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ABSTRACT: A wave group-resolving model is used to investigate the driving mechanisms and the
spatio-temporal variability of very-low-frequency (VLF) fluctuations of an headland deflection rip,
measured during a 4-m oblique wave event. Surf zone eddies (SZE) occurring in the presence of a
strongly-sheared longshore current V at a longshore-uniform beach are first modelled. The spectral
signature and the variability of SZE are displayed and compared with the literature. The model
is then used to explore the dynamics of vorticity in the surf zone and against a headland under
energetic oblique wave conditions. The resulting weakly-sheared V is found to host large-scale
SZE propagating towards the headland at a speed decreasing seaward. Vorticity animations and
spectral diagrams indicate that VLF fluctuations of the deflection rip are driven by the deflection
of the upstream SZE. In line with measurements, periods of 40 min to 1 h dominate the spectrum
hundreds of meters from the headland at low tide. At high tide, vorticity spectra in the rip are much
narrower than in the surf zone, suggesting that the headland enforces the merging of SZE. This
mechanism is further analysed using idealized simulations with varying headland lengths, aiming
at extending traditional deflection patterns at the VLF scale. Finally, we discuss the existence of a
continuum in SZE driving mechanisms, going from fully wave group-driven to both wave group-
and shear instability-driven SZE for weakly- and strongly-sheared V, respectively. This continuum

suggests the importance of wave groups to produce SZE under energetic wave conditions.
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1. Introduction

Surf zone eddies (SZE) are two-dimensional horizontal vorticity motions typically associated
with frequencies as low as a few millihertz, namely within the very-low-frequency (VLF) band
(e.g. MacMahan et al. 2004; Reniers et al. 2007). Besides broadly contributing to mixing
and dispersion processes in the nearshore (e.g. Clark et al. 2010), SZE can also affect the spatio-
temporal variability of longshore currents, thus impacting the transport of sediments and pollutants
(Deigaard et al. 1995). Several SZE driving mechanisms have been proposed (e.g. Bowen and
Holman 1989; Long and Ozkan-Haller 2009; Feddersen 2014). The first one that was put forward
is associated with the presence of shear waves.

Shear waves are alongshore progressive vortical structures propagating in the surf zone with
periods and alongshore wavelengths of O(100) s and O(100) m, respectively. These motions are
commonly observed in the presence of a relatively strong mean (time-averaged) longshore current
(O(1) m/s; e.g. Oltman-Shay et al. 1989; Dodd et al. 1992) and result from instabilities due to
cross-shore shear of the longshore current (Bowen and Holman 1989). They appear in the form of
a meandering longshore current depicted by SZE with rather large velocity fluctuations. Observed
root-mean-squared velocity amplitudes of such SZE can reach half of the mean longshore current
magnitude (Oltman-Shay et al. 1989; Lippmann et al. 1999; Noyes et al. 2004). These highly-
energetic motions can therefore span the entire surf zone, altering the nearshore circulation and, in
particular, the cross-shore distribution of the longshore current. The presence of shear instability-
driven SZE can lead to a substantial cross-shore mixing of momentum in the surf zone, resulting
in a smoother longshore current profile (Ozkan-Haller and Kirby 1999). Surf zone eddies can also
be ejected seaward giving rise to spatially- and temporally- transient rip currents (Ozkan-Haller
and Kirby 1999), representing a dangerous hazard for swimmers (Castelle et al. 2016).

Shear wave motions in the nearshore were first theoretically explained by Bowen and Holman
(1989), who highlighted the importance of the seaward shear of the longshore current (cross-shore
gradient of the longshore current magnitude) to characterize these instabilities. For a strongly-
sheared longshore current, the latter becomes unstable, disturbances (or unstable modes) with
different wavelengths (wavenumber) are generated and propagate in the same direction of the
longshore current at a speed proportional to the longshore current peak. This was confirmed by

Oltman-Shay et al. (1989) who analysed measurements collected at a longshore-uniform sandy
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beach under moderately-energetic and highly-oblique wave conditions (offshore significant wave
height H of 1.36 m and peak angle of wave incidence 6, of 30°). Since the works of Bowen
and Holman (1989) and Oltman-Shay et al. (1989), shear wave motions have been investigated in
many studies which have been extensively reviewed in Dodd et al. (2000). The spectral signature
of shear waves is very specific within the longshore wavenumber-frequency (k- f) spectrum. Most
shear waves-related energy is spread around a relatively linear dispersion relation located outside of
the region of surface gravity motions, indicating that, at a given cross-shore position, all unstable
modes of these vorticity motions propagate at the same speed. By analysing the cross-shore
variability of shear waves, Noyes et al. (2004) suggested that the celerity of such motions is related
to the local value of the mean longshore current. Subsequent two-dimensional horizontal (2DH)
modelling studies have highlighted the mechanisms for shear wave energy dissipation through
bottom friction and horizontal mixing (e.g. Dodd et al. 1992; Falqués and Iranzo 1994; Ozkan-
Haller and Kirby 1999). In particular, Ozkan-Haller and Kirby (1999) used a phase-averaged
model to depict complex vortex structures that result from shear instabilities. These structures are
essentially made of energetic vorticity fronts and detaching eddies.

Including the effect of wave groups, Long and Ozkan-Haller (2009) showed that the production
of vorticity due to wave groups and shear instabilities can be of the same order. The inclusion of
wave groups was shown to result in broader k- f spectra and a more chaotic vorticity field. These
authors also showed that the vorticity due to wave groups was dominant over shear instabilities
for weakly-oblique incident waves. Using a phase-resolving model, Feddersen (2014) showed that
breaking wave vorticity forcing, which includes both breaking wave group and individual wave
vorticity forcing, are the dominant vorticity generation mechanisms, compared to shear instabilities,
except for highly-oblique large waves. Overall, these results suggest that SZE are not necessarily
always driven by shear instabilities but are driven by mechanisms that may change depending on
the longshore current profile which can substantially vary with incident wave conditions.

A significant number of measurement and modelling studies have investigated the spatio-temporal
variability of surf zone eddies in the presence of a longshore current. However, most of these
studies have been conducted for SZE propagating along longshore-uniform (barred or planar)
sandy beaches under low- to moderate- energy wave conditions, with H; rarely exceeding 2 m. The

eddy regime under energetic wave conditions is therefore poorly understood. For such conditions,
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the longshore current is generally wider, potentially resulting in a different seaward longshore
current shear than under less energetic wave conditions. The cross-shore structure of the longshore
current is yet known to play an important role in the shear wave regime such as their characteristic
spatial and temporal scales and the range of unstable modes (e.g. Bowen and Holman 1989; Dodd
and Thornton 1990; Baquerizo et al. 2001). Although never addressed, the variability of SZE and
their driving mechanisms, under high-energy conditions can be potentially different than under
low- to moderate-energy conditions. Lastly, there is a lack of knowledge on the behaviour of SZE
propagating along longshore non-uniform beaches (Dodd et al. 2000). In particular, the dynamics
of SZE propagating over complex morphologies with geological constraints, such as bedrocks or
headlands that are commonly present along rugged coastlines, is virtually unknown.

