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Abstract

The recent advances of numerical beach profile lsaal®owed the simulation of on/offshore sandbagnations on
timescales of weeks to months with fair succesgs&hmodels were systematically applied to natpeisistently
evolving, beaches. In this contribution, we apply model to small-scale laboratory experimentsifbich coarse and
lightweight sediment is used to satisfy the lawsidfilitude in the flume. Such experiments can Iteisuequilibrium
beach profiles and provide detailed informatiortlosrespective role of undertow and wave nonlitiearon sediment
transport and the resulting cross-shore sandbawativg. Here we first apply the coupled, wave-ageth cross-shore
waves-currents-bathymetric evolution model 1DBeazhan equilibrium beach profile. The model simulates
equilibrium beach profile with reasonable succ&&t, when applying the best fit parameters to assgbent rapid
onshore sandbar migration, the model fails in répeing the overall beach profile evolution. Furtheodel
calibration on the evolving beach profile sequeshews that the model can actually reproduce thal rapshore
sandbar migration with a significant contributiori acceleration skewness. This suggests that a nurobe
misspecifications of the physics remain in coupledye-averaged, cross-shore waves-currents-bathgneeblution
model. In addition, given that best-fit model frearameters are of the same order of magnitudeosttiound on
natural beaches, our study suggests that sma#-segleriments with coarse and lightweight sedincant be used to
further explore the respective contribution of wanamlinearities and undertow to sediment transpod the overall
beach profile evolution
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1. Introduction

In recent years, numerical sandy beach profile fisofteg, Ruessinket al, 2007; Walstraet al, 2012;
Kuriyama, 2012; Dubarbiest al, 2012; Dubarbieet al, 2013; Castellet al, 2013) have succeeded in
simulating on/offshore surfzone sandbar migrationstimescales of weeks to months with fair success.
Typically, (1) offshore sandbar migration occursidg storms when large waves break on the bar due t
the feedback between waves, undertow, suspendadesgdransport, and the sandbar and (2) onshare ba
migration is predicted for energetic, weakly to biaking conditions due to the feedback between nea
bed wave skewness, bedload transport, and the aat@d, Ruessinlet al, 2007). In nature, the sandbar
morphology is never in equilibrium with the hydradymic forcing given the persistent changes in ahtur
wave and tide conditions. Accordingly, beach peofinodels were systematically applied to natural,
persistently evolving, beaches. For each field sitedel calibration is performed finding the béstalues

of the free model parameters minimizing the diffee between observed and predicted bed evolution
using a given methode(g, global search algorithm, simulating annealinff)e range of beach profile
dynamics used for calibration typically encompassasmber of on/offshore migration .

A large number of laboratory experiments addredseach profile evolutions. To satisfy the laws of
similitude, experiments at scale &.d, Wang and Kraus, 2005; Guanmlal, 2007; Masselinlet al,
2013) or small-scale experiments with coarse aghitweight sedimente(g, Grasso et al., 2009) have
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been performed to address cross-shore sandbar ibehafor instance, these experiments allowed
investigating equilibrium beach profiles.¢, Wang and Kraus, 2005; Grassipal, 2009) and the impact
of beach nourishments (Grassbal., 2011a). The respective role of undertow and wanminearities on
sediment transport and resulting cross-shore sandtigration was also addressed through physical
modelling €.g, Grassoet al, 2011b). Interestingly, the respective hydrodyitagontributions were
quantified in detail for a given equilibrium begufofile (Michalletet al,, 2011).

In this paper, our objectives are: (1) to addréssability of our model to obtain an equilibriumalcé
profile; (2) to test if our calibrated model sucsfedly simulates the subsequent evolving beachilprof
involving a rapid onshore sandbar migration ; @)compare our sediment transport best-fit parameter
with those obtained on natural beacheg ( Duck, North Carolina, USA, and Egmond, The Nd#rals,
Dubarbieret al, 2012) and recent full-scale laboratory experith€Masselinket al, 2013; Dubarbieet

al., 2013) and further discuss the validity of thearse lightweight sediment strategy in small-scale
laboratory experiments.

2. Methods
2.1. Wave flume experiment

The experimental set-up is extensively describe@rasscet al (2009). The experiments are carried out in
the 36 m long, 55 cm wide LEGI flume, equipped vétpiston wave generator (Figure 1). The still wate
depth at the wave-maker is 55.3 cm. The sedimettbinoconsists of loose material of low density 1.1
g.cni®) with a median diametet, = 0.64 mm. The sediment is chosen such that tid3mumber and

the Rouse numbdRau are of the same magnitude as those of naturaloemwents. The different sediment
transport regimes (bed load, sheet flow, suspehsiereproduced in the experiments. A Froude girdi
links the time and length scales that are roug¥dyahd 1/10, respectively. Irregular waves are getad
(jonswap spectrum; peak enhancement factor of BI8).generated wave series are characterized by the
significant wave heighHs and peak wave periotlp. Bottom profiles are recorded between wave runs
using an acoustic profiler mounted on a motorizedley. Two contrasting experiments are used is thi
contribution and are briefly described below.
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Figure 1. Schematic diagram of the LEGI wave flulpés the active profile length.

