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ABSTRACT

The nearshore zone is plenty of 3D morphodynamic patterns resulting from the interaction of
waves, currents and sediments. The dynamics of formation and evolution of these patterns is
at present a controversial point in coastal research. However, frequently nearshore zone shows
a strongly persistent uniformity. In this situation, morphodynamic changes are dominated just
by cross-shore processes. Remarkably, although this situation displays much less morpho-
logical complexity, cross-shore beach profile morphodynamics is still a research challenge,
as sediment transport, in this case, is the result of a very subtle balance between onshore and
offshore directed forces that still remain unsolved. The aim of this thesis is to get more insight
on the physical processes involving cross-shore beach profile evolution and how relevant are
them in the nearshore zone morphodynamics.

To this end, a 1D non-linear morphodynamical model for the evolution of the profile is de-
veloped to analyze some relevant aspects of cross-shore beach profile morphodynamics. The
AMORFO70 model couples hydrodynamics, sediment transport and bottom changes to ac-
count for the morphodynamics feedback. The model considers the depth-integrated and wave-
averaged momentum and mass conservation equations coupled with wave- and roller-energy
conservation, Snell’s law and the dispersion relation under the assumption of alongshore uni-
formity.

It is well-known that the intra-wave processes, particularly the near-bottom orbital velocity
and acceleration, can lead to net onshore sediment transport. The model accounts for the
most novel parameterization of the near-bed intra-wave velocity, to analyze the effects of the
temporal distribution of the intra-wave near-bottom velocities and accelerations on cross-shore
morphodynamics. It is found that accounting for both velocity and acceleration skewness in
the sediment transport is essential to properly simulate onshore sandbar migration and the
entire profile evolution. Results have shown a strong spatial dependence of sediment transport
along the profile, in such a way that in the shoaling zone transport is mostly driven by bed-
shear stress (velocity skewness) and the breaking and inner-zone transport is dominated by
pressure gradients (acceleration skewness).

The accurate description of sediment transport is a key issue in morphodynamic modeling.
The model has been complemented with several transport parameterizations to analyze the
differences between morphodynamic predictions related to different sediment transport for-
mulas for different sequences. Results evidenced several differences between the predicted
transport rates and also between the predicted incipient bottom changes of the different sedi-



ment transport formulas. It is found that the cross-shore morphodynamic predictions depend
strongly on the sediment transport formula that is used and not all of them capture the ex-
pected trends. Particularly, formulas that account directly for the effects of wave velocity and
acceleration skewness lead to the best predictions, especially for accretionary sequences.

A common procedure on cross-shore beach profile morphodynamic modeling is to neglect
the alongshore variability. This assumption has been analyzed for the prediction of the mean
profile evolution on the short-, the mid- and the long-term. It has been proven that the model is
able to reproduce short- and mid-term evolution of the mean profile with substantial accuracy.
Thus, considering the mean profile as the average of the evolution of individual profiles along
the shoreline leads to the best results, as “a way to account for the alongshore variability’. In
the long-term it is found that, although predictions may agree with measurements, they do not
capture the real morphodynamics. This stresses the relevance of analyzing the behavior of the
simulated morphodynamics during long-term evolution to avoid mistakes in the interpretation
of the model capabilities.



RESUM

La zona costanera és plena de patrons morfodinamics 3D que s6n el resultat de la interaccié
de ’onatge, els corrents i els sediments. La dinamica de formaci6 i evolucié d’aquests pa-
trons és un punt polémic en la recerca de la dinamica costanera. Tot sovint la zona costanera
mostra una forta i persistent uniformitat longitudinal. En aquest cas, els canvis morfodinamics
son dominats pels processos transversals. Tot i que aquesta situacié suposi una complexitat
morfologica menor, la morfodinamica del perfil transversal de platges és encara un repte cien-
tific, ja que, en aquest cas, el transport de sediment és el resultat d’un balang molt subtil entre
les forces onshore i offshore. L’objectiu d’aquesta tesis és obtindre una visié més clara dels
processos fisics involucrats en 1’evolucié del perfil transversal i com de importants sén en la
morfodinamica costanera.

Amb aquesta finalitat, s’ha desenvolupat un model morfodinamic 1D no lineal per a I’evolucié
del perfil transversal per tal d’analitzar alguns aspectes importants de la morfodinamica del
perfil. El model AMORFO70 acobla la hidrodinamica, el transport de sediments i els canvis de
fons per tal de tenir en compte el feedback morfodinamic. El model compta amb les equacions
de conservaci6 de massa i de moment integrades en el temps i en la vertical, acoblades amb
les equacions de conservacié d’energia de I’onatge i dels rollers, la llei d’Snell i la relacié de
dispersi6 tot suposant uniformitat longitudinal.

Els processos entre-ona, i en particular la velocitat i I’acceleraci6 orbitals a prop del fons, po-
den conduir al transport de sediments cap a terra. El model compta amb una nova parametritzacié
de la velocitat a prop del fons per tal d’analitzar I’efecte de la distribuci6 temporal de les veloc-
itats i acceleracions a prop del fons en la morfodinamica del perfil. S’ha provat que comptar
amb I’skewness de la velocitat i de 1’acceleraci6 en el calcul del transport és essencial per
simular correctament la migracié cap a terra de les barres de sorra i de 1’evolucié de tot el
perfil. Els resultats mostren una forta dependencia espacial del transport al llarg del perfil,
de tal manera que a la zona de shoaling el transport €s induit per esforcos tallants (skewness
de velocitats) i que la zona de rompents i de surf esta dominada pels gradients de pressio
(skewness d’acceleracions).

La descripci6 precisa del transport de sediments €s clau en la modelitzacié morfodinamica. El
model inclou multiples férmules del transport per tal d’analitzar les diferéncies en les predic-
cions morfodinamiques de cadascuna d’elles per diferents seqiiencies. Els resultats eviden-
cien moltes diferéncies entre els valors de transport i també entre els canvis de fons incipients
predits per les diferents férmules. S’ha provat que les prediccions de 1’evolucié del perfil de-
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penen de la formula de transport emprada i que aquestes prediccions no sempre segueixen les
tendeéncies esperades. En particular, les férmules que compten directament amb el efectes de
I’skewness de la velocitat i de I’acceleracié donen les millors prediccions, especialment en les
seqiiencies acrecionals.

En la modelitzacié de la morfodinamica del perfil transversal és una practica comuna el no
considerar la variabilitat longitudinal. Aquest supo0sit ha estat analitzat per a la prediccié a
curt, mig i llarg termini de I’evoluci6 del perfil mig. S’ha demostrat que el model és capag de
predir acuradament 1’evolucié a curt i mig termini. El fet de considerar el perfil mig com el
promig de les evolucions de diferents perfils al llarg de la costa porta als millors resultats, ja
que es 'una manera de tenir en compte la variabilitat longitudinal’. A llarg termini s ha provat
que, tot i que les prediccions poden concordar amb les mesures, no capturen la morfodinamica
real. Aquest fet destaca la importancia de 1’analisi de 1a morfodinamica simulada durant les
evolucions a llarg termini per tal d’evitar errors en la interpretacié dels resultats.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL OVERVIEW

The nearshore zone is plenty of morphodynamic patterns resulting from the interaction of
waves, currents and sediments. The dynamics of the formation and evolution of these patterns
is at present a controversial point in coastal research, in spite of the amount of research that
has been conducted during the last 30 years, showing that these patterns emerge essentially
as a self-organized response of the coupling between water and sediment. Understanding the
physical processes involved in this phenomena is essential not just in a scientific point of view
but in their effects on human activities, such as beach nourishments, protection structures or
harbors, and environmental issues.