Along rugged or artificial coastlines, the presence of physical boundaries, such as natural head-
lands or man-made structures, can significantly disrupt the nearshore circulation. Under obliquely-
incident wave conditions, wave breaking induces a longshore current that can be deflected against
boundaries (e.g. Scottetal.2016), creating a so-called headland deflection rip (Castelle et al. 2016).
This type of rip was measured during a three-week field experiment conducted at La Petite Cham-
bre d’Amour (PCA; Anglet, SW France) beach in October 2018 (Mouragues et al. 2020b). The
field site comprises complex morphological features such as bedrocks and a 500-m rocky headland
(Saint Martin headland in Figure 1g). During a 4-m oblique wave event, the longshore current was
deflected seaward against the headland, resulting in a strong tidally-modulated deflection rip ex-
tending hundreds of meters offshore (Figure 1a-f). Atlow tide, energetic very-low-frequency (VLF)
fluctuations of the deflection rip were measured 800 m offshore, with dominant (most energetic)
periods around 30 min and 1 h (see SIG1 in Figure 1; Mouragues et al. 2020a). These fluctuations
were successfully reproduced by Mouragues et al. (2021) using a wave group-resolving 2DH model
(XBeach SurfBeat mode, hereafter XB-SB, Roelvink et al. 2009) but their driving mechanisms
and their spatio-temporal variability were not addressed. Following Mouragues et al. (2021), the
present study uses XB-SB to investigate these fluctuations and their driving mechanisms.

The paper is organised as follows. The Section 2 briefly presents the field site and the experimental
setup. In Section 3, the XB-SB model, its implementation and methods for analysing rotational
motions which includes the computation of their k-f spectra and their bulk characteristics are

described. In Section 4, the model is used to simulate surf zone eddies in the presence of a
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Fic. 1. Time series of water depth 4o (a and b), 5 min-running averaged cross-shore velocity Uc(c and d)
and longshore velocity Uy (e and f) measured at two instrument locations (SIG1 and AQ, respectively) on the
7t" of October 2018. The panel g shows the location of the field site (PCA; grey rectangle), the two instrument
locations (black and blue points) and the approximate direction of the measured current (black and blue arrows
based at the points). The offshore significant wave height and peak angle of wave incidence (H, and 6,) are also

indicated. Note that the bathymetry map and the entire array of instruments are shown in Figure 2.

longshore current measured during the SandyDuck experiment (Duck, North Carolina). This first
modelling experiment ensures that the model is able to reproduce SZE at a longshore-uniform
sandy beach under moderate wave conditions. Model performances are assessed by comparing
bulk characteristics of eddies and their spatio-temporal variability with previous studies. The
ability of the model to reproduce SZE observed during the SandyDuck setup suggests that it can be
used to simulate such motions occurring over more complex morphology and under more energetic
wave conditions and to further explore their variability. Hence, in Section 5, we investigate surf
zone eddies and headland rip VLF fluctuations at PCA under energetic wave conditions and for
different tidal levels. For this investigation, 20 hour-long model simulations with a constant tidal
level are set up in order to simulate a significant number VLF fluctuations (with periods < O(1)
h) and to fix the cross-shore location of wave breaking, thus removing the tidal modulation of surf

zone circulation which was strong in the measurement dataset (see Figure la-f). These model
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setups therefore subsequently allow addressing, through statistically-significant spectrum analysis
and a stationary state of VLF surf zone currents, the correct exploration of such motions. The
mean (time-averaged) circulation patterns and the presence of SZE at low tide and high tide are
then emphasized. The last part of Section 5 presents the spatio-temporal (frequency) variability
of vorticity in the surf zone and along the headland, showing that VLF fluctuations measured and
modelled off the headland tip are related with SZE propagating in the upstream longshore current.
In Section 6, the findings of this study are discussed. The discussion includes the control of
morphology on VLF fluctuations, with suggestions for future research. The effect of wave group
variability on surf zone rotational motions is also discussed, suggesting that wave group forcing
may be the primary driver of VLF fluctuations of the rip during the high-energy wave event, rather
than shear instabilities of the longshore current. Conclusions and perspectives for future works are

finally drawn in Section 7.

2. Field experiment

From the 3" to the 26! of October 2018, a field experiment was conducted at La Petite Chambre
d’Amour (PCA; Figure 2a) beach located in Anglet in the south of the Aquitaine coast (SW France).
This rugged coast is a mesotidal high-energy environment that is regularly exposed to energetic
Atlantic swells coming from the W-NW direction (Abadie et al. 2005). PCA is a double-barred
sandy beach located at the southern end of a 4-km embayment, comprising six groynes, bounded
by the Adour river to the North and by the Saint Martin 500-m rocky headland to the South (Figure
1g). The reader is referred to Mouragues et al. (2020a,b) for a detailed description of the field site
and of the experiment.

A large array of instruments were deployed to measure and study the natural variability of
wave-induced circulation at a high-energy geologically-constrained beach. In particular, Acoustic
Doppler Current Profilers (ADCPs) were installed near the headland to collect high-frequency
Eulerian velocity measurements (Figure 2a). On the 7" of October 2018, obliquely-incident
energetic waves (Hy; ~ 4.0 m and 6, ~ 20°) induced an intense deflection rip flowing against the
headland. At low tide, high velocities were measured at the most offshore ADCP located 800-m
offshore sitting in 12-m depth (Figure 1 and 2a). Time-averaged current velocities showed energetic

VLF fluctuations with dominant periods of around 30 min and 1 h, and associated peak velocities
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up to 0.7 m/s (see e.g. Figure 1c,e). These fluctuations were numerically reproduced by Mouragues
et al. (2021) using XB-SB which model domain is shown in Figure 2b. The analysis of modelling
results further suggested that the rip actually extended up to 1600 m offshore and was strongly
modulated by tides (see Figure 1a-f; Mouragues et al. 2020a, 2021). The modelling approach used
in the present study is similar to that of Mouragues et al. (2021) and is described in the following

section.

3. Modelling surf zone vortical motions

a. Modelling strategies

Over the past decades, several numerical modeling strategies have been employed in order to
simulate surf zone eddies. These approaches mostly differ in terms of the wave scale resolved,
ranging from phase-averaged models excluding wave groups (hereafter referred to as fully phase-
averaged models; e.g. Ozkan-Haller and Kirby 1999; Noyes et al. 2005) or including wave groups
(hereafter referred to as wave group-resolving models; e.g. Reniers et al. 2007; Long and Ozkan-
Haller 2009) to models simulating motions at the individual wave scale (Feddersen 2014). Fully
phase-averaged models have been applied to assess, in particular, the effect of bottom friction and
horizontal mixing on shear waves and their cross-shore variability. Because these models use a
steady forcing to drive the nearshore circulation (i.e. averaged over many wave groups), they can
only reproduce very-low-frequency (VLF) scales (f< 0.004 Hz) associated with shear instabilities
of the mean current, and not vorticity motions at the wave group scale. However, accounting for
the variability of the wave forcing at scales at least similar to wave groups is essential for better
reproducing surf zone rotational motions (Long and Ozkan-Haller 2009; Feddersen 2014).

Feddersen (2014) used a Boussinesq model to simulate the dynamics of SZE that were measured
during the SandyDuck experiment. Such a modelling approach allows the simulation of the
vorticity field generated by shear instabilities and through wave breaking at both the individual and
wave group scales. However, the sub-metric spatial resolution required to accurately reproduce
motions at this scale still makes the use of these models computationally challenging over large
spatial domains (> O(10) km?) and for long periods of time (temporal scale of a storm). In
this context, wave group-resolving models appear as a good compromise since they are much

less costly than fully phase-resolving approaches while keeping the ability of these models to
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Fic. 2. Bathymetry map of the field site (PCA; (a); black lines show 1-m spaced elevation contours) which
location is shown by a black rectangle in the full model domain ((b); black lines show 2-m spaced elevation
contours). Colour indicates elevation relative to the mean sea level (m+MSL), blue line is the MSL contour and
coloured points indicate ADCP location. (c) and (d) show the cross-shore (Ax) and longshore (Ay) mesh step

size, respectively.

