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' Through an integrated approach, this paper inwvestigthe role of coupled surf-swash dynamics onoduggwaves

using data collected at a low-tide terraced be&iand Popo, Benin (Gulf of Guinea, West Africa). ed
reflection is 8 %. Analyses are conducted from deeyper directional wave spectra measurements, desgch
surveys and remote video measurements. Our reshdts that the swash can be a non-negligible compafehe
nearshore energy balance (14% of total dissipatmm) is closely tied to reflection. Reflection thdispends on
waves at swash inception (offshore waves and samé maturation), and shoreface slope varying with and
morphological evolution. An outgoing cut-off frequey (shortest reflected waves) can be linked tosvgaturation
with a strong dependence on shoreface slope. Aepfes®lving Boussinesq model was validated and tsed
investigate the influence of terrace width, upgwreface slope and tidal elevation over the terréhis papers puts
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forward the role of the coupled system surf-swastl anderlines potential key interactions betweerapid
shoreface evolution and surf zone hydro-morphodycem

ADDITIONAL INDEX WORDS: Grand Popo, Benin (Gulf of Guinea), reflection,rsteng wave, incoming and

outgoing waves.

INTRODUCTION

There is a potential for substantial wave refleti the coast
depending on hydrodynamic and morphological cooi
Understanding the mechanisms at the origin of seflection
and the nature of reflected waves is crucial faioues aspects of
coastal science including energy balance, standimdy edge
wave patterns and feedback with incoming waves,raadlting
shoreface evolution. Pioneering studies based bordtory
experiments showed a link between reflection ardr#tio of
wave steepness to beach slope, hence vertical eaatieh
versus gravity, which can be summarized by the somilarity
parameter (Battjest al, 1974).

Field observations have shown that these pred&tia poor
for irregular waves and complex bathymetric prafilelgaret al.
(1994). More recent studies, although mainly fodusen
engineering structure design (Sutherlatdal. (1998), among
others), have underlined the key role played bysbwaone
dynamics in controlling the phase and energy décedéd waves.
Reflection is linked to a parameter
"wavelength" with horizontal excursion originallgwkloped by
Hugheset al. (1995).

Significant research effort has been devoted toggnsaturation
in the nearshore, the surf zone saturation beinkedl to the
height-to-depth ratio and describing the limit betwenon-

DOI: 10.2112/S175-070.1 received 15 October 201%5epated in
revision 15 January 2016.

*Corresponding author: rafael.almar@ird.fr

©Coastal Education and Research Foundation, In& 201

breaking and breaking waves, and the remainingggnieeing
transferred to larger frequencies and non-oscijattynamics
(i.e. setup). Sallengeet al. (1985) observe that the height-to-
depth ratio might increase with local slope and banrather
independent of deepwater wave steepness. It has bee
extensively observed that wind- and swell-waves (Is® are
generally saturated whereas longer infragravity esaff>20 s)
rarely saturate Ruessinket al. (1998) although recent
observations have shown that saturation could dxtenthe
infragravity band (Ruggieret al, 2004; Senechadt al, 2011
and that infragravity wave can be dissipated thhobgeaking
(de Bakkeret al, 2014). This high-frequency band saturation
reflects surf-zone transformations but is also tidug result
from non-linear swash zone processes such as swastash
interaction Brocchini et al. (2008), bottom friction and
infiltration. Supposedly crucial, the link betweeswash
characteristics and reflection has not yet beenarlgle
established, in particular the role of swash sétmafor

comparing swastbroadband spectra.

In this paper we revisit the link between surf aswlash
dynamics and reflection from field observations ectéd at a
low tide terraced beach, Grand Popo beach, Bamithg Gulf of
Guinea (West Africa), where largest reflections ontlredave
been reported (Ardhuin and Roland, 2012). We shbat t
reflection is mostly governed by surf zone satoratbver the
terrace, whereby the reflected spectrum essentigpends on
swash slope.
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METHODS