2.1.1.Equilibrium barred-beach profile experiment

The first experiment is the barred-beach quasitdguim profile extensively described in Michallet al.
(2011) withHs = 16 cm andl'p = 2.5 s. The same wave sequence of 30 min wastegpeontinuously for

a total of 68 h. Starting from a terrace profilesamdbar formed after 11 h of experiment. The bawg
until t~24 h and then started to migrate onshore (see d&ida). Here we used wave and flow
measurements of the last 30 hours of experimenhiebar did not evolve significantly. This expeent

is used to calibrate our coupled, wave-averageamsseshore waves-currents-bathymetric evolution iinode
1DBeach (Section 2.2).
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2.1.2.0nshore sandbar migration experiment

The second experiment is the case of climate B2 16 cm andTp = 2.0 s) in Grasset al (2009).
During this sequence, the bar initially locatedsbéire migrated rapidly onshore. During migratidw bar
developed an asymmetric shape with a steeper slbpeeward (Figure 7a). This sequence is used to
challenge our model previously calibrated on thaldgium barred-beach profile.

2.2. Numerical model
2.2.1.Wave and flow module

The cross-shore distribution (along the axisof the root mean square wave heigfhrims is computed
through the wave energy flux balance equation asmprhatthe wave field spectrum is narrow in
frequency and direction. The breaking-induced weigsipation is computed following Baldoek al
(1998) with the breaker wave heighb computed from Battjes and Janssen (1978) usindapth-limited
breaking parameter suggested by Ruessimk al (2003). This parametrisation of wave dissipatioas
found to accurately reproduce wave height crosseshiistribution on a number of contrasting wave-
dominated barred-beaches.d Ruessinket al, 2003). The still water leve} is computed using the
conservation of momentum fluxes accounting forrthier contribution (Michalleet al, 2011).

The mean return flow (undertow) that compensateswhve mass flux in the surface layer is solved
through the mass conservation equation (Phillig3,7}. To account for the time short waves needédald
due to the local variation of bed profile that sedpgently affect the cross-shore distribution of thean
return flow, we used the delayed mean Stokes doificept (Renierst al, 2004a) which depends on an
integrated distancg, proportional to the local wave length. We use go@si-1DV mean current model
proposed by Reniert al.(2004b) to estimate a mean current value at thetaope bottom boundary layer,
with the undertow injected in the set of equatitinslose the system. As the phase-averaged wavelrisod
unable to estimate time series of orbital velositiee used the relation between thsell number and an
analytical formulation of wave orbital velocity tenseries (Abrewet al, 2010) through the recent
parameterization of the free-stream non-linear waetion (Ruessinket al, 2012) deduced from natural
field conditions. These two flow components driedisnent transport and bottom changes describedvbelo

2.2.2.Sediment transport and bottom change module

Sediment transport estimation is based on the wbrdsu et al (2006) that accounts for bedload and
suspended-load sediment transport, both associted1) the wave orbital velocities only and (2¢am
current and interactions with oscillatory currefithe gravitational downslope sediment transport
contribution is also taken into account. Each sedintransport contribution is assigned to distiriction
coefficients here considered as free user paraméfbe bottom changes at each time step are obithine
resolving the sediment mass conservation equatith twe modified non-oscillatory central scheme
described in Marieet al (2008).

2.2.3.Model set-up and calibration

The model was run on a regular grid with a 10-cracsmy and a morphological time step of 1 minute.
First, the hydrodynamic module is validated with ttense wave, flow and surface elevation data gathe
on the barred-beach equilibrium profile. For thadieprofile evolution, in our present model confagion
there are 3 free parameters: the sediment tranjaiion factors associated (1) with velocity skesss
that control onshore sediment transpGwt, (2) with the mean current that governs offshadirment
transportCc and (3) with the slope effect that control sanddraplitude decaff. A simulated annealing
(SA algorithm (Bertsimas and Tsitsiklis, 1993) waediso find the best fit parameters. The advantdge o
this method is the possibility for the system tcemmome local minima to eventually reach a global
minimum in the error with measurements.
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3. Results