reproduce the vorticity generated by wave groups. Wave group-resolving models such as XB-SB
use a wave forcing varying at the wave group scale to drive the nearshore circulation, allowing
to simulate low-frequency surf zone motions which include infragravity and VLF motions. This

approach has been used by several authors to reproduce the low frequency variability of circulation
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along rip-channelled open beaches (Reniers et al. 2006, 2007) and to simulate vorticity motions
that result from obliquely-incident wave groups along a longshore-uniform open beach (Long
and Ozkan-Haller 2009). The XB-SB wave group-resolving approach has here been chosen to
investigate the driving mechanism and the spatio-temporal variability of VLF fluctuations of the
deflection rip at PCA. XBeach is a morphodynamic model initially developed to reproduce storm
response of sandy beaches where infragravity swash is dominant (Roelvink et al. 2009). It solves
the coupled two-dimensional horizontal (2DH) equations for wave propagation, flow, sediment
transport and bottom changes (see Roelvink et al. 2009 for a model description). The short-wave
effects on currents are modelled through the radiation stress gradients approach (Longuet-Higgins
and Stewart 1964). In this paper, sediment transport and bottom change modules are disabled as

only hydrodynamics (longshore current and deflection rip) is investigated.

b. Implementation of the XBeach model

Based on the input wave spectrum, the Surfbeat approach uses a random phase selection procedure
to reconstruct time series of free surface elevation, from which the short-wave energy varying at
the wave-group scale can be extracted and used to force the spectral wave model (see Roelvink
et al. 2009, 2018). The circulation model is forced with elevations and currents corresponding to
the incident bound infragravity waves computed from the generated time series of surface elevation
following Herbers et al. (1994). The free surface elevation time series are generated using a random
set of phases, but the model allows them to be saved so that the exact same boundary conditions
can be used between numerical tests. This method will often be used in this paper to analyse the
spatial-temporal variability of hydrodynamics (e.g. vorticity) between different model setup (e.g.
morphological setup, free parameter calibration).

The XBeach model includes several free parameters requiring calibration with measurements.
For the modelling experiments carried out in this paper, three free parameters were found to
significantly impact the modelled hydrodynamics : the breaking parameter vy, a bed friction Chezy
coeflicient C and a mixing free parameter c;. The first two parameters are important, in particular,
to the surf zone width and to the intensity of the longshore current, respectively. The third
parameter alters the value of the eddy viscosity v, that controls the horizontal mixing. Increasing

the eddy viscosity is known to have a damping effect on shear instabilities along with increasing

10
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their longshore length scales (e.g. Falqués and Iranzo 1994; Ozkan-Haller and Kirby 1999). In
XBeach, v;, can be parametrised, using a Smagorinsky model, as a function of c;, velocity spatial

gradients and mesh step sizes :

ou 2 ov 2 1({0u Ov 2
_ 2512 |98 ov i i
S J(ax) N 0

where Ax and Ay are the mesh step sizes.

Calibration of these three parameters was made by finding their values that minimize dis-
crepancies between model outputs and measurements (running-averaged velocities or rotational
velocities). Model calibration results are described in Sections 4 and 5 and are also indicated in
Table Al (see Appendices). Finally, it should be noted that the effect of currents on waves was

neglected.

c. Vortical motion analysis
1) WAVENUMBER-FREQUENCY SPECTRUM

To investigate surf zone eddy motions, wavenumber-frequency spectra (k — f where k is the
longshore wavenumber in m~!) of the cross-shore velocity u, the longshore velocity v and of the
associated vorticity ¢ = dv/dx —du/dy are computed. Along a longshore transect located at a
given cross-shore position, modelled u, v and g are outputted every 10 s (sampling frequency f;
= 0.1 Hz) and every Ay m (longshore mesh size; sampling longshore wave number k; = 1/Ay)
and stored into 2D-matrices. A 2D-FFT is then applied to these matrices to estimate the energy
density at each wavenumber and frequency E (k, f). Wavenumber-frequency spectra of u, v and ¢
are hereafter referred to as E¥(k, f), E'(k, f) and E9(k, f), respectively.

Wavenumber-frequency spectra are typically partitioned into a gravity region and a non-gravity
region (see Figure 3a) which are separated by the mode 0 edge wave dispersion line which is
computed following Eckart (1951). The gravity region typically hosts gravity wave motions such
as edge waves which can remain trapped within the surf zone and propagate down the coast or leaky
waves which may exit the surf zone and propagate seaward. On the other hand, the non-gravity
region may host energetic rotational motions such as shear waves. Figure 3b shows a typical

E(k, f) that is computed in this study and highlights the presence of vorticity motions propagating

11
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in the direction of the mean longshore current V (k < 0). The spectral signature of these motions
resembles the spectral signature of shear waves consisting of a near-linear dispersion line and for
which a representative eddy celerity can be estimated (e.g. Oltman-Shay et al. 1989; Ozkan-Haller
and Kirby 1999; Noyes et al. 2004).

loguo(E*(k 1))
5-43-2-1012345678910
[ |
0.05 = . . —m0.025
(a)
0.04 0.02
gravity region
003 . ' ‘ ' 0.015 ;?:
= non-grav1t.}_7“1:_e_3§i(_)3 ------------ non—grav1ty region &
002l NI/ 0.01
0.01[—= — 0.005
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the direction of V opposite direction of V
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Fic. 3. (a) Schematic of a k- f spectrum (E (k, f)) illustrating gravity and non-gravity regions (after MacMahan
et al. 2004). These regions are separated by the mode 0 edge wave (gray lines; computed with slope tan(8) =
0.03). (b) Zoom of a modelled k- f spectrum of cross-shore velocities E*(k, f) showing eddies propagating in
the direction of the longshore current. The solid gray line shows the mode 0 edge wave dispersion line. Thin
dashed black lines indicate the upper and lower dispersion lines (fup and fiow, respectively) used to compute the
rotational motion frequency frot(k) (gray points). The black line shows the dispersion line resulting from the
fitting of k — fior and whose slope is the estimated eddy celerity Cyo;. The thick dashed black line shows the

dispersion line of the local longshore current magnitude V(x).

2) EDDY CELERITY

A representative eddy celerity Cy can be estimated as the E(k, f) ridge slope. To estimate
Crot, @ method similar to Ozkan-Haller and Kirby (1999) is employed. For each wavenumber, a

rotational motion frequency fiot(k) is computed by integrating E (k, f) over a rotational motion

12
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frequency region :

I FE(k, fdf
ralh) = T ,
o Bk, fdf

2)

where fu, and fiow are the upper and lower cutoff frequency lines delimiting the k-f region
attributed to surf zone eddies (dashed thin black lines in Figure 3b). These cutoff lines were set
to fup=4V(x)k and fiow = V(x)(k+0.01), with V(x) being the value of the mean longshore current
(dashed thick black line in Figure 3b) at the cross-shore position x, where the longshore transect
is located. This method leads to the points k- f;o¢ (grey points in Figure 3b) that are used to fit
a straight dispersion line whose slope corresponds to the estimated Cyy (plain thick black line
in Figure 3b). For the fitting procedure, each data point k- f;; is weighted by the total energy
/ﬁi ‘:j E(k, f)df . It should be noted that, as its name suggests, C is a celerity representative of the
most energetic rotational motions. As shown by the following results, interactions between eddies
may occur which tends to increase discrepancies between the individual eddy celerity and Cio.