Nearshore morphodynamics has a strong 3D nature that is linked to the wave-breaking induced
horizontal circulation in the surf zone. The main sediment transport is driven by the currents:
wave-driven longshore current (with possible meandering) and rips associated to 3D patterns.
This patterns have been extensively studied by considering the bi-dimensional processes, dis-
regarding the relevance of cross-shore processes in their formation and evolution. However,
frequently nearshore zone shows a strongly persistent longshore uniformity persistence and in
this situation, in absence of rips and longshore current meandering, morphodynamic changes
are dominated just by cross-shore processes. This is the so-called cross-shore beach profile
dynamics. In spite that this situation displays much less morphological complexity, cross-
shore beach profile morphodynamics is still a research challenge, as sediment transport, in
this case, is the result of a very subtle balance between onshore and offshore directed forces
(wave-nonlinearities, undertow, gravity,...) that still remain unsolved.

The analysis of cross-shore beach profile dynamics is crucial to understand the global pro-
cesses involved in near-shore zone evolution. The aim of this thesis is to get more insight on
the physical processes involved in the cross-shore beach profile evolution and how relevant
are them in the near-shore zone morphodynamics.
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1.2 CROSS-SHORE BEACH PROFILE DYNAMICS ON NEARSHORE MORPHODY-
NAMICS

Nearshore morphodynamics has a strong temporal and three-dimensional variability, linked
to the variations of the wave conditions. The interaction of waves, currents and sediments
results into regular and well defined patterns both in the morphology and in the hydrodynamics
(Wright & Short, 1984; Short & Aagaard, 1993; Blondeaux, 2001). These patterns cover a
wide range of spatial and temporal scales. Examples are ripple, megaripples, beach cusps,
megacusps, rip channels, sandbar systems, and shoreline sand waves. Each of them has its
own characteristic length- and time-scale (Figure 1.1), ranging from cm and minutes such as
ripples to km and decades, such as the shoreline sand waves.

1 .
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Figure 1.1: Scheme of representative rhythmic patterns and their corresponding time-scales.

Surf-zone sandbars are frequent observable near-shore patterns. These features have a strong
effect over the near-shore hydrodynamics and are very sensitive to the wave conditions varia-
tions. Their position usually controls the wave-breaking zone and represents a natural barrier
against high wave forcing (Figure 1.2). Longshore sandbars are alongshore uniform mor-
phological features characterized by one or more lows (sandbar troughs) and highs (sandbar
crests) parallel to the shoreline. They have an active behavior that depends on wave condi-
tions . Longshore sandbars show a strong variability in terms on number of sandbars, position,
horizontal and vertical shape and temporal persistence. Furthermore, under certain wave and
bathymetric conditions longshore sandbars can become crescentic (thythmic pattern). Cres-
centic sandbars are alongshore bars with periodic undulations in the along-shore direction.
Their growing mechanism is linked to the bed-surf” instability feedback mechanism, in which
wave breaking occurs more on the shoals that on the channels, developing onshore currents
on the shoals and offshore currents at the channels (Calvete et al., 2005, 2007; Garnier et al.,
2008; Castelle et al., 2010b, among others). Transverse bars are usually series of sandbars
that are steeply oblique or normal oriented with respect to the shoreline and they are usually
attached to the coastline or to a longshore sandbar. The formation mechanism is considered
from the feedback of an initial perturbation on the bottom with the wave-induced longshore
currents (Falqués et al., 1993, 1996; Caballeria et al., 2001).

Despite the high three-dimensional complexity of nearshore morphodynamics, sometimes
beach morphology shows an strong alongshore uniformity. In this conditions, cross-shore
processes are the main players on near-shore zone evolution, and the cross-shore beach profile
is then representative of the beach shape. But not only in these longshore uniform condi-

2



INTRODUCTION

Figure 1.2: Video images from Castelldefels beach video station, southwest of Barcelona. The
video station has been installed in the framework of the IMNOBE project (CTM2009-11892)
undertaken by the research group. A, straight shore-parallel bar, 21/06/2010; B, crescentic
sandbar, 22/06/2010; C, small oblique sandbars, 29/06/2010
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tions the beach profile is considered as a reference of the beach state. The mean cross-shore
profile, as the average of the profiles in the alongshore direction, is considered as the mean
morphodynamical state of a beach and is an extended tool on beach morphodynamics research
(Thornton & Humiston, 1996).

Surf-zone longshore sandbars are a common pattern in the beach states, particularly in the in-
termediate states and a relevant cross-shore beach profile feature. Their formation is observed
when the wave forcing on dissipative beaches decreases or when it increases on reflective
beaches (Short, 1999). The longshore sandbars formation has been a controversial issue last
20 years, since two main theories were widely accepted: the stationary long wave theory
(Bowen, 1980) and the breaking point theory (Aagaard et al., 2008). This last theory was con-
sistent with the idea of the coupling between hydrodynamics and morphology, and at present
the most accepted theory. Many efforts have been also conducted to elucidate the mechanism
of migration and decay of sandbars. It is accepted that under low energy conditions sandbars
tend to migrate onshore, and even grow, and under high energy conditions they migrate off-
shore and even decay (Gallagher et al., 1998). This is also linked to the idea that they move to
the ’equilibrium breaking point’ (Plant et al., 2006; Pape et al., 2010). Also, during the last 10
years, it has been proven that the physical processes related to the skewness and asymmetry
of near-bottom velocities, (i. e., bed-shear stress and pressure gradients), play a key role on
cross-shore sediment transport and sandbar migration (Hoefel & Elgar, 2003; Foster et al.,
2006; Marino-Tapia et al., 2007).

1.3 NUMERICAL MODELING OF BEACH PROFILE EVOLUTION

Previous modeling of the near-shore zone was focused into understanding the formation and
evolution of bi-dimensional patterns (further reviewed in de Vriend et al., 1993; Nicholson
et al., 1997). These models were lately extended to quasi-3D models by the addition of cross-
shore processes, such as the undertow, the bed slope effects and wave non-linearities. Unfor-
tunately, the predicted sediment transport and morphodynamics were very sensitive to small
disturbances, as cross-shore sediment transport is the result of a narrow balance between on-
shore and offshore processes that were not fully understood and not fully implemented in the
sediment transport parameterizations.

Recent improvements on near-shore hydrodynamics modeling allow to account for relevant
processes involved on near-shore morphodynamics, such as the rollers effects on wave prop-
agation (Reniers et al., 2004; Ribas et al., 2011), new parameterizations of the undertow
(Kuriyama & Nakatsukasa, 2010; Nam ef al., 2013) or the parameterization of the near-bottom
orbital velocity (Abreu et al., 2010; Ruessink et al., 2012). The latter parameterization has
been recently implemented in cross-shore profile evolution models (Van der Werf et al., 2012;
Dubarbier et al., 2013; Nam et al., 2013). Furthermore, there is a number of sediment trans-
port formulas that account for different processes. Most of these formulas have been widely
used and implemented in different morphodynamic models (Ruessink ez al., 2007; Nam et al.,
2011; Dubarbier et al., 2013). However, many of these parameterizations have been mainly
compared and fitted to certain data (flume or field data). The amount of results and experi-
mental conditions make difficult to elucidate which is the morphodynamical behavior related
to each sediment transport formula. In summary, the wide range of types of models in terms
of the hydrodynamics and the sediment transport processes they consider, makes difficult to

4
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elucidate the relevance of each process on beach profile morphodynamics.

Many efforts has been driven to elucidate these processes by using numerical models of the
evolution of the profile (i.e., Roelvink & Broker, 1993; Ribas, 2004; Ruessink et al., 2007;
Nam et al., 2009; Castelle et al., 2010a). Most of these models are developed to hind- and
forecast the cross-shore evolution of the profile, and particularly the formation and migration
of longshore sandbars. Although the results of these models are substantially encouraging,
they are based on different physical concepts, not only in the hydrodynamics but also in the
sediment transport, dismissing perhaps in this way some key processes.

1.4 AIM AND OBJECTIVES

As stated previously, understanding the cross-shore beach dynamics is essential to better un-
derstand the global near-shore processes.