An intensive field experiment was conducted durigrch
2014 at Grand Popo, Benin (Gulf of Guinea, Westical;, a
sandy coast exposed to South Atlantic long swéllsér et al,
2014). Grand Popo beach is an intermediate-reflecti>2),
micro-tidal, wave-dominated (annual mebis=1.4 m,Tp=9.4 s,
SW, RTR-1), medium grain-sized50=0.6 mm, alongshore
uniform, low-tide terraced beach (Figure 1). Incomiagd
reflected waves and tide were measured in 10-mhdéftie
terrace was instrumented with 2 lines which inctugeessure
sensors, Accoustic Doppler Velocimeters, and twasrshore
arrays of 20 video-poles (every m) for measuringhagh
frequency (25 Hz) wave transformation across sod swash
zones.
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Figure 1. Study site, Grand Popo, Bénin. a) deploynsetup on the

terrace, b) image from video camera and c) bathymerofil. Red

circle shows ADCP location.
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The 10-day experiment included daily differential &P
topographic surveys, deep water (11-m) directionavev
measurements using an Acoustic Doppler Current ilerof
(ADCP), and shore-based video swash monitoring.

Timeseries of runup were computed from 2-Hz crossesho
video spatio-temporal images collected during dgaglihours,
and extracted using a Radon Transform method ($ewmrlet
al., 2014a). The 3-colourband timestacks are first eded into
grayscale and the Radon Transform is applied tecti@hotion.
This methods offers a reasonable proxy of instantp motion,
although the thin backswash layer can sometimesisseh

In Results Section, swash zone endegyashis approximated
from the commonly used formula (Gueagsl, 2013):

Eswast=4 1S tan. 1)

where S is runup timeseries derived from video ankbcal
swash slope. The surf zone dissipation due to bngdkireakindS
estimated from the roller characteristics followiHgller et al,
(2009):

Dbreaking= ! gAsincos T

@)

where g is the gravitational constant, a free parameter
accounting for roller inclination (taken as ~6°rfrditerature),
andT the roller period, and= 0.11(Ls/cos )? with L; the roller
length estimated from cross-shore video spatio-teaipmages.
Numerical computations are conducted using the ehas
resolving fully non-linear 4th-order finite volumeoBssinesq
model SERR1D (Cienfueges al, 2010). This model includes a
parameterization for the wave-breaking energy pégin.
The model has been previously validated with latooyadata
for very non-linear conditions on a gently slopingabh
(Michallet et al, 2014). The model showed good performances
in representing both short-wave dynamic and engagysfer to
infragravity band.

RESULTS
Figure 2 shows timeseries of offshore hydrodynanoicifg
(wave and tide), shoreface morphological and brepkiver the
terrace derived from video. Wave height has deeckasver
time, together with an increase of tidal range arsteepening of
the
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Figure 2: Timeseries of offshore wave and tide foycishoreface

evolution and breaking over the terrace from video.

1506 1606 1706

upper beach. Breaking over the terrace was largiécted by
tidal modulation. ReflectiofR reaches 8% on average, through
varying substantially over time from 4 to 12% (Figdje

Influence of surf and swash processes on reflection

The relative contribution of surf and swash zonesthin
dissipation of wave energy is shown in Figurd3ieaking, Eswash
and R vary with offshore wave, tide and morphological
evolution. A multiple linear regression shows tBateakingand
Eswasndissipate 71 and 14 % @&inc respectively, though varying
substantially over time (from 3 to 12 %, Figure 4BJwashcan
even be predominant at some specific momengsat high tide
when breaking is weak over the terrace. In the ti@@nEswash
contribution toR rises up to 62%. This is in line with what has
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been observed elsewhere at dissipative beadtesintense
breaking over the terrace), where the surf zoneraidn may
extend to the infragravity band (de Bakletral, 2014; Senechal
et al, 2011), resulting in a weak dependenceRofon the
shoreface slope and swash dynamics. For such aumlithe
swash could be scaled only through deep-water paeasne

experiment duration. 20-min of surface elevatiomeseries
from ADCP are propagated over real bathymetry. Figdre
shows that the model reproduces the frequency transfiat
include secondary wave generation at high tideiafrdgravity
at low tide. Reflection (computed using Radon Tiams
separation, see Almast al, 2014) is reasonably reproduced,

(Guzaet al, 1982), and the beach only introduces more scattetogether with breaking intensity over the terraestimated from

in the regression. The role of swash in modulathegreflected
spectrum is investigated in the next section.
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Figure 3. Nearshore wave energy budget during Gr&ugo
experiment. Incoming energy at 11-m depth (solidck), energy

dissipated by the breaking (red), swash energyejbheflected energy
(green) and reconstructed incoming energy from ipialt linear
regression (black dashed line).