Note that the spectral signature of such eddy interactions is emphasized by the relative broadness

of the k-f spectrum (see e.g. Figure 3b)

3) ROTATIONAL VELOCITIES

The total frequency spectrum E ( f) is computed by integrating E (k, f) over all wavenumber as :

+kN
E(f) = / Bk k. 3)

where ky = kg/2 is the Nyquist wave number. The spectrum of rotational motions E.q( f) is
calculated by integrating E(k, f) over regions outside the mode O edge wave dispersion line

(ko-(f) and ko+(f); see Figure 3a) :

Ewt(f) =E(f) _ng(f), “4)

where the spectrum of irrotational motions Eg ( f) is given by :

k0+(f)

ng(f): ko () E(k, f)dk. 5
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The total, cross- and longshore root-mean-square rotational velocities (Urms rot, Urms.rot a0d Vims rot

respectively) are then computed as :

2

(Usmsror)® = /f (EX\(F)+ () df. (62)
. 1f2

(urms,rot)2 = ‘/j E;{ot(f)df, (6b)
2

(Vrms,rot)2 = ./f E:ot(f)df’ (6¢)

where f1 and f> are the lower and upper cutoff frequencies. It should be noted that these rotational
velocities are velocities associated with rotational motions which include motions resulting from

shear instabilities of the mean longshore current and from wave group forcing (when included).

4. Assessment of the model at a longshore-uniform sandy beach

In this section, the model ability to accurately simulate the dynamics of surf zone eddies propa-
gating at a longshore-uniform sandy beach is investigated. This section serves as a model validation
step for simulating SZE arising over a 2D barred beach under moderate energy wave conditions.
In addition, a brief sensitivity analysis to different parameters is conducted, whose results are
compared with previous studies.

The model is setup at the longshore-uniform barred sandy beach of Duck (North Carolina), for
which many shear wave studies build on (see Dodd et al. 2000 for a shear wave study review). The
model is calibrated against measurements collected on the 1% of November 1997 as part of the
SandyDuck experiment described in Noyes et al. (2004). This event was characterised by highly-
oblique and moderate-energy wave conditions, with offshore Hy = 1.49 m and mean wave angle
6 = 21°. The latter conditions produced a strong and narrow longshore current V, peaking around
0.9 m/s (time-averaged) with a seaward width A (cross-shore distance between the peak position
and the offshore near-zero current intensity) of around 150 m (Noyes et al. 2005; Feddersen 2014).
This strongly-sheared current (mean seaward shear Viax /A = 0.006 s~1) was unstable and hosted
longshore-propagating surf zone eddies driven, at least partially, by shear instabilities (Noyes et al.

2005; Feddersen 2014).
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In the following sections, XB-SB is first calibrated against measurements presented in Noyes
et al. (2005). The calibrated model is then used to investigate the spatio-temporal variability of
vorticity which is compared with previous studies. The computational domain extends 1000 m and
1000 m in the cross-shore x and longshore y direction, respectively, with mesh resolution set to 2
m. The bathymetry is made of a longshore-uniform cross-shore depth profile that is representative
of the instrumented transect, with the shoreline and a submerged inner sandbar located around x =
110 m and x = 160 m.

The model is forced by a Jonswap spectrum with the same bulk parameters as measurements
(Hjy, peak period T}, 6 and directional spreading o) estimated at the 8-m depth pressure gauges
array (Long 1996). Similar to Noyes et al. (2005), the period of simulation is set to 8 h with the
last 4 h used for analysis. It should be noted that a sensitivity analysis to the longshore domain
length and mesh resolution was conducted and indicated that these parameters have a little impact
on eddy bulk characteristics (not shown). Note that a mesh resolution of 1 m and 2 m gave similar

results while a mesh resolution of 5 m resulted in lower rotational velocities.

a. Model calibration

Figure 4 displays the sensitivity of the time-averaged longshore current V(x) (Figure 4b) and
rotational velocities (Figure 4c, d) to bottom friction and horizontal mixing. Bottom friction Chezy
coefficient C = 55 m!/2/s best replicates the measured V(x) while the eddy viscosity coefficient
cs = 1 correctly reproduces the spatial distribution of both cross-shore and longshore rotational
velocities. Both these parameter values are taken for the following analysis (see Table Al). Of
note, this eddy viscosity coefficient leads to a cross-shore profile of eddy viscosity (Figure 4a) that
is relatively similar to the ones shown in Ozkan-Haller and Kirby (1999).

In line with previous studies (e.g. Ozkan-Haller and Kirby 1999), increasing the horizontal
mixing (increasing cy) leads to less energetic rotational motion amplitudes. In addition, it should
be noted that XB-SB is slightly better able at computing these amplitudes compared to the fully
phase-averaged model used in Noyes et al. (2005). This is because including wave groups leads to
a broader spectrum than when excluding wave groups (Long and Ozkan-Haller 2009). The control
of wave groups on the dynamics of rotational motions will be discussed in Section 6. Lastly,

it should be noted that a local bottom slope-dependent wave dissipation coefficient (following
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Pezerat et al. 2021) was implemented and used for the SandyDuck modeling experiment. The
latter implementation allows to prevent a substantial over-dissipation of incident wave energy
occurring seaward of the bar. Such a slope-dependent coefficient was not used for the Anglet
modeling experiment as the cross-shore distribution of the longshore current was not measured

during the field experiment.
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FiG. 4. Bottom friction (C) and horizontal mixing (c;) coefficient sensitivity to the mean longshore current and
to rotational motions (including shear waves). Cross-shore profile of the horizontal viscosity v, (a; for C = 55
m'/2/s), of the mean longshore current V (b) and of root-mean-square cross- and longshore rotational velocities
Urms rot AN Vims ror (€ and d, respectively; for C = 55 m'/2/s). Yellow points indicate observations from Noyes

et al. (2005).

b. Surf zone eddy variability

The calibrated model is now used to explore the spatio-temporal variability of vorticity. Figure 5
shows wavenumber-frequency spectra of vorticity (E4(k, f)) at four cross-shore positions seaward
of the longshore current peak position. The spectra of modelled vorticity are in qualitative
agreement with the spectra of observed velocities shown in Noyes et al. (2005), exhibiting, in
particular, the presence of shear waves propagating in the direction of V. In line with previous
studies, shear wave-related energy and the range of energetic frequencies decrease seaward. The

most energetic longshore length and period are order of 200 m and 200 s, respectively. Because
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both irrotational and rotational motions populate velocity spectra, shear wave motions are best
detected using vorticity spectrum and will hereafter used to investigate rotational motions. An
example of u, v and q spectra is provided in Figure B1 to illustrate this point.

Although the eddy celerity estimated from velocities can be up to 20 % higher than celerity
estimated from vorticity, the entire set of estimated celerities are of the same order of magnitude
and is proportional to the local value of the mean longshore current (see Figure 6), which is in
agreement with past studies (Noyes et al. 2004, 2005). Eddy celerities reach the longshore current
peak at its peak position and decrease seaward. For each estimated celerity, its standard deviation
computed for different eddy viscosity coefficients is indicated, showing that horizontal mixing does
not strongly impact eddy celerities (with a maximum deviation of 6 %), which is in line with the

literature (Ozkan-Haller and Kirby 1999).
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Fic. 5. (a) Cross-shore profile of the modelled mean longshore current V(x). Yellow points indicate
observations. (b)-(e) Modeled wavenumber-frequency spectra of vorticity ¢ (E9(k, f)) at the same cross-shore
positions of observations (x = 160, 210, 260 and 310 m). For each panel, the local value of the mean longshore
current V and the estimated eddy celerity C, are indicated. The definition of multiple dispersion lines is the

same as in figure 3b.
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(black line). For both panels, points show the averaged celerities (for different ¢y shown in Figure 4) while
vertical bars show the associated standard deviation. In panel (b), yellow squares show observed eddy celerities

.. b
extracted from cross-shore velocities (Cyo. ).