The aim of this thesis is to get more insight in the cross-shore beach profile morphodynamics
and how relevant are the cross-shore processes in the near-shore zone evolution. To this end,
a new process-based model for the evolution of the profile has been developed that captures
most processes involved in sediment transport by accounting for several sediment transport
formulas and for novel improvements on hydrodynamics. These recent improvements, that
have shown up during the development of this research (Abreu et al., 2010; Ruessink et al.,
2012), have led to new research lines for this thesis, such as the analysis of the effects of
velocity and acceleration skewness on beach profile morphodynamics.

The main research questions involved in this thesis are here detailed:

1. Which is the morphodynamic prediction of beach profile evolution by using dif-
ferent sediment transport formulas? Which are the main differences and resem-
blances? Do the different predictions match with the expected trends for accre-
tionary and erosive sequences?

2. In which way the addition of the intra-wave near-bottom velocities that account
for the wave velocity and acceleration skewness improves cross-shore morphody-
namics modeling? Which is the effect of wave velocity and acceleration skewness
on nearshore morphodynamics?

3. Can we neglect alongshore variability on modeling the short-, mid- and long-term
cross-shore profile evolution?

1.5 OUTLINE OF THE THESIS

The thesis is divided into the following chapters:

e Chapter 2: describes the governing equations, parameterizations and numerical im-
plementation of the new process-based model for the evolution of the profile: the
AMORFO70 model.

* Chapter 3: details the sediment transport formulas implemented in the model.
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¢ Chapter 4: addresses the analysis of the effects of neglecting the longshore variability
of near-shore processes on modeling the short-, mid- and long-term evolution of the
mean profile.

* Chapter 5: describes the concept of near-bottom wave velocity and acceleration skew-
ness, their implementation in the model and their distribution along the profile.

» Chapter 6: deals with the effects of wave velocity and acceleration skewness on sedi-
ment transport and particularly in the onshore sand bar migration process.

* Chapter 7: addresses the dependence of the energy-based sediment transport of Hsu
et al. (2006) on the wave shape in terms of wave velocity and acceleration skewness
and the development of a proxy to the wave-related sediment transport.

¢ Chapter 8: contains the analysis of the morphodynamical evolution predicted by dif-
ferent sediment transport formulas.

e Chapter 9: gives the overall conclusions of this thesis, and details one-by-one the
conclusions related to each research questions. Also, suggestions for further research
are exposed.
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THE AMORFO70 MODEL

2.1 INTRODUCTION

To get more insight into the cross-shore processes occurring at the near-shore zone, a new
process-based model for the cross-shore morphodynamics has been developed. The AMORFO70
model couples hydrodynamics, sediment transport and bottom changes under the assumption
of alongshore uniformity. Its main application is to study the cross-shore profile morphody-
namics considering different sediment transport mechanisms, as well as to examine the effects
of the intra-wave processes on beach profile morphodynamics and on the equilibrium beach
profile.

The AMORFO70 model is composed by three modules: the hydrodynamic module, the sed-
iment transport module, and the morphodynamic module. The hydrodynamic module solves
the depth-integrated and wave-averaged momentum and mass conservation equations cou-
pled with wave- and roller-energy conservation, Snell’s law and the dispersion relation. The
hydrodynamic processes include the cross-shore wave transformation (shoaling, refraction,
dissipation), the orbital motion and the time-averaged cross-shore and long-shore currents.
In Section 2.3, the governing equations involved in this module are detailed. The sediment
transport module allows to compute the sediment transport flux by considering different sedi-
ment transport parameterizations accounting for the effect of wave velocity and acceleration.
Details of the sediment transport formulas that are implemented in the model are in Chapter
3. After the computation of the sediment transport rates, the bed level changes are computed
from the gradients in the sediment flux (section 2.3.6) and the bottom is updated through the
morphodynamic module. Figure 2.1 outlines the AMORFO70 model structure through the
different modules and the main variables involved in each module. In the following sections,
the AMORFO70 model is presented. Section 2.2 describes the frame of reference, the main
assumptions and the variables considered in the numerical model. Governing equations for
the hydrodynamics and the sediment mass conservation are detailed in Section 2.3, followed
by the description of the velocities field in Section 2.4. Finally, the numerical implementation
is described in Section 2.5.
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Figure 2.1: Overview of modules and model scheme. Variables are defined in the following
sections.

2.2 COORDINATE SYSTEM, MODEL ASSUMPTIONS AND DYNAMICAL UNKNOWNS

We consider a Cartesian coordinate system located in the horizontal plane at the mean sea
level, in which the z-axis is normal to the shoreline (here considered rectilinear) and points
to the seaward direction, the y-axis is parallel to the shoreline, and the z-axis is the verti-
cal dimension and increases upwards (see Figure 2.2). The coordinate axis is located at the
mean sea level (MSL) point. Considering the vector notation of an arbitrary variable y/;, the
subscript ¢ stands for the  and y components of the vector, where ¢ = 1,2. The fourth
independent variable to be considered is the time ¢'.

Considering the spatial and temporal complexity of near-shore morphodynamics, the model
is simplified by considering the following assumptions:

1. Alongshore uniformity assumption.

The model assumes alongshore uniformity, so that the variables vary only in the vertical
plane x — z, that corresponds to the cross-shore transects of the beach (Figure 2.2). This
allows to drop out any derivative in the y direction (9/dy = 0).
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-
-

Figure 2.2: Cartesian coordinate system. Hydrodynamic variables are the mean free surface
elevation z, the wave height H, the wave number k and wave incidence angle 6, the depth D
and wave- and depth-averaged velocity ¢ and the bottom depth zy,.

2. Time Scales

Near-shore morphodynamics includes a wide range of time scales, from the intra-wave
processes (seconds) to the bottom changes (hours, days, months,...). In the model, the
rapid hydrodynamics variations are usually averaged over the wave period 7T'. Thus,
considering any arbitrary variable f(¢'), the corresponding wave-averaged variable is
defined as

() = (f(t) = & / F(t)t @.1)

Hereinafter, the operator () represents the wave-averaging of any variable. On the other
hand, to account for the intra-wave processes that are relevant for bottom changes, the
instantaneous time ¢’ is also considered (Section 2.4). Furthermore, morphodynamical
changes are considered to be slow respect to the instantaneous time (¢') and the hydro-
dynamic time (¢). This defines a ’slow’ time variable 7 at which the coupling between
hydrodynamics and morphodynamics tales place.

3. Depth-averaged variables

In the near-shore, the vertical length scales are smaller than the horizontal length scales.
Thus hydrodynamic variables are considered averaged along the depth. For any arbi-
trary variable f(z,y, z,t), the corresponding depth-averaged variable is defined as

1
Zs — Zb

Flo,y,t) = / ey, = t)dz 22)

Near-shore dynamics can be studied in terms of a set of dependent unknowns in the z, y,
z and ¢’ domains, that are related to the wave propagation and the bottom evolution, These
variables are the free surface elevation Z4(x,y,t’), the bottom elevation z,(z,y,t’') and the

9
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fluid velocity field (7,5(95, y, z,t') due to the intra-wave orbital motion along the water column
and the horizontal circulation of currents. Considering the assumptions given above, the wave
and depth-averaged velocities are defined as

1, (%

v(x,y,t) = 5(/ U(z,y,z,t)dz) 1=1,2 (2.3)
zp

where D(z,y,t) is the water column height (D = (2,) — (2;)) including the tidal oscillation

in the water level.