3.1 Calibration on the equilibrium barred-beach profile

3.1.1.Hydrodynamics

Figure 2 shows the comparison of the simulatedseshere distribution of wave height, mean wateellev
and undertow with measurements for the equilibrharred profile (Figure 2a). Both simulated sigrfit
wave height (Figure 2b) and undertow (Figure 2d)iarvery good agreement with measurements. Of note
a value ofA=1.3 is necessary to accurately estimate the @logse maximum undertow position over the
bar otherwise leading systematically to an offshepatial lag (model/measurement) of some centimeter
finally this parameter have no impact on the spatistribution of other hydrodynamic parameterseTh
mean sea level is in good agreement in shape butmthdel overestimates the set-up elevation over the
trough region (Figure 2c). The latter is not amésor our beach profile evolution simulations laes set-up
does not impact sediment transport rate and, ceakercross-shore distribution of both undertow and
wave height is a critical component to the morphzdyics.
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Figure 2. Validation of the hydrodynamic modulel@Beach for the equilibrium barred-beach profileaitied in the

LEGI flume: (a) seabed profile and cross-shoreiistion of (b) significant wave height, (c) mearassurface
elevation and (d) undertow. In (b, ¢, d) model hssand measurements are indicated in red and td@spectively.
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Figure 3. Velocity skewnesSK and acceleration skewnegssy versus Ursell number for the equilibrium barred-
beach profile obtained in the LEGI flume. In botinpls the model results and measurements are tiedibg the solid
black line and the blue circles, respectively.
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Figure 4. Cross-shore distribution of velocity skeas EK and acceleration skewnegssy for the equilibrium barred-

beach profile obtained in the LEGI flume. In (atf® model results and measurements are indicatéuelgolid black
line and the blue circles, respectively.
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For the same configuration, Figure 3 shows velositgwnessK and acceleration skewne#ss( versus
Ursell number Despite the apparent scattering in the data, thdeiitted on Ur dependence only)
predicts the overall shape and magnitudeS&fand As besides we pointed out that the velocity
skewness/asymmetry measured in the LEGI flumarfallthe standard deviation (+ 0.25 fokUr < 2) of
both respective parametric function derived fromouss field experiments (Figure 1a, b in Ruesshkl,
2012). This is further confirmed in Figure 4 thabws the corresponding cross-shore distributioSlof
(Figure 4a) andAs (Figure 4b) for the equilibrium barred-beach geoffFigure 4c). The latter further
reveals that the model slightly underestim&@kboth in the shoaling zone and across the sanGbamote,
this underestimation of the parametric velocityveiess function, derived from orbital velocity cclied
on natural beaches, can be explained by the abseneeave directional spreading in wave flume
experiments (Ruessirét al, 2012). In contrast, the model predicts gdad/alues across the sandbar with
estimations degrading in both the trough and tlualétg zone. Yet, overall the model predicts thessr
shore distribution of botAsandSkwith fair accuracy.

3.1.2.Morphodynamics

Figure 5b shows the time evolution of the simulabehch profile for the equilibrium barred-beach
equilibrium experiment. Results show that seabeshghs are barely visible with no significant cross-
shore migration of the patterns. This is furthéustrated in Figure 6 that shows the comparisothef
model results with measurementstat 43 h and 61 h together with initial profile (t29 h). It clearly
shows that the bar did not evolve significantlyidgrthe course of the experiment as only a tinyhons
sandbar migration can be depicted in the right-haentkl. The model successfully reproduces thigigtea
bar situation. It is important to notice that, tbtain this quasi-steady state, the simulating dimgea
algorithm did not find 0 values to minimize sedirh&ansport rates and therefore beach changegalhst
values of friction factors are found to be in ordémagnitude as ones found for observed, natundffall-
scale experiment, unsteady sand bar dynamics (Digvaet al, 2012, 2013), see table.l. Quasi-
equilibrium barred-beach profile was therefore dated with 1DBeach because onshore sediment
transport driven by wave nonlinearities and sedimeansport driven offshore by the undertow nearly
balance in the simulation.
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Figure 5. a) Time evolution of measured beachilgref/olution form building bar (blue profiles) ¢uasi-equilibrium
state (red profiles) obtain in the LEGI flume, binE evolution of the simulated beach profile fog #rguilibrium
barred-beach profile experiment in the LEGI flurfibe 3 solid lines indicate the beach profiles sated at = 29, 47
h and 67 h. Colorbar indicates seabed elevatioreiens. Horizontal black lines indicate shorelingifion.
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Figure 6. Comparison of simulated and measuredhbgaxdiles for the equilibrium barred-beach profibeperiment in
the LEGI flume at = 43 h (left-hand panel) anid= 61 h (right-hand panel).

Table 1. Best-fit values of the free model paransefir natural beaches (Dubarbéral, 2012) and the LEGI flume
equilibrium barred-beach profile.