Reflection cut-off frequency

Swash energy spectra are computed from 20 min afovid
derived timeseries. It is noteworthy that the sstion extends
into the infragravity band Te20 s) at dissipative beaches
whereas the swell-band might be unsaturated at tiefec
beaches such as Grand Popo. With the idea of tinkimash
saturation extent with reflection, and followingethmethod
described in Ruessinket al. (1998), the lowest saturated
frequency is extracted from the spectra (Figurea$)a swash

cut-off periodfcswash (Figure 4). The highest reflected frequency

fCoftshoreis @lso computed from offshore wave directionakcsee
A reasonable fit @0.42, significant at the 95% level) is
obtained betweeffcswash and fCofishore With only a minor bias,
fCoftshore =0.89 fCswash This link shows evidence of a feedback

between swash dynamics and the whole nearshore inloma

which includes incoming and outgoing wave inte@ttiand
resulting standing waves.

Contrary to that found for peak swash frequencyutgoing
peak frequency fif), fcoftshore appears to be relatively
independent of incoming waves. The correlatiorfaggshore is
larger with .(0.51) than withforshor0.32).This clearly indicates
that fcofishore €SSentially depends on and not the incoming
waves.

Model validation

The skills of the SerrlD model in describing wave
transformation over the terrace and reflectiorested here. The
model is first compared to field observations over thé

the breaking index +»/d, Hp andd being breaker height and
depth, respectively. Slope at waterlinealues (accounting for
tide and wave-induced setup) are similar, despitat th
bathymetric profile was chosen constant in the madel cannot
reproduce the observed flattening trend. This, ttoaye with
fcswashand feoftshore that show largest discrepancies, need to be
further investigated. The model is used in the rigattion to
investigate the influence of terrace width, uppgeps and tide
on reflection.
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Figure 4. Observed (black) and modeled (red) timeseaf a) Reflection

R, b) breaking index +y/d, c) shoreface slope (at the waterline,
taking into account for setup and tide) and cutfaffjuency computed
from d) horizontal runufcswashand e) offshore spectfeitshore
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DISCUSSION

Once validated, the model is used in Figure 6 terdghe the
modulation played by the terrace width, upper shoeefdope
and tide on the interaction between outgoing anmbriting
waves in the surf zone. An increase of the terraickhwnoves
the system toward a flatter beach and wider dissipasurf
zone, which enhances wave frequency transfer
infragravity band. Reflected energy increases wita tipper
shoreface slope, and the cut-off frequency shiftgatd shorter
periods. The control of outgoing component, throute
enhancement/decrease of breaking, on
increases. As a result, incoming spectrum shifisatd the
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outgoing one and, interestingly, the overall trappenergy installation of the permanent video system on theaphore.
increases which is a resonant condition. This research has received support from Frenchtgtanough
ANR (COASTVAR: ANR-14-ASTR-0019).

Figure 5. Normalized hourly evolution of spectra otlee experiment
duration for field (left) observation and (rightodel at (upper panels)
11-m depth (ADCP), terrace (pressure sensors)wangr(from video).

CONCLUSIONS Figure 6. Numerical sensitivity analyze of (upper glapincoming and

In this paper we investigate the link between swasth surf (second panels) temporal form of the forcing paramgtee Rujet al,

- . 2013) Wi WL GH(spectra at the breakpoint)for varying (left)
zone dynamics at the low-tide terraced Grand Popo Mheac terrace width (from O to 60 m), (centre) upper sfexe slope (from

Benin. Our observations, combining video |mage_rywash and o110 0.15) and (right) tide (from 0.5 to 1.5 fim).upper panels, thick
surf zone as well as deep water wave spectra, limel¢he key  plack and grey lines are lowest and largest valespectively of
role played by swash in the reflection (8 % obse#yve parameters, shown as Hovmoller surface elevatiagrdim in panels g-I.
mechanism and feedback on incoming waves which léads Inlower panels (m-o0) are shown bathymetric prefile

quasi-standing wave or even resonance. Swash cotesilo 14
% of nearshore energy dissipation and its link wigflection
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