The free surface elevation Z5(x,y,t’) can be divided into its mean and its fluctuating com-
ponents zs(x,y,t) and z,(x,y,t’), respectively. This last term is the rapid oscillation of the
surface related to the incoming waves and is a function of the wave phase ®(x,y,t) and the
root mean squared of the wave height H (z,y) (Longuet-Higgins, 1952). During the wave
propagation, the wave energy density E"(x,y,t) and the roller energy density E"(z,y,t)
balances are considered. The wave phase ® is related to the wave vector ];(LL, y,t) and the
wave frequency w. Furthermore, the wave vector is related to the wave number and the wave
direction as k = |k|(cos 6§, sin #). The wave direction represents the incidence angle in which
incoming waves propagate respect to the normal of the shoreline (8 = 0 stands for the normal
incidence respect to the shoreline).

Summarizing, the dynamical unknowns are:
* zs(x,y,t), the mean free surface elevation,
e E¥(z,y,t) and E"(z,y, t), the wave and roller energy density, respectively.
e ¥(x,y,t), the depth- and wave-averaged horizontal velocity vector.

—

. E(az, y, t), the wave vector, or, |k

, the wave number, and 6, the wave incidence angle.

e 2p(x,y,7), the bed level.

2.3  GOVERNING EQUATIONS

The hydrodynamic module involves the set of partial equations of mass, momentum, wave
energy and roller energy balance complemented with the dispersion relation and Snell’s law,
assuming periodic wave motion and the instantaneous accommodation of hydrodynamics to
the bottom, which means that 9/9¢ = 0 (Stive, 1986; Svendsen & Putrevu, 1995).

2.3.1 WATER MASS BALANCE

The water mass balance equation in a horizontal flow is (e.g. Mei, 1989)
V- (D?%) =0 2.4)

where D is the total mean depth, D = (zs — 25) and z; is the water elevation respect to the
mean sea level (MSL) and z; is the bottom elevation. The wave- and depth-average water
mass flux M = pUD is defined across a vertical plane of unit width. This flux accounts for
the onshore directed flux between the wave trough and crest (Stokes drift), and the offshore
flux below the wave through (undertow).

10
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2.3.2 WAVE PHASE: DISPERSION RELATION - REFRACTION

Under the assumption that the wave field spectrum is narrow in frequency and direction, the
dispersion relation describes the wave propagation by defining the relation between the wave
frequency and the wave number k. It reads

0? = gktanh(kD) (2.5)

in which o is the intrinsic frequency and g is the acceleration due to gravity. Considering the
waves and currents interaction, 0 = w, — vyk,, where the absolute wave frequency w, =
27 /T is constant because of the conservation of wave crests, 7" is the wave period, vy is the
wave and depth-averaged long-shore current and k, = k sin 6 is the y component of the wave

number k.

Wave refraction during the propagation follows the Snell’s law:
ksin @ = kg sin 6 2.6)

where 6 is the incidence angle and the subscript 0 stands for the values of the variables at the
seaward boundary.

2.3.3 WAVE ENERGY CONSERVATION

Under the assumption of alongshore uniformity and the quasi-steady conditions, the wave
energy balance, that accounts for wave-current interactions, reads

%(Cng cosf) + ;"y% =D, 2.7
where ¢, is the modulus of the group velocity, Sz is the off-diagonal wave induced radiation
stress S}f’]- (detailed in Section 2.3.7.1), and D" is the wave breaking dissipation (see Section
2.3.7.2). The wave energy density I/ is approximated in terms of the root mean squared wave
height H, by considering the random wave statistic formulation of Longuet-Higgins (1952).
It reads

1

EY = gngQ (2.8)

where p is the water density.

2.3.4 ROLLER ENERGY CONSERVATION EQUATION

In order to better describe the transformation of wave energy into turbulent energy at breaking,
the roller formulation is adopted, accounting for the delay in the dissipation process and the
shifting of the set-up region. The balance of roller energy E" is modeled according to Ribas
et al. (2011), as an extension of the one proposed by Reniers et al. (2004), which was adapted
to account for wave-current interactions. It reads

0 - - Ovy
%(QCE cos ) + S, o

Here, E" is the roller energy, c is the modulus of the phase velocity, 7, is the off-diagonal
component of the roller radiation stress tensor S[j (detailed in Section 2.3.7.1) and D" is the
roller energy dissipation (detailed in Section 2.3.7).

= D" + D" 2.9)

11
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2.3.5 MOMENTUM BALANCE

The depth- and wave-averaged Navier-Stokes equations lead to the momentum balance equa-
tion

ov; 0z 1 0 . . Thi
Uiga; ~ 9w, pDow; 0 TS T oD

i=1,2 (2.10)

The x—component of the momentum balance equation governs the mean free surface level
and represents the balance between the pressure and the radiation tensor gradients':

0z 1 0
0= — S _ Sw ST 2.11

where Sy, and S7 are the z—components of the wave and roller radiation stresses tensor
respectively. On the other hand, the off-diagonal component of the momentum conservation
equation governs the long-shore current through the balance between the driving forces (radi-
ation stresses) and the frictional forces (bed-shear stresses):

1 0 Thy
_ w gy _ 2.12

where S7), and S7, are the off-diagonal components of the radiation stresses tensor for waves
and rollers respectively (see Section 2.3.7.1) and 7, is the bed-shear stress (see section
2.3.7.3).

2.3.6 SEDIMENT MASS BALANCE

The morphodynamic module of the model accounts for the sediment depth-averaged mass
balance equation as

8217 - 1 an

ot (1—n) ox

2.13)

in which bed evolution is proportional to the divergence of the sediment transport rate (), in
the cross-shore direction, and where ¢ is the morphodynamic time (detailed in Section 2.2)
and n is the porosity of sediment.

The sediment transport rate @), is computed using different parameterizations, according to
different underlying physics accounted for in the formulas (energy-based models, bed-load
transport models and suspended-load models). These parameterizations are detailed in Chap-
ter 3.

iNote that the Reynolds turbulent stresses are neglected in the model (Longuet-Higgins & Stewart, 1964). This is
a common simplification of hydrodynamics in cross-shore beach profile models.

12
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2.3.7 MODEL PARAMETERIZATIONS
2.3.7.1 'WAVE AND ROLLER RADIATION STRESSES

The momentum transfer due to the wave radiation stress tensor, Sl“; is parametrized using the
expression of Longuet-Higgins & Stewart (1964):

kik; 1 )
SY = Ev (chk; + (ch' - 2> 5,;j> i=1,2 (2.14)

where d;; is the Kronecker delta symbol. The components of the wave radiation stress tensor
in equations 2.7, 2.11 and 2.12 that describe the transfer of momentum are the z component

Sy and the off-diagonal component Sy :

st = ¥ (14 (eos)?) (%) - 1)

‘ (2.15)
Siy = FgE“’ sin @ cos 0
Following Svendsen (1984), the roller radiation stress tensor is given by
r »kik;
Si; =2F 7z (2.16)

The roller radiation stress x component S, and the off-diagonal component .57, involved in
equations 2.9, 2.11 and 2.12 are

ro T - 0\2
{ St .= 2E"(cos0) (2.17)

ST =2FE" cosfsinf

zy

The magnitudes of c and ¢, are computed by using the linear wave theory and read

c=4/ % tanh (kD) (2.18)

c 2kD
e 2.1
o ( + sinthD) 2.19)

2.3.7.2 WAVE AND ROLLER ENERGY DISSIPATION

In the surf-zone, dissipation is mainly due to the energy transfer to turbulent eddies (Battjes
et al., 1990). According to Thornton & Guza (1983), the bottom friction contribution in this
process is negligible, as well as the direct energy transfer into heat due to molecular viscosity.
Thus, the model considers only the wave energy dissipation related to the wave breaking
process, following the Thornton & Guza (1983) expression:

—25
3B3pgoH? Hyms \
Dw — Tms 1 _ 1 2,20

32ﬁ7b2D3 + ’be ( )
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where B describes the type of wave breaking, +, is the critical value of the normalized wave
height and p is the water density. Parameters B and -y, are the free variables used for the
calibration of the hydrodynamics (see Appendix A).