The spatio-temporal variability of vorticity modelled at Duck is shown in Figure 7. This figure
displays snapshots and time-space diagram of the 100-s running averaged vorticity along a seaward
transect, emphasising the presence of longshore-propagating vorticity fronts and detaching eddies.
Snapshots indicate the presence of a vorticity front pair (positive and negative fronts) located near
the longshore current peak position, propagating with the longshore current (right to left) and with
longshore lengths of around 200 m. Some vorticity fronts may sometimes stretch until breaking
down into two fronts with the main front continuing its course with the longshore current and the
other secondary front being expelled offshore (detached eddy). Two successive fronts may also
merge together which results in a larger front. It is suggested that such eddy interactions result
in some discrepancies between the mean current and the estimated celerity seaward of the mean
current peak position (see Figure 6; Long and Ozkan-Haller 2009). To better visualize vorticity

fronts and their interactions, the reader is referred to the vorticity animation (see Supplementary
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materials). All these results are in good agreement with vorticity patterns previously modelled for

similar setup (Ozkan-Haller and Kirby 1999; Long and Ozkan-Haller 2009).
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Fic. 7. Left-hand panels : snapshots of vorticity at four different times (¢ = 30, 36, 42 and 48 min) depicting
the stretching and the splitting of a vorticity front. The dashed black line correspond to the cross-shore position
x= 260 m. Right-hand panel : time-space diagram of vorticity along the cross-shore position x = 260 m.
Dashed black lines correspond to times at which vorticity field is plotted on the left-hand panels. For a better

visualisation, the reader is referred to vorticity animations (see Supplementary Materials).

The previous results indicate that XB-SB is able to simulate the dynamics of surf zone eddies at a
longshore-uniform sandy beach under moderate energy wave conditions. The main characteristics
(Iength and time scales, amplitudes) of SZE are well reproduced by the model. In the next sections,
the model is used to investigate SZE and VLF fluctuations of an headland deflection rip occurring

at a geologically-constrained beach and under high-energy wave conditions.

5. Surf zone eddies and headland rip VLF fluctuations at a geologically-constrained beach

XB-SB was implemented on a regular grid extending 4000 m and 10000 m in the cross-shore
x and the longshore y direction, respectively (Figure 2b). The computational domain comprises

morphological features such as offshore bedrock and sand deposit lobe off the river mouth, the
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Adour dike and the six groynes along Anglet beaches, PCA and the Saint Martin headland and the
adjacent embayment GPB. The mesh step size was set to 5 m at PCA, gradually increasing to 25
m close to the offshore boundaries (Figure 2c, d).

Mouragues et al. (2021) describe how the present model was calibrated at the Anglet site using
realistic forcing for waves (wave buoy Candhis 06402 moored in 50 m water depth) and water levels
collected at a nearby tidal gauge during the energetic event considered here (event D2 on the 7"
of October 2018). In the present study, the VLF fluctuations of the deflection rip are investigated
with JONSWAP spectra generated using the mean offshore wave conditions averaged over the
considered event (Hy =4 m, T, = 10 s and 6, = —20°). The peak enhancement factor and the
directional wave spreading are set to 3.3 and 24° (XBeach default values). This spectrum is used
to force the model for 20 hours in order to ensure that a significant number of VLF fluctuations
are modelled. In order to disregard model spin-up, the last 12 hours of the simulation are used
for the investigation. The tide elevation is set constant during the entire simulation: {jjge = —2 m
and {iige = 2 m for the low tide and high tide simulation, respectively. As previously explained,
using a constant tidal elevation throughout the simulations ensures that surf zone VLF motions are
stationary.

Following the model calibration carried out by Mouragues et al. (2021) , ¥ = 0.50 and C = 45
m'/% /s will be used for the Anglet modelling experiment. Finally, it should be noted that modelled
deflection rip velocities in Anglet were found insensitive to the value of ¢ (not shown; results are
similar to Mouragues et al. 2021). For consistency with the SandyDuck modelling experiment, ¢

was set to 1 for all Anglet modelling experiments.

a. Mean circulation and surf zone eddies

Figure 8 shows the mean velocity field along PCA at low tide (panel a) and high tide (panel b).
The breaking of highly-oblique and highly-energetic incident waves (Hy ~ 4.0 m and 6, ~ 20°)
induces a strong and wide longshore current V oriented to the south. The latter is deflected seaward
against the headland, creating a deflection rip extending hundreds of meters off the headland tip.
At low tide, the surf zone width is similar to the headland length and the longshore current is

deflected by the headland and by the adjacent embayment flow (Mouragues et al. 2021).
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The surf zone morphology of PCA is relatively longshore-uniform with a relatively steep upper
beach face and a low tide terrace that can be exposed at low tide. For a given incident wave
condition, changes in tidal elevation alter the pattern and intensity of depth-induced breaking wave
energy dissipation which, in turn, results in a strong tidal modulation of the cross-shore distribution
of the longshore current along PCA (Figure 8c). At low tide, the longshore current is wide and
has two local maxima. The highest maxima is located seaward at x = - 450 m and reaches 0.95
m/s. At high tide, the main peak moves shoreward at x = - 250 m and reaches 0.98 m/s. The mean
seaward shear is around 0.0027 s~! for both tide levels, which is less than half of the longshore
current shear during the SandyDuck experiment. For each longshore current profile V, its potential
vorticity V,/h is shown and displays at least one local extremum which is a necessary condition
for a shear instability to exist (Bowen and Holman 1989; Dodd et al. 1992). Because the longshore
current peak is closer to the shoreline at high tide than at low tide, the location along the headland
at which the longshore current is deflected offshore is also closer to the shoreline. This leads to a
more concentrated, slightly more intense and narrower seaward flowing jet against the headland at
high tide. Along Ty, the headland rip flow is around 50-100 m wider at low tide than at high tide
(Figure 8d).

Wavenumber-frequency spectra of vorticity at different cross-shore positions in the surf zone
and for both tide levels are shown in Figure 9. Similar to the SandyDuck experiment, the presence
of SZE propagating in the same direction as the longshore current along PCA 1is ubiquitous. The
approximative range of energetic frequencies is centred around 2 mHz (8 min) and decreases
seaward with, for instance, much lower energy for f > 5 mHz at x = -600 m (x = -370 m) than at
x =-500 m (x = -270 m) for low tide (high tide). By contrast, k-f spectra suggest that the range
of energetic wavenumber remains relatively constant with cross-shore positions and is centred
around 0.004 m~! (250 m). The estimated celerity decreases seaward, going from O(1) m/s near
the longshore current peak to O(0.1) m/s 500 m and 700 m offshore at high tide and low tide,
respectively (see Figure 10). It should be noted that the estimation of the eddy celerity is relatively
sensitive to the method to fit the straight dispersion line (Ozkan-Haller and Kirby 1999). Such
sensitivity is enhanced in Anglet which setup (morphology, high-energy wave conditions) is more
complex than along the longshore-uniform sandy beach of Duck. This complexity, in addition to

eddy interactions, may strongly increase discrepancies between the estimated eddy celerity and
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Fic. 8. (a)-(b) Mean velocity field at low tide and at high tide. For both top panels, black line show two
transects along which vorticity is plotted in other figures (T¢ is the cross-shore transect of the longshore current
and Ty is the cross-section transect of the deflection rip). Grey rectangle indicates area where k- f spectrum are
computed. (c) Cross-shore profile of mean longshore current V (black line) and potential vorticity associated
with V (red line). (d) Cross-section profile of the mean deflection magnitude Ujp. For both bottom panels, plain

(dashed) lines are for low tide (high tide).

the local mean longshore current. To increase the accuracy of the estimated eddy celerity, points
(k, frot) with energy less than three orders of magnitude of the energy peak were removed from the
fitting procedure. The resulting eddy celerity and the mean current have equivalent trends which
is similar to SandyDuck.

