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A number of models are available for science and engineering purposes that numerically simulate nearshore
hydrodynamics and the corresponding morphological evolution. However, the models include adjustable co-
efficients in parameterizations for physical processes that need to be calibrated, and thus there remains room for
improvement by including additional physics. One such model is XBeach, which can simulate erosion during
storms with proper calibration based on observations. The modeled sediment transport, especially in the cross-
shore direction, is sensitive to the adjustable coefficients, with preferred values that are site and event specific.
Here, the skill of XBeach is investigated by comparing 1-dimensional (cross-shore