The roller energy dissipation represents the roller energy transfer to turbulent kinetic energy
and reads

-8y

D" = 2gE 2.21)

with the slope of the roller/wave front 5, set to 0.1 (Ruessink et al., 2001).

2.3.7.3 BED-SHEAR STRESSES

The bed-shear stress in the momentum balance equation (Equation 2.12) is parametrized ac-
cording Feddersen et al. (2000):

U, o2 \ "2
Thy = pca \/"21 vy (1.162 + 2U2 ) (2.22)

where ¢y = [0.4/(In(D/z) — 1)]? is the bed drag coefficient, U, is the root-mean-squared
wave orbital velocity given by

Hg cosh(kz)

Urms - T 7 N
2¢ cosh(kD)

(2.23)

and z is the bed-roughness length. The bed roughness is considered as a calibration parameter
of the hydrodynamics (see Appendix A). Further details of the bed-roughness are described
in Chapter 3.

2.3.8 BOUNDARY CONDITIONS AND FIXED PARAMETERS

Considering the set of partial differential equations eqgs. (2.4) to (2.7), (2.9), (2.11) and (2.12),
the boundary conditions are set at the offshore boundary and at the shoreline.

2.3.8.1 OFFSHORE BOUNDARY CONDITIONS

The offshore boundary is located at * = L,, L, being the span of the profile (see Figure
2.2). Boundary conditions are related to the drivers in hydrodynamics and are defined by the
input parameters at this point, that are the wave height Hy, the wave period T, the sea sur-
face elevation z, o (tide level), the incidence angle 6y and the long-shore current v, o, where
the subscript 0 denotes the offshore boundary. Usually the wave parameters are the offshore
measured wave conditions. Considering the dynamical unknowns of the hydrodynamic equa-
tions (detailed in section 2.2), these are computed through the offshore wave conditions in the
corresponding time-step ¢ as follows:

* 250, the free surface level that is directly given by the tidal conditions.

14
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* Ly, the wave energy density that is computed through Equation 2.8 and the offshore
wave height H.

» LY, the roller energy density, set to £ = 0 at this point.

* 1, the depth- and wave-averaged horizontal velocity vector that is given by the offshore
current conditions.

o ko = |E0\, the magnitude of the wave number, that is computed by solving the wave
dispersion relation (Equation 2.5).

* 6, the offshore wave incidence angle.

* 23,0, the bed level at the z( point.

2.3.8.2 SHORELINE TREATMENT

Near the shoreline, surf-zone hydrodynamics and sediment transport interact with the swash
zone processes. The AMORFO70 model does not account for the description of these pro-
cesses, since the morphodynamic time involved with the swash zone is smaller than that of
the surf-zone.

For the hydrodynamics, the model stops the computation at the last point where the depth
D > 0.15 m. This point is named ’last wet point’ z,¢;. On the other hand, an special
treatment of the sediment transport and the bottom changes in the shoreline zone is considered,
that is further detailed in Chapter 3.

2.3.8.3 OTHER PARAMETERS
Other parameters to be set as model inputs are those related to the sediment characteristics

(the grain size, the specific weight and the equilibrium friction angle ¢.,), the hydrodynamics
calibration parameters (B3, v, and z() and the roller/wave front slope /3.

2.4  WAVE AND CURRENT VELOCITY

Water motion in the near-shore is a complex system of fluxes, with several time and length
scales. These fluxes are related to the wave orbital motion and the mean currents that interact
with the bed driving the sediment transport processes. The fluid velocities considered in the
model are here detailed.

2.4.1 MEAN STEADY CURRENTS

The mean current U is defined as U (2, y) = Uyow ()04 vy ()7, in which Uy, is the offshore
directed undertow and v, is the long-shore mean current.
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2.4.1.1 STOKES DRIFT - UNDERTOW

As a result of the mass conservation and the balance of the cross-shore momentum in terms
of radiation stresses and set-up, there is a shoreward flux above the wave trough level and
an offshore directed flux (undertow) below the wave trough level. In the wave direction, the
vertical profile resulting from the Stokes drift and the bed returning flow is parameterized
through the Van Rijn (1993) formula

wkH?

Un(z) = 8sinh? (kD) F)

kD 2
F(z) = cosh(2k(z — D)) + g + =5 sinh <2kD (3;2 - 4% + 1>) +

3 (sinh(2kD) 3 22
T3 (QkD + 2) (pz - 1) 224)

At the bottom, the last expression leads to the linear theory expression of undertow:

wkH?

Utow = 8sinh? (kD)

(2.25)

The undertow parameterization is still a sticky point in near-shore hydrodynamic modeling,
as, although being recognized as an offshore directed current, existing parameterizations are
not able to approximate these currents properly enough. It must be pointed out that these pa-
rameterizations are really approximated for flume experiments in which there is no horizontal
circulation, but in the case of field conditions, undertow is believed to be strongly influenced
by three-dimensional processes. Nevertheless, recently new insights on these parameteriza-
tions allow to improve the prediction of the undertow. A recent improvement is the one given
by Kuriyama & Nakatsukasa (2010) and Nam et al. (2013), that determines the undertow from
the mass fluxes due to waves and rollers.

—(QY+Q")

Viowl®) = B in(u)]

(2.26)
in which Q¥ = E"/(pc)cosf and Q" = 2E" /(pc) cos 6 are the mass fluxes due to wave
motion and surface rollers, respectively, D — |min(u)| is the water depth below wave trough,
and p, is determined by the Abreu et al. (2010) approximation (Equation 2.31).

2.4.1.2 WAVE DRIVEN CURRENTS

The momentum balance accounts for the depth-averaged cross-shore radiation stress Sy, the
pressure and the wave set-up in the  direction and for the balance of the S, radiation stress,
the bed-shear stresses and the depth- and wave-averaged long-shore current in the long-shore
direction.

The vertical distribution of a steady current (in this case, the radiation stress related long-shore
current v,) is generally presented as a logarithmic profile. Waves propagating into shallow
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waters interacts with currents in such a way that the turbulence generated inside the wave
boundary layer affect the velocity profile. Following Van Rijn (1993), the effects on ¥ , of
the wave action is given by

- vyln(30z/k,)
frg = >
U= (2) = @k T 20
. Um,sln(30z/ks)
Uy 2(2) (30D ky) orz<9 2.27)

where ¥, .(z) is the vertical profile of the depth-averaged long-shore current v, at a certain
level z and v, s is the prescribed velocity at the near-bed mixing layer level § = 34,,, given
by:

vyln(300/k,)

s = 2.8
U = T In(30D /ky) (2.28)

Here, k; is defined as the effective bed roughness, k, is the apparent bed roughness and 4,
the thickness of the wave boundary layer (detailed in Chapter 3).

wave propagation
———5 direction

5 S
boundary layer boundary layer

Figure 2.3: Sketch of: A, total near-bottom velocity components: undertow Uy oy, (2, t), long-
shore current v, (y,t) and wave orbital velocity Uy(x,y,t’), and B, vertical distribution of
the total velocity U’t7z(:v, Yy, z,t) and the corresponding components: the long-shore current
vy,2(y, 2, t) (accounting for waves effects) and the Stokes drift U, (z, y, z, t)

2.4.2 INTRA-WAVE MOTION DESCRIPTION

As waves approach the coast and wave surface changes from a sinusoidal to a pitched-forward
face shape, wave-induced velocities become skewed. Furthermore, as waves get closer to the
breaking point, wave velocity asymmetry increases, driving strong near-bottom accelerations.
The evolution of the near-bottom velocities that affects to sediment transport (see Figure 2.4).
The recent intra-wave near-bottom velocity and acceleration approximation of Abreu et al.
(2010), improved by Ruessink et al. (2012), is incorporated to the model, in order to consider
more realistically the shape of near-bottom velocities and, particularly, to consider the effects
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Shoaling Breaking Inner-surf
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Figure 2.4: Sketch of free surface transformation along the profile and normalized near-bottom
velocities shape.

of wave velocity skewness and asymmetry, that play a key role on the near-shore morphody-
namics,

This approximation is given by

sin(wt’) + prome |
N /1 .2 |: 14++v1—1r2
Uo(#) =UsV1—r [1 —7cos(wt’ + ¢)]

in which Us = mH{T'sinh(kD) is the amplitude of orbital velocity given by the linear theory.
Parameters ¢ and r control the wave velocity shape in terms of the phase and non-linearities.
They are function of the Ursell number U, = 3Hk/8(kD)?3 and are computed by following
the Ruessink et al. (2012) approximation.