Concluding this section, model results indicate the presence of SZE along PCA at both low tide
and high tide. These eddies propagate in the direction of the longshore current and their celerity
decreases seaward which is similar to SandyDuck (see Section 4). In the next section, the model

is used to explore the relationship between such eddies and the VLF fluctuations of the deflection

rip.
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Fic. 9. Modeled wavenumber-frequency spectra of vorticity q (E9(k, f)) at low tide (top) and high tide
(bottom) extracted at different cross-shore positions x. For each panel, the local value of the mean longshore
current V and the estimated eddy celerity C;o are written. The definition of multiple dispersion lines is the same

as in figure 3b.

b. Surf zone eddies and headland rip fluctuations

To investigate the hydrodynamic connections between the surf zone and the deflection rip, time-
space and frequency-space diagrams of vorticity are computed along a transect in the surf zone 7¢
and against the headland Ty (see Figure 8a, b for transect location). These diagrams are shown in
Figure 11 at low tide. Associated with those, Figure 12 shows several snapshots of vorticity which
emphasise the length scales of vorticity fronts, their longshore advection, their merging and their
offshore shedding through the deflection rip.

In the surf zone, two vorticity front pairs are present (Figure 12) and are associated with the two
local maxima of longshore current at low tide (see Figure 8c). The seaward vorticity front pair
is characterised by intense negative vorticity fronts that span the entire seaward longshore current

region, going from around x = -550 m to x = -870 m. In this region, the frequency-space diagram
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Fic. 10. (a) Eddy celerity Cy extracted from vorticity versus local value of mean longshore current V. (b)
Cross-shore profile of eddy celerities (points) and mean longshore current (line). Black and grey are for low tide

and high tide, respectively.

along the cross-shore transect in the surf zone T¢ (upper right-hand panel in Figure 11) highlights
energetic frequencies that are similar to frequencies of SZE detected previously. Each cross-shore
position is characterised by a relatively narrow range of energetic periods. Energetic periods of 5
to 8 min dominate the spectrum just seaward of the peak while periods of 30 min and 1 h dominate
the spectrum further offshore.

In this locally alongshore-uniform surf zone situation, the most energetic period increases with
the distance to the location of the longshore current peak (see upper right-hand panel in Figure
11). As suggested above, the most energetic longshore wavelength may remain relatively constant
across the surf zone, indicating that the spatial structure of the corresponding eddies are conserved
while their propagation speed decreases seaward. The latter mechanism can force the splitting of
some vorticity fronts, leading to the generation of detached eddies that can propage off the surf
zone. This is better emphasized in the vorticity animation (see Supplementary Materials) and
vorticity snapshots shown in Figure 12. Vorticity fronts span the entire surf zone and are advected

by the longshore current. The most shoreward part of a front propagates faster than the seaward
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part, which forces front stretching and detaching eddies. These eddies can flow off the surf zone
or merge with the following front. Such mechanisms can also explained the differences between
the representative eddy celerity and the mean longshore current (Figure 6).

Close to the headland, these fronts are expelled offshore through the deflection rip against
the headland. Frequency-space diagrams along 7¢ and Ty are relatively similar, suggesting that
fluctuations in the deflection rip are associated with the deflection of the upstream SZE. Along the
cross-section of the rip neck Ty, energetic periods ranging from 5 min to 1 h dominate the spectrum.
Far from the headland, only fluctuations with energetic periods of around 42 min dominate the
spectrum at SIG1 location, which is similar with measurements (see Figure 2 and Mouragues et al.
2021).

Similar to low tide, the spatio-temporal (frequency) variability of vorticity at high tide is shown
in Figure 13 and Figure 14. The frequency-space diagram of vorticity along T¢ is relatively similar
to the one at low tide, with energetic periods that essentially increase seaward. At high tide, the
mean longshore current has also two local maxima which are associated with two vorticity front
pairs in the surf zone (see around x = -280 m and x = -500 m). Just seaward of the main peak
located at x = -270 m, intense negative vorticity fronts are advected along the stream with energetic
periods of around 5 min. Further offshore, the longshore current profile displays a secondary
bump (see around x = -420 m) and is associated with vorticity fronts propagating slower than the
shoreward fronts, with energetic periods around 30 min.

The examination of vorticity animation at high tide (see Supplementary Materials) suggests that
vorticity fronts merge at the location where the longshore current starts to be deflected offshore
(region around x = -400 m and y = 400 m). The merged fronts are then expelled offshore through
the deflection rip which leads to a much narrower range of energetic periods along Ty than along
Tc, with distinct energetic periods of 23 min and 50 min along 7Ty (see bottom right-hand panel
in Figure 13). The latter model result differs with the low tide simulation which highlighted the
relatively same range of energetic periods along 7¢ and Ty.

This is believed to be controlled by the relative difference of mean flow patterns between low tide
and high tide. At high tide, the mean flow against the headland is concentrated within a narrower
region than at low tide (Figure 8). This allows all surf zone vorticity fronts to pass through the

deflection rip at low tide while, at high tide, some surf zone fronts may merge together before
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Fic. 11. Time-space diagram of 100-s running averaged vorticity (¢mean(?); left-hand panels) and frequency-
space diagram of instantaneous vorticity spectrum (E9(f); right-hand panels) along two transects at low tide
(see Figure 8a for transect location). Top panels are for transect 7¢ with the black line indicating the mean
longshore current peak position. Bottom panels are for transect T with the black (red) line indicating the mean

deflection rip peak (SIG1) position.

being expelled offshore by the rip. This leads to energetic higher periods against the headland that
were not necessarily present updrift in the surf zone (Figure 13). This mechanism will be further

discussed in Section 6.
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Fic. 12. Snapshots of vorticity at low tide at four different times showing stretched vorticity fronts, front
interactions and offshore shedding through the deflection rip. Yellow point indicates SIG1 location and the green
arrow in the first panel shows the main propagation direction of vorticity fronts. Dashed magenta rectangles show
an example of two vorticity front pairs. For a better visualisation, the reader is referred to vorticity animations

(see Supplementary Materials).

6. Discussion

In the following section, some components of the above model results are discussed and sugges-
tions for future works are proposed. The morphological control on headland rip VLF fluctuations,
through idealised morphology, is first explored. The latter will be critical to support the fact that
the headland may enforce the merging of surf zone eddies as previously highlighted at PCA at high
tide. Then, the role of wave group forcing and shear instability processes on surf zone rotational
motions is discussed. In particular, we will point out the essential role of incident wave groups to

produce surf zone eddies under high-energy oblique wave conditions. The latter will raise forward
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Fic. 13. Time-space diagram of 100-s running averaged vorticity (¢mean(?); left-hand panels) and frequency-

space diagram of instantaneous vorticity spectrum (E4( f); right-hand panels) along two transects at high tide

(see Figure 8b for transect location). Top panels are for transect 7¢ with the black line indicating the mean

longshore current peak position. Bottom panels are for transect T with the black (red) line indicating the mean

deflection rip peak (SIG1) position.

the discussion on a continuum of the driving mechanism of surf zone rotational motions under

obliquely-incident waves.

a. Morphological control on headland rip VLF fluctuations

In section 5, the spatio-temporal variability of vorticity suggests that fluctuations of the rip are

associated with the propagation of eddies along the deflection stream. For a given headland length,

the reduction of the surf zone width can strongly modify the mean headland rip flow, with a more
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arrow in the first panel shows the main propagation direction of vorticity fronts. For a better visualisation, the

reader is referred to vorticity animations (see Supplementary Materials).

concentrated seaward jet flow as surf zone width decreases. This forces the merging of vorticity
fronts near the headland which results in energetic higher periods against the headland that were
not necessarily present in the surf zone. To further analyse this mechanism, the model is run on
an idealised morphology which is made of a planar surf zone morphology (constant slope of 0.03)
and a physical boundary (headland) with a given length L,. The incident wave conditions are the
same for all modelling experiments (H; = 2 m and 6 = —20°). These conditions result in a 200-m
wide longshore current (surf zone width X, ~ 200 m) peaking around 0.8 m/s (Figure 15a). In
order to obtain different mean flow patterns and further emphasize their effects on the energetic
periods, Lg is varied so that the boundary length to surf zone width ratio L,/X}, varies from 0.3

to 1.2. This allows to model the full spectrum of mean deflection patterns, going from weakly- to
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strongly-deflected longshore current (Scott et al. 2016). With a constant X}, the mean flow patterns
feature different deflection rip widths (see left-hand panels in Figure 15). It should be noted that
obtaining flow patterns with different surf zone and deflection rip widths could have also been done
with e.g. varying tidal level (as previously done in Anglet; see Section 5) or varying offshore wave
conditions (varying X;). Here, we choose to vary L, /X, for consistency with Scott et al. (2016).
These authors have varied this ratio to highlight the different deflection mean (time-averaged) flow
patterns. The present model experiments aim at extending their work at the VLF scales.

