed, measured or quantified
yet. Therefore, also the implications which this lack of knowledge could have on
coastal management, and hazards are still open questions.

In Chapter 6, a field experiment was carried out for measuring swash oscillations,
coastal waves and environmental conditions during presence/absence of seagrass
depositions on the beach face of a wave-dominated urban beach in the Western
Mediterranean Sea (Cagliari, Sardinia, Italy). The never previously recorded field
observations of wave swash with the presence of seagrass beach wrack were ob-
tained through times stack images recorded by the means of an ad hoc newly in-
stalled coastal video-monitoring system. In the present work, due to the presence
of the seagrass berm, the whole swash process resulted moved offshore com-
pared with a nearby seagrass-free beach profile. Furthermore, the cross-shore
beach profile characterized by the presence of seagrass beach-cast litter becomes
steeper. The beach slope measured is greater (while wave conditions are constant)
resulting in the profile with the presence of seagrass falling in the reflective beach
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classification. Furthermore, in that case, the incident swash resulted mainly dom-
inant on the infragravity component. The influence which seagrass deposition on
the beach face has on wave swash could have implications for beach manage-
ment. Bad practices as the removal of such depositions could affect the swash
process and move the runup process back towards the coast. The related coastal
hazards and human impact implications of the findings of this research should be
better investigated and taken into account in future coastal management plan and
strategies.

When testing swash predictors in Chapter 4, for evaluating existing swash formulas
on wide and comprehensive field datasets, two aspects stand out: a) the importance
of considering the kind of data used for developing the formula (and how it might
limit) their universality and b) that the scatter between observations and predictions
for large swash excursion increases for all formulas. Caution is needed when applying
parametric swash formulas mostly during extreme events. The large scatter between
observed and predicted swash of existing formulas encouraged the development of new
swash predictors in Chapter 5.

New formulations of swash elevation on sandy beaches were proposed in Chapter
5 for improving runup predictability. From the research performed in Chapter 5 is
concluded that even though some previous studies disagree (e.g. Stockdon et al. (2006);
Ruessink et al. (1998); Senechal et al. (2011)) the beach slope is a relevant parameter
when predicting the infragravity component of the swash elevation. This could have
important implications in coastal hazard and beach management, for instance in relation
with bad practices as beach cleaning and seagrass wrack removal by heavy vehicles,
which can modify beach morphologies (and slope), potentially strongly impacting wave
runup. Furthermore, ML techniques (specifically GP) is confirmed as a powerful tool
for data-driven analysis in coastal setting, also in the case of wave swash on sandy
beaches. GP analysis results in robust predictors while maintaining a physical insight
into the results. The role and importance of the scientist in this process are not reduced
or substituted by the machine but instead improved thanks to a powerful data analysis
tool.

Never previously measured swash oscillations on sandy beaches with the presence
of underwater vegetation and its litter were performed on the field experiment reported
in Chapter 6. From this chapter is concluded that seagrass beach cast-litter can influence
wave runup process and beach morphology, shifting the swash process seawards, acting
as a barrier to uprush, making the beach profile steeper, classified as reflective. Fur-
thermore in case of seagrass accumulations the swash energy is shifted towards higher
frequencies, with the swash peak frequency being located within the incident band, in
contrast with a nearby seagrass-free profile under the same wave forcing condition, ris-
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ing the dominance of incident swash on the infragravity component. These findings
could have implications in coastal and hazards management and mitigation. The influ-
ence that bad practices could have on wave runup and coastal hazard, as the removal
of seagrass depositions from the beach, should be better assessed under the light of the
new findings.

This research can be useful to researchers and practitioners finding applicability to
coastal management, hazards, risk and vulnerability assessment, a better prediction of
swash excursion could also influence retreat or accommodation strategies and integrated
planning for the mitigation of coastal hazards (Demuro and De Falco, 2015; Simeone,
2008; Stockdon et al., 2007; Serafin et al., 2017; Bosom and Jiménez, 2011; Perini et al.,
2016). Furthermore it is relevant to several studies regarding sediment transport (Puleo
et al., 2000), swash zone hydrodynamics and processes (Puleo and Torres-Freyermuth,
2016). The applicability of the findings of this research to the above-mentioned fields is
connected to the assessment of performance and universality of existing swash predic-
tors (component of wave runup) largely adopted in these settings; to the proposal of new
total and infragravity swash formulas which demonstrated to reduce the uncertainty in
runup prediction, consequently decreasing the uncertainty in their possible coastal haz-
ards and management applications; to the enhancement of the knowledge of previously
neglected interaction of swash process with seagrass beach-cast litter on the beach face.

Further investigation on the applicability of parametric swash formulas for extreme
conditions is recommended. ML learning techniques are recommended for data-rich
problems in coastal settings and their application is encouraged as in this work showed
high potential in both improving predictability and giving insight into the physical pro-
cess (importance of beach slope in infragravity swash).

This work presents a first attempt of field measurement of swash zone processes
with the contrasting presence/absence of seagrass deposition on the beach face and
berm. However, more field experiments are needed on a wide range of environmen-
tal forcing conditions (wave severity direction, duration, spectral characteristics, tidal
regime, water level) beach type, seagrass deposition type and characteristics, storm/
seagrass deposition-erosion timing. In the future, from the field data available a pre-
dictor for wave swash in presence of seagrass beach-cast litter depositions should be
obtained for enhancing the predictability of wave runup in the case of seagrass deposi-
tion.

Further research is needed to clarify and enhance our knowledge of beach mor-
phodynamics in case of seagrass beach-cast litter. The findings of this work motivate
further research in the dynamics of deposition and erosion of banquettes (beach wrack
morphodynamics) in relation with swash process, beach type, storm intensity and tim-
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ing remains not clear and further research in this field is suggested. For this purpose
video-monitoring systems seems to have high potential recording beach wrack morpho-
dynamics at a different time and spatial scales, with different colours being associable
to different seagrass deposition characteristics (e.g. dry/wet). It is likely that banquette
behaviour would be governed by a mutual adjustment of swash flow and beach-cast
litter, as already studied and proposed for several swash and shoreface morphodynamic
phenomena (e.g. beach cusp, sand bars). Further investigations are therefore needed
in order to assess whether the banquette morphodynamics responds to self-organization
process.

Coastal protection and management in relation with human impact and hazards rep-
resent challenges which coastal practitioners and researchers should face together, espe-
cially nowadays in a changing climate. This work contributes to reducing uncertainties
and enhancing the knowledge and predictability of wave runup, strictly connected to
coastal protection and management as well as to coastal hazard mitigation and predic-
tion.
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