(2.29)

The corresponding intra-wave acceleration a(t’) is given by:

cos(wt') — rcos ¢ — sin ¢ sin(wt’ + ¢)

2
—r
1++/1—12

t) = Uswv/1—1r2 2.30
alt) 6% " [1 —7cos(wt’ + ¢)]? 230
and the corresponding wave surface elevation s (t'):
. rsin ¢
1 sin(wt') + 75
ps(t) = =H\/1—1r2 Ltvi-r® 2.31)

The wave velocity Uy(#') and a(t') are represented in the wave direction k.

The wave velocity skewness is defined as Sk = (U (t')) /o, and wave velocity asymmetry
is defined as As = (Hilb(Uo(t'))?)/o;, in which the operator Hilb is the Hilbert transform
(Elgar, 1987). (see Chapter 5 for further information)
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2.4.3 TOTAL VELOCITY

The total near-bottom velocity vector is defined as ﬁt = [70 +U , where l_f'o is the intra-wave
near-bottom oscillatory velocity vector and U is the mean current vector.

The wave-averaged vertical profile of the total velocity ﬁt,z(m, Yy, z,t) is the resultant of the
vertical profile of the long-shore steady current ., (Equation 2.27) and the vertical distribu-
tion of the Stokes drift (Equation 2.24), as follows

Uy (2, 2,t) = U (2, 2, ) + Ty (y, 2, 1) (2.32)

Figure 2.3 a) and b) sketches the near-bottom velocity ljt (z,y,t") and its components, and the
vertical velocity distribution Uy . (z, vy, 2, ).

2.5 NUMERICS

Finite difference methods are used to approximate the solution of the governing equations
by approximating the differential equations by other simpler algebraic expressions. These
methods need transforming the continuous space in a finite number of elements (grid), at
which the variables are calculated.

2.5.1 SPATIAL DISCRETIZATION

The computational domain is set in the  — z plane, and defined at ¢ = 0 by the bottom
contour given by the initial bathymetry z,(z,0), that extends from the initial point of the
profile to the most seaward point, in the cross-shore axis x, and from the value of z;(x,0) at
each cross-shore position, to the free surface level z,(z, 0), in the vertical axis z.

Figure 2.5 sketches the computational domain and grid.

2.5.1.1 X-SPACE DISCRETIZATION

Given a bathymetry as initial condition z;(x,0), (i.e. surveyed bathymetry), it is defined in a
finite difference grid with respect to the cross-shore axis x.

Considering that most of morphodynamics changes are located in the surf-zone, and in order
to speed up the computations, a non-uniform grid spacing Az in the z axis is considered, that
refines with rising the bottom elevation z; through the following expression:

Axnum;

(arctan({ imL — Zhmed

arctan (] =messtmed ) ™/2

Ax(i) =

lzb,min + Zb,med

/2 ) + AZin (2.33)

+ arctan(

where Ax,,q, is an input parameter defining the maximum spacing at the cross-shore posi-
tion defined by the input parameter zj, ;q, (seaward depth in which A, = A%naz); ATmin
defines the minimum spacing at the cross-shore position in which bottom depth is defined by
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the input parameter 2y ., (shoreward depth in which Ay = AZin), 26 meaq 18 the medium
depth (24, med = (2b.maz + 2b,min)/2) and [ defines the steepness of the arc-tangent function.
The bottom depth z;, at the new grid point x; = z;—1 + Az; is computed by a cubic inter-
polation considering the original bathymetry z,(x,0) (defining n, nodes along the profile).
The first node z is located in the offshore boundary. This grid is maintained during all the
computational steps. Figure 2.5 A shows a sketch of the grid spacing Ax dependence on the
bottom elevation z.

2.5.1.2 Z-SPACE DISCRETIZATION

In order to compute velocities and concentration profiles, the model needs a discretization of
the z space. To this end, a o, coordinate discretization is considered. This kind of grid allows
an equal number of vertical levels in the water column, irrespective of its depth. In this way,
each level follows the bathymetry (see Figure 2.5 B. The grid spacing is uniform for each
vertical line and is defined by the input variable n, that indicates the number of nodes in the
vertical domain.

A B
‘ z
‘ meln :meax
"'-"'-------""":'_';'_'\'—'—'944—AXmax X
R 1k+1
H ' Ak
Ax : / Jk1
H K |
1
7
’
A S depeo- < AX,,, | | | | | i
> i-1 i i+1
Z Ax,, AX

Figure 2.5: Sketch of: A, the non-uniform grid in the = space where Ax,,,,, is the maximum
value of Az (in the offshore region of the x space), Az, is the minimum value of Ax
(in the shore-ward zone of the x space), 2,4, 1S the maximum bottom elevation in which
Ar = ATumazs Zmin 18 the minimum bottom elevation in which Az = Az, and B, the
computational domain in the horizontal and vertical directions.

2.5.1.3 TEMPORAL DISCRETIZATION

Similarly to the spatial coordinates, the time domain must be discretized. The basis of this
discretization is the same of the spatial discretization but considering that, whereas a variable
in a spatial grid can influence to the flow at any spatial point, forcing in a given instant will
affect the flow only in the future (no backward influence). The morphodynamic time-step dt
is an input parameter of the model and it is considered uniform in all the computational steps.

On the other hand, to compute the intra-wave time dependent variables (such as Uo, and
its related variables) the instantaneous time domain ¢, defined within the wave period T, is
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adopted. This secondary domain is discretized by using an equispaced grid as a function of
n¢, defined as the number of nodes considered in the ¢’ domain which is an input of the model.

2.5.2  SPATIAL DERIVATIVES 0/0z: FINITE DIFFERENCE APPROXIMATION

Finite difference methods for the approximation of spatial derivatives rely on approximating
the partial derivatives by Taylor expansions series.

There are different schemes to approximate to the spatial derivative at a point: backwards
(BD), forward (FD) and centered schemes (CD). These approximations can be used in flow
problems: when flow is from node z;_; to z; the scheme used is BD approximation, and
FD when is in the inverse direction. These schemes are also known as upwind schemes.
Particularly, two finite difference approximations are used in the model: the backwards and
centered schemes. The hydrodynamics module needs to use the BD scheme because the
forward points are unknowns. The transport module can use both BD and CD schemes to
compute the spatial derivatives of the transport variable.

In both cases, the approximation can be considered by an arbitrary m order of derivatives, con-
sidering m + 1 points before or around the computing node (BD or CD). Although high order
derivatives approximation requires more computational resources, they are more accurate.

In the hydrodynamic module, the derivatives are approximated via a BD scheme of the kind
(0f)0x);i = f(fi, fi—1, -, fi—n), Where f(z) is an arbitrary function. For instance, the 27
order BD for the approximation of the spatial derivative (0 f/0z); in a non-uniform grid leads
to:

af (Az? | + Ax?)fi — (Az; + Azi—1) fi + Azd fiq
or Al’iflAfEi(Al‘ifl + AJ}Z)

(2.34)

where f;, f;—1 and f;_o are the value of the function f(z) at x;, x;_1 and x;_o, respectively,
and Ax; = x; — ;1 and Ax;_1 = x;_1 — x;_o. This scheme is used in the evaluation of
the spatial derivatives involved in equations egs. (2.7), (2.9), (2.11) and (2.12).