For each experiment, the time-space (frequency) diagrams of vorticity along two transects (¢
and Ty ) are presented (see middle and right-hand panels in Figure 15). Note that the same incident
infragravity wave phases were used to run the model so that the variability of vorticity in the surf
zone (transect T¢) is similar for all experiments. The latter vorticity variability is shown in panels b
and c. The other middle and right-hand panels show vorticity along transect Ty for all experiments
and highlight the effect of varying L, (or L,/X},) and, in turn, the deflection rip width on the range
of energetic periods in the deflection rip. As L,/X), increases, the deflection rip is compressed
within a narrow region and its width is much shorter than the surf zone width (see left-hand panels).
The range of energetic periods in the deflection rip strongly decreases compared to the range of
energetic periods in the longshore current. For the longest boundary (L, /X, = 1.2), only periods
higher than 7 min dominate the deflection rip spectrum (Figure 15r) while the longshore current
features a wide range of energetic periods, going from 4 min to 50 min (Figure 15c).

Overall, these results underlines the previously-observed effect that an headland may have on the
vorticity motions generated upstream in the surf zone. This is better emphasised by the continuous
peak frequency f;vif computed as f F(EL(f)*df/ f (E9(f))*df (see right-hand panels). As
L,/X), increases, the cut-off frequency (f,vir closest to the headland) decreases from 2.5 to 1.75
mHz for L,/X;, = 0.3 and 1.2, respectively (Figure 15f and r, respectively). The peak frequency
also strongly decreases with the distance from headland x;. To further synthesise this mechanism,
Figure 16 shows T} yir = 1/ fp vif at two different x, as a function of Lg/X), and for different H; in
order to highlight the effect of varying X;,. Both X, feature similar period patterns. As L,/X
increases, periods at both positions and the period gap between both positions increase, which

illustrates the effect of the headland on energetic periods.
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Fic. 15. Left-hand panels : mean circulation patterns for different idealised boundary length. The boundary
length to surf zone width ratio L, /X, is indicated for each panel (X;, = 200 m). Transects Ty and T¢ are indicated
in each panel. Middle panels : time-space diagram of running-averaged vorticity along Ty for different Lg/Xj.
Right-hand panels : frequency-space diagram of instantaneous vorticity along Ty for different Lg /X;,. The upper
middle (upper right-hand) panel shows the time (frequency)-space diagram of running-averaged (instantaneous)
vorticity along T¢ which is the same for each modelled case (same incident wave phase time series). Black lines

on righ-hand panels show the continuous peak frequency f, vir computed as / F(EL(f))*df/ / (E9(f))*df.

b. Effects of wave-group forcing on vorticity dynamics

The effect of wave forcing, through breaking wave vorticity forcing, on the characteristics of surf

zone rotational motions under obliquely incident wave conditions has been addressed by very few
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two different distances from the boundary xj, corresponding to the distance of maximum vorticity variance (50
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For each Hy, the longshore current profile V(x) is also shown.

studies (e.g. Long and Ozkan-Haller 2009; Feddersen 2014). In the above modelling analysis, the
term ’shear waves’ was sometimes used, for simplicity, to refer to surf zone rotational motions in
the presence of a longshore current V. This could mask the fact that shear instabilities of V are not
the only driving mechanism of such motions. Under obliquely incident wave conditions, surf zone
eddy generation mechanisms include shear instabilities of V (hereafter referred to as SI; e.g. Bowen
and Holman 1989) and breaking wave vorticity forcing at the wave group scale (hereafter referred
to as WG; e.g. Long and Ozkan-Haller 2009) and at the individual wave scale through along-crest
variation in wave dissipation (hereafter referred to as IW; e.g. Peregrine 1998; Feddersen 2014).
Understanding the relative importance of each mechanism is essential to effectively predict surf
zone rotational motions which strongly control mixing processes in the nearshore (e.g. Spydell
et al. 2007; Clark et al. 2012).

A WG-resolving model allows simulating surf zone rotational motions driven by both WG and

SI. Long and Ozkan-Haller (2009) showed that the vorticity production due to WG was dominant
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compared to SI under weakly-oblique incident wave conditions (6 = 8°), while production due to
WG and SI was similar under strongly-oblique incident wave conditions (6 = 20°). In line with
Long and Ozkan-Haller (2009), excluding WG for the SandyDuck experiment (strong shear; Figure
5a) resulted in weaker rotational motions while excluding WG for the Anglet experiment (weak
shear; Figure 8c) resulted in the absence surf zone eddies (not shown).

This suggests the existence of a continuum in the driving mechanisms of surf zone rotational
motions under obliquely incident waves, from fully WG-driven motions for weakly-sheared V to
both WG- and SI-driven motions for V with stronger shear. Note that Feddersen (2014) used
a wave-resolving model to investigate eddy generation due to all three mechanisms described
above (SI, WG and IW). The existence of a continuum was suggested but was not fully illustrated.
Importantly, this continuum would further point out the critical role of WG to produce surf zone
eddies under high-energy and oblique wave conditions.

To illustrate such continuum, the model is run onto the barred beach of the SandyDuck experiment
with varying wave angle of incidence 6. It should be noted that a barred beach was necessary,
as opposed to a planar beach, to obtain a sheared-enough V so that eddies are generated when
excluding WG. Simulations excluding and including WG are made for 6 ranging 0-40° leading to
longshore currents with a wide range of peak magnitude V.« (Figure 17a). The associated k- f
vorticity spectra emphasise how wave group forcing broadens the spectrum (Figure 17b). Energetic
frequencies and wavenumbers are concentrated within a very narrow ridge when excluding WG
while the energy is much scattered when including WG. For normally-incident waves, surf zone
eddies are absent when WG are excluded, emphasising the essential role of WG to produce eddies
for weakly-oblique waves.

This is better illustrated by plotting the total vorticity variance as a function of ((O'q’mt)2 and
(0qsw)? including and excluding WG, respectively; Figure 17¢). For 6 < 30°, (0qro)? is at least
two times higher than (O'q’sw)z, indicating that WG forcing is responsible for at least 50 % of
vorticity variance. For 6 between 0° and 25°, (O'q,mt)2 increases until reaching a maximum at
around § = 25°. For 6 > 25°, (O'q,rot)2 decreases which highlights the decreasing contribution of
WG to surf zone eddies. This decreasing trend may be due to the modification of the longshore

structure of wave groups as a result of strong wave refraction, therefore modifying the longshore
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variability of wave forcing and momentum injected in the surf zone. Further modeling works will
be required to confirm the latter suggestion.