Beach sites Data set Free model parameters
Resolution Morphologic features Cw Cc Cf A Ka
LEGI small scale flume 30 hours | Single bar, equilibrium profile 0.0019| 0.0027| 0.0208| 1.3 0
4 hours | Single bar, continuous onshore migratiory 0.0019| 0.0814| 0.0515| 2.20 | 0.0001
BARDEX full scale flume (C2)| 3 hours | Terrace bar, on/offshore migration 0.0299| 0.0283| 0.089 0 | 0.0003
Duck82 3 months| Single bar, continuous onshore migratior] 0.0021 | 0.0024 | 0.0177| 1.37 0
Duck94 10 days | Single bar, on/offshore migration 0.0064 | 0.0197| 0.0332| 2.03
Egmond 1 month | Double bar, continuous offshore migration0.0075| 0.0157 | 0.0513| 2.80 0

3.2 Onshore sandbar experiment using calibration from the equilibrium barred-beach experiment

Figure 7 shows the application of 1DBeach to thmdranshore sandbar migration event using the fitest-
parameters found for the quasi-equilibrium profiéeasurements from the LEGI flume (Figure 7a) show
that, starting from single-barred beach configoratithe bar migrates rapidly onshore and weldshéo t
shore att ~ 4 hours forming a large berm. Results show thatmodel does not reproduce the onshore
migration (Figure 7b). Instead, the bar exhibitgrdasing amplitude and remains approximately at the
same location, suggesting that model calibratiostnine performed using data depicting a signifigantl
evolving beach profile sequence.

3.3 Calibration on the onshore sandbar experiment

Figure 8 shows the simulated onshore sandbar rograsing 1DBeach calibrated on the onshore sandbar
migration experiment. Results confirm that 1DBeaealm simulate the onshore sandbar migration event
with fair accuracy. In particular, the model repuods the strongly asymmetric shape of the sandbaeh

as the water depth of the bar crest. Of note, smaierical instabilities appear seaward of thechest.

For this calibration, there are only slight changeshe values offw and Cf. Conversely,Cc which is
related to mean return flow, is found to be neafiytimes the value found for the equilibrium expernt.

The reason for this significant increaseGa must be explored further. A critical component vias
inclusion of acceleration skewness in our sedimeamsport formulation, which was not a necessary
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requirement for the equilibrium barred-beach peofis well as for natural wave-dominated sandy-beach
profile evolution (see Table.1). Similar conclusowere made when applying 1DBeach to BARDEX I
experiment (Masselinlet al, 2013) during which rapid off/onshore sandbar ratign were observed
(Dubarbieret al, 2013; Castelleet al, 2013), suggesting that acceleration skewnesmp®rtant to
accurately simulate rapid morphological readjustimémvolving onshore sandbar migration. This cawoal
support the idea that a particular wave-flume B@eam non-linear parametrization is required when
applying a beach profile model to a given wave fuexperiment.
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Figure 7. Rapid onshore sandbar experiment withithe evolution of (a) the beach profiles measunetie LEGI
flume and (b) beach profile simulated using 1DBeaith best-fit parameters calibrated on the equilitor barred-
beach profile. Horizontal black lines indicate sHre position.
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Figure 8. Simulation of the rapid onshore sandhgration at t = 0.5, 0.8 and 1.4 hours with besfrée parameters
determined through simulating annealing on thic#igeevolution. In all panels, model result (solithck line) and
measurements (grey dots) are superimposed

4. Conclusions

We showed that our coupled, cross-shore waves éphasaged) — currents - bathymetric evolution rhode
1DBeach can simulate an equilibrium barred-beadfilprobtained in the LEGI flume with fair accuracy

Best-fit model free parameters are of the samerooflenagnitude of those found on natural beaches.
Quasi-equilibrium is reached because onshore sadirmansport driven by wave nonlinearities and
sediment transport driven offshore by the undent@arly balance. This supports the use of smalkscal
experiments with coarse and lightweight sediment dgplore wave-dominated sandy beach
morphodynamics. Yet, using the latter best-fit pagters, the model fails in simulating the subsetjuen
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onshore sandbar migration. Performing calibratiorit® onshore sandbar migration shows that the Imode
can actually simulate the rapid onshore bar mignatiith some variations in the free parameter \alug

the inclusion of sediment transport driven by aexalon skewness appear to be a key factor to ateul
accurately onshore sandbar sequence in wave flomgiton. Overall, our studies suggests that (Iheo
misspecification of the physics remain in beachfifgr@volution models, (2) model calibration mus b
performed on a range of on/offshore sandbar mmmnatind (3) small-scale experiments with coarse and
lightweight sediment can be used to further exptheerespective contribution of wave nonlinearites
undertow to sediment transport and the overall ing@acfile evolution.
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