In the sediment transport and the morphodynamic modules, derivatives are considered by an
n order centered differences scheme of the kind (0f /0x); = f(fitn/2; -+ fis -+ fi—n/2). For
instance, the approximation of the 2”4 order CD scheme for a non-uniform grid follows

Of\ _ fir1(Az)® — fi1(Axiv1)® + fil(Awi1)? — (Azy)?]
ox i o Alﬂz_,_lAl’z(All —+ Al’i+1)

(2.35)
This approximation is used in the evaluation of the 9Q),./Ox term in equation 2.13.

2.5.3 SOLVER OF THE INITIAL VALUE PROBLEM

The initial value problem is set by the sediment mass conservation equation, which was pre-
sented in section 2.3.6:
821, 1 8@1

ot (1—n) Ox (2:36)
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and it is solved by a a Predictor-Corrector multi-point method, a combination of explicit and
implicit methods in such a way that the explicit method predicts an approximation to z ;1,
and the implicit method corrects this prediction. Furthermore, multi-point methods use the
solution of previous time steps (Zg, t1, ..., ;) to find the solution in the time step ¢;1.

Particularly, the model uses a combination of the 4** order explicit Adams-Bashforth method
and the 4*" order implicit Adams-Moulton method.

Considering the initial value problem for the ODE

oy
e f(ty) (2.37)

for which ™1 is the arbitrary variable to be solved in the time-step t" ™1 (y"+1 = y(¢"+1)),
the Adams-Bashforth method uses the Lagrange polynomial approximation for p"*! based
on previous time-steps, where p"*1! is the prediction of the unknown y"*1. The scheme of
the 4¢th order Adams-Bashforth method follows

P =yt dtf (") n=0
n+l _ , n @ no,n\ __ n—1 , n—1 _
P =yt S BN YY) — fT YY) n=1
23 4 )
n+tl _ n a9 no,ny __ - n—1 , n—1 e n—2 , n—2 —
=y +dt(12f(t W) = S FET T Ry >> n=2
55 99 37
nt+l _  n i n ,ny Y n—1 ,n—1 il n—2 ,n—2
pitl =y +dt(24f(t ™) 24f(t LY )+24f(t Y T7)
3
“2re) nz3
(2.38)

where dt is the time step. The predicted value p™*! is used as a term for the implicit 4¢h order
scheme of Adams-Moulton that follows

y' T =yt def (T p n=0
n n dt n n n o, mn

y =yt S (PP = £ ™) n=1
n+1 n 5 n+1 n+1 2 n n 1 n—1 n—1

g =yt b dt | S FET ) 4 S f(E ") - 5 fET YT n=2
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3 19 5
nt+l _ ,n de [ 2 tn+1 n+1 ZE L ) — = tnfl n—1
=g e (I ) = )

1 -2 n—2
n n >
+24f(t Y )) n>3

(2.39)

Several methods has been tested previously in the model for the temporal evolution of the
profile. Simple explicit methods, such as Euler methods or the Adams-Bashforth method,
are low computational demanding but can drive to numerical instabilities (particularly due
to using a non-uniform grid). Implicit methods, such as the Adams-Moulton method, are
the most stable methods but the Newton scheme to solve the hydrodynamics and sediment
transport in the AMORFO70 model requires the solution of an internal Newton for the intra-
wave near-bottom velocity at each iteration. This results on high computational cost and can
lead to no-solution for complex sediment transport formulas.

2.5.4 NUMERICAL INTEGRATION METHOD: TRAPEZOIDAL RULE

Considering an arbitrary function f(x) over the domain [a, b] discretized in n equispaced
nodes, the averaged value of the function is computed by the trapezoidal rule

n

R 3 R CUED W AR

@imidei i=1

= ﬁ(f(xo) +2f(x1) + 2f (x3) 4+ -+ 2f (1) + flzn)) (2.40)

This formula is used several times in the model,to average in the instantaneous time domain
[0, T] the near-bottom velocity (Uy) and the sediment transport (Q)) and the depth-averaged
value of suspended transport in the vertical domain [0, D].
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SEDIMENT TRANSPORT PARAMETERIZATIONS

3.1 INTRODUCTION

The difficulty on properly predict the morphodynamical changes of beach profile relies on the
way the processes involved in sediment transport are accounted for on computing sediment
transport rates.

The sediment transport includes two main transport modes, the bed-load transport and the
suspended-load transport. The bed-load transport is mainly due to the interaction between
particles near the bottom and bed-shear stresses due to fluxes. Suspended-load transport is
supported by the turbulence of the fluid and is present primary for fine sediments. It is con-
sidered that under different conditions, sediment is mobilized by one or other process. In
the alongshore uniformity framework (and normal wave incidence), sediment transport is the
results of the differences between the onshore and the offshore hydrodynamic processes. A
more exhaustive discussion about sediment transport processes in the nearshore zone can be
found in the literature, such as Fredsoe & Deigaard (1992); Nielsen (1992); Van Rijn (1993);
Soulsby (1997, among others)

To examine the relevance of the different cross-shore processes involved in sediment transport
and their implication on the morphodynamical evolution of the profile under the same forcing,
the AMORFO70 model incorporates several sediment transport parameterizations to compute
the cross-shore directed sediment transport rate (),.. In this chapter, the sediment transport
formulas used in the model are detailed.

3.2 ENERGY-BASED MODELS

The energy-based models are based on the idea of Bailard & Inman (1981) by considering
both the bed-load and the suspended-load processes as the result of the energy transfer of
wave motion over the sediment. Bed-load transport is accounted for as interaction between
the particles at the bottom, and suspended transport is considered by the advection due to the
currents of the turbulent sediment concentration.
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3.2.1 HOEFEL & ELGAR (2003) ACCELERATION-BASED TRANSPORT

The Hoefel & Elgar (2003) transport formula is an extension of the Drake & Calantoni (2001)
bed-load transport approximation. This parameterization considers that sediment transport is
the result of the horizontal pressure gradients on the sediment, that are strongly related to the
acceleration skewness of near-bottom orbital motion. Hoefel & Elgar (2003) extended this
parameterization to account for the action of random waves as follows

Q= Ka(aspik'e,a: - Sign(aspike,w)acr) Qspike,x 2> Qer (3.1)
0 Aspike,x < Ger

where, K, is a constant (set in 1.40 - 10™% m s), a., is the threshold acceleration (0.5 m/ s?)
and aspike = (a(t)®)/(a(t)?) is the dimensional acceleration skewness. Subscript = indi-
cates the cross-shore coordinate. The acceleration a(t) is the local temporal derivative of the
total velocity U;. In their approximation, suspended-load transport and currents action are
neglected.

Hoefel & Elgar (2003) simulated properly the onshore sandbar migration event during the
Duck94 experiment at the FRF-Duck, NC (Gallagher et al., 1998; Elgar et al., 2001), by
using the near-bottom current-meters data during the experiment.

3.2.2 HSU etal (2006) ENERGETICS TOTAL LOAD TRANSPORT MODEL

Hsu et al. (2006) modified the total-energy based formula of Bailard & Inman (1981) by
considering separately the wave action from the current action as follows

_ Cu €S 173
Qw = m (tan (l 0‘ Uo,z) + 0<|U0| Uo,:;;)) (3.2)
Qo= Lo (B i+ 0 .
“T (5-1)yg tan A T .
Q=Qw +Qc (3.4)

Here, subscripts W and C' indicate the wave term and the wave+currents term respectively,
s is the specific gravity (set to 2.65), g is acceleration due to gravity, ¢ is the friction angle
(tany = 0.63); ep and g are the bed-load and the suspended-load transport efficiency
parameters (set to eg = 0.135 and eg = 0.015 (Thornton & Humiston, 1996; Gallagher
et al., 1998)), W, is the sediment fall velocity (set to Wy = 0.025 ms™! con51der1ng an
uniform grain size along the profile of d5y = 0.2 mm (Hsu et al., 20006)) , Uo is the near-
bottom orbital velocity, Ut is the total velocity vector (waves plus currents) and U is the mean
currents velocity (see Section 2.4). Subscript x indicates the cross-shore component. Vertical
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bars indicate the magnitude of the vector. Values of the waves and current friction coefficients
C', and C, were set to 0.048 and 0.053 in Hsu et al. (2006).