For 6 between 0° and 25°, (O'q,sw)2 linearly increases until reaching a plateau for 6 > 25°,
suggesting that the SI contribution reaches a saturation. Note that Figure 17b-d was plotted at
a given cross-shore location x = -200 m but similar trends were obtained with other cross-shore
locations. The SI contribution saturation may be explained by the fact that the local longshore
current shear V, and the local curvature V,,, which controls the SI contribution to surf zone
eddy field (see e.g. Long and Ozkan-Haller 2009; Feddersen 2014), becomes relatively steady
for strongly-oblique incident waves. Note that the presence of more energetic surf zone eddies
when WG are included leads to more cross-shore mixing, compared to when WG are excluded,
which smooths the longshore current profile (Figure 17a). Discrepancies between both variances
decreases as 6 increases, suggesting the decreasing contribution of WG, compared to SI, as waves
becomes more oblique, which is in line with Long and Ozkan-Haller (2009).

The relative balance between SI and WG contribution to surf zone eddies is well emphasised
by plotting the vorticity variance ratio (((O'q,rot)2 - (O'q,sw)z) / (O'q,rot)z) as a function of the mean
seaward shear 7 (Figure 17d). The latter is defined as Vi.x/A, where A is the seaward width,
computed from V(x) including WG (see plain lines in Figure 17a). For the lowest 7 (7 < 0.004
s~1), this ratio is always higher than 0.8, indicating that WG forcing is the main eddy generation
mechanism. The mean seaward shear for the Anglet experiment (see blue text in Figure 17d)
falls within the lowest range of 7, suggesting that surf zone vorticity motions and, in turn, VLF
fluctuations of the deflection rip may be primarily driven by WG rather than SI. For higher 7, the
SI contribution to surf zone eddies increases, with the variance ratio dropping below 0.6. This
indicates that both SI and WG force surf zone eddies. Finally, for 7 > 0.008 s71 (6 = 35°), the ratio
is close to 0, suggesting that WG do not substantially contribute to the total vorticity variance.

Overall, Figure 17d suggests the existence of a continuum in the surf zone eddy generation
mechanisms, from fully WG-driven eddies for low 7 to both WG- and SI-driven eddies for high
7. This is in general agreement with Feddersen (2014) who pointed out the fact that surf zone
eddies are primarily controlled by breaking wave vorticity forcing, with possible exceptions for
very narrow-banded highly-oblique wave conditions. Here, the total vorticity variance was used,

as a first approximation, to quantify the relative importance of SI and WG contribution to surf zone
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function of the mean seaward shear 7 computed as Vi /A where Vinax and A are the peak of V(x) and the
seaward width, respectively (see panel a). 7 for the Anglet model experiments is shown. The dashed horizontal
arrow emphasises the continuum of the surf zone rotational motions driving mechanisms which is discussed in

the text (SI is for shear instability).

eddy generation. However, such bulk quantity does not account for the frequency and wavenumber
spreading of the vorticity energy. As observations generally report strongly scattered k- f spectra

(e.g. Ozkan-Haller and Kirby 1999; Noyes et al. 2004), the inclusion of breaking wave vorticity
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forcing is essential to accurately model the full range of surf zone eddies, even for strongly-sheared

current.

7. Summary and future works

A wave group-resolving model was implemented to investigate the driving mechanisms and the
spatio-temporal variability of VLF fluctuations of a deflection rip flowing against a 500-m rocky
headland located along Anglet beaches (SW, France). These energetic fluctuations were measured
800 m offshore during a 4-m oblique wave event and had dominant periods of around 1 h and 30
min. The model was first used to simulate surf zone eddies (SZE) in the presence of a longshore
current V at a longshore-uniform sandy beach under moderate wave conditions (SandyDuck). This
first modeling experiment ensured that the model was able to reproduce characteristics of measured
SZE propagating along a strongly-sheared current. The spectral signature and the spatio-temporal
variability of surf zone rotational motions, which included shear instability-driven SZE, were
displayed and qualitatively compared with past studies.

The model was then implemented in Anglet showing the presence of SZE propagating in the same
direction as the longshore current at both low tide and high tide. Due to energetic wave conditions,
the longshore current was relatively wide and weakly-sheared compared to the SandyDuck model-
ing experiment. SZE spanned the entire seaward width and propagated towards the headland at a
speed proportional to the local longshore current value. k- f spectra indicated that the celerity and
the range of energetic periods of these eddies were decreasing seaward. Space-frequency diagrams
of vorticity showed that spectral patterns in the surf zone and along the headland were relatively
similar, suggesting that VLF fluctuations of the rip are driven by the deflection of upstream SZE.

At low tide, most energetic periods increased with the distance from the headland, going from
O(1)-O(10) min very close to the headland to around 40 min to 1 h hundreds of meters away from
the headland which is line with measurements. At high tide, the range of most energetic periods in
the rip was much narrower than in the surf zone, suggesting that the headland enforces the merging
of surf zone eddies resulting in energetic higher periods against the headland. This mechanism
was further explored using idealised simulations with varying boundary length to surf zone width
ratio L, /X;. Increasing such ratio was shown to reduce the deflection rip width and to strongly

increase most energetic periods of vorticity fluctuations against the headland. These findings
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have possible implications for sediment transport occurring along headlands. Most morphological
studies along idealised-isolated headlands or natural embayed beaches have shown the ability of
deflection rips, based on their time-averaged characteristics, to transport sediments offshore and
laterally (e.g. McCarroll et al. 2018; Valiente et al. 2020; McCarroll et al. 2021). Here, we show
that time-averaged deflection patterns may not be representative of its dynamics as a result of
potentially strong VLF fluctuations. These fluctuations may translate into fluctuations of sediment
flows which could impact the amount and the spatial dispersion of sediments transported by the
rip. Future modelling accounting for sediment transport and morphological changes will unravel
the deflection rip-induced sediment transport variability at the VLF scales. In addition to the
L,/ Xp,-dependent deflection patterns, similar idealised simulations with varying headland spacing
L could be conducted to explore the distance required for longshore currents to develop SZE.
Lastly, the model was used to assess the effect of wave group forcing on surf zone eddies.
Excluding wave group forcing resulted in less energetic eddies for SandyDuck and in the absence
of eddies for Anglet, suggesting the existence of a continuum in the driving mechanisms of SZE
under obliquely incident waves. To illustrate this continuum, the SandyDuck setup simulation was
run with varying wave angle of incidence 6 resulting in longshore currents with different mean
seaward shear. Ratio of the total vorticity variance indicates that wave group forcing accounts
for more than 50 % of the variance for 6 lower than 30°. This suggests that SZE are primarily
controlled by breaking wave vorticity forcing rather than shear instabilities, except for strongly-
oblique wave conditions (strongly-sheared current). Interestingly, the contribution of wave groups
to the total variance reached a maximum and decreased for 8 higher than 30°. Further works are
required to understand how wave groups generate eddies fluctuating at the VLF scale and how their
spatial structure impact the eddy variability. Finally, recent studies suggest that low-frequency
large-scale surf zone motions may be the result of a 2D turbulence inverse energy cascade, fed by
high-frequency short-scale vorticity motions due to along-crest energy dissipation (e.g. Feddersen
2014; Elgar and Raubenheimer 2020). Future works could address whether vorticity injected at
the wave group scale or at the individual wave scale due to the inverse cascade mechanism is more

dominant in generating surf zone eddies.
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APPENDIX A

Calibrated free parameters for SandyDuck and Anglet experiment

Free parameter Description Duck  Anglet
y[-1] Breaking parameter 0.3 0.5

Clm'2.s71] Bottom friction Chezy parameter 55 45
cs[—] Horizontal mixing parameter 1 1

TaBLE Al. Value of each calibrated free parameter for SandyDuck and Anglet experiment.

APPENDIX B

Wavenumber-frequency spectra of velocities and vorticity during the SandyDuck

experiment
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