This transport formula has been used in morphodynamic models to accurately predict different
laboratory and field experiments of the evolution of the cross-shore profile (Hsu ez al., 2006;
Dubarbier et al., 2013; Fernandez-Mora et al., 2013, 2015b, under review).

3.3 BED-LOAD TRANSPORT FORMULAS

Bed-load transport models usually consider that the bed-load transport process is the result of
the action of bed-shear stresses on the sediment (Meyer-Peter & Mueller, 1948). The general
expression of the volumetric bed-load transport rate Q, [m?/s~'] is usually defined as a
function of the dimensionless bed-load transport rate P:

Q= (®)1/(g9(s — 1)d) 3.5)

where (®) is function of the Shields parameter 6’, and dj is the grain size and the subscript b
indicates bed-load transport mode.

The various bed-load transport formulas based on bed-shear stresses differ in the way that the
relation ®(t) = f(6'(t)) is defined. In the following, the bed-load transport parameterizations
implemented in the model are detailed.

3.3.1 RIBBERINK (1998) BED-LOAD TRANSPORT

Ribberink (1998) proposed a widely used bed-load transport formula that accounts for the
non-linear interaction of the near-bottom velocities and steady currents on defining the Shields
parameter 6’. The dimensionless instantaneous bed-load transport rate ® accounting for the
effects of gravity (Ruessink et al., 2007) in the cross-shore direction reads

Bs B n Oew(t)
(l_p)H@cw(t)l Ocr,s] o] (3.6)

where 6, is the Shields parameter related to both waves and currents action and and 6, s
is the critical Shields parameter, m and n are calibration parameters (set to 9.1 and 1.8 re-
spectively). The non-dimensional critical shear stress representing the threshold of motion
of sediment is function of the non-dimensional grain size D, following Van Rijn (1993) (see
Section 3.7.1). The Bagnold parameter (3, increases the transport rate in case of downslope
transport, and decreases it in case of up slope transport and is defined as

®(t)=m

tany 3.7

°T tany + %
where dz/ds = (U, /|U|)dzb/dz.

This formula has been tested under several hydrodynamic and sediment conditions and im-
plemented in many morphodynamical models (Ruessink et al., 2007; Van der A et al., 2010b;
Van der Werf et al., 2012).

27



CHAPTER 3

3.3.2 CAMENEN & LARSON (2005) BED-LOAD TRANSPORT

The bed-load transport formula of Camenen & Larson (2005), based on Meyer-Peter & Mueller
(1948) and Ribberink (1998) formulas, separates the onshore directed component of the Shields
parameter ¢,,, from the offshore directed component 6,7 . In this way, sediment transport is
the result of the balance between onshore directed velocities and offshore currents.

The wave and current related non-dimensional transport of Camenen & Larson (2005) follows

(I)w = G/ ecw,on + ecw,offecw,m €xXp (_bgCT ) (38)

001(}

o, =a, V ecnecw,m €xXp (_b GCT ) (39)

where the w subindex points at the wave direction and the n subindex at the normal direc-
tion of waves motion and a.,, a, and b are calibrating parameters.fc on and O, ors are
the half-period time-averaged values of the waves and currents Shields parameter 6., (t) =
0.5|0o 4 U cos ¢| (U + U cos ¢)(s — 1)gdso. given by:

1 Tw,c ,
Ocw,on = 77— 6., (t)dt 3.10
o= [ O 610
1 Tw‘t
ecw’off = m - Géw(t)dt (31 1)

where T, and T,,; are the half-periods in which the instantaneous velocity ﬁt (t) is directed
onshore (< 0 in the coordinate system) or offshore (> 0 in the coordinate system). 6, ,, and
0., are the mean and maximum combined Shields parameters. ¢ is the angle between waves
and currents.

Camenen & Larson (2005) tested the formula and compared it with different bed-load trans-
port formulas by using the data of laboratory experiments, and comparing the amount of
sediment transport predicted by the formulas. It has been also used, complemented with sus-
pended transport formulas, by Nam et al. (2011) in a morphological evolution model to predict
the bottom evolution of beaches around near-shore structures.

3.4 SUSPENDED LOAD TRANSPORT FORMULAS

Suspended transport is classically computed as depth-average of the product of the sediment
concentration profile along the water column and the vertical profile of velocities.

0
Q= [ C(>)U,.dz (3.12)
—h

where C(z) is the time-averaged vertical profile of sediment concentration, ﬁt,z is the vertical
profile of total velocities along the water column and the subscript s indicates the suspended-
load transport mode.
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The time-averaged concentration profile follows the solution of the advection-diffusion equa-
tion given by

dc B Cwy

dz Es,cw

(3.13)

where wj is the sediment fall velocity, &5 ¢.,(2) is the wave and currents mixing coefficient.
Suspended transport parameterizations differ on the definition of the concentration profile in
terms of the reference concentration and the mixing coefficient model. In the following, the
parameterizations considered by the model are detailed.

3.4.1 BIKER (1967) CONCENTRATION PROFILE

Following Bijker (1967), the time-averaged suspended sediment concentration profile is given
by

C:{ b D Z] (3.14)

Ca D—k, =z

where C, is the time-averaged reference concentration at z = k; (the boundary layer level),
that follows

Ca

= 2e0 [—0'27(”3 — p)gd“} (3.15)

6.34k, VTh,cw

where b is an empirical coefficient (set to 5) and 7; ¢, is the total bed-shear stress due to waves
and currents (Equation 3.30).

3.4.2 VAN RIIN (1993) SUSPENDED-LOAD CONCENTRATION PROFILE APPROXIMA-
TION

Van Rijn (1993) considered an extended eddy diffusivity profile to account for both wave and
current action on computing suspended transport. Considering the equation 3.13, the Van
Rijn (1993) parameterization for the concentration profile C'(z) is obtained via the numerical
integration of

c (1-C)°CW,
dz  es.ew(l+(C/0.65)05 — 2(C/0.65)04)

(3.16)

where C'is the vertical concentration, €, ,, is the mixing coefficient for waves and currents.
In the boundary layer, the reference concentration is

d50 Tal'5

Ca = 0015[)5?])03

(3.17)

where Ty, is the bed-shear stress parameter defined as Ty, = (Tp cw — Ter)/TeTs Thcw 18 the
bed-shear stress due to waves and currents and 7., = (ps — p)gdso0.- is the critical bed-shear
stress (further detailed in Section 3.7).
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The sediment mixing coefficient €., related to currents and waves can be written as a function
of the current related sediment mixing coefficient €. and the wave related sediment mixing
coefficient €,, (Van Rijn, 1993), by

Eew = VEZ+E2 (3.18)

where the current-related mixing coefficient €. follows the parabolic-constant approximation:

z z
e =ru D= (1= 2, D <05

Eec =KU D( D) z/D <

g. =0.25ku, D, z/D > 0.5 (3.19)

and the wave-related mixing coefficient is

Ew =E€w,bed> z < 0
z—0g
Ew =Ew,bed + (Sw,mam - gw,bed) <05D—(55) y 65 < z2<05D
Ew =€w,maz, z>0.5D (3.20)

3.4.3 CAMENEN & LARSON (2008) SUSPENDED-LOAD TRANSPORT APPROXIMATION

Following a similar concept as the Camenen & Larson (2005) bed-load formula, Camenen
& Larson (2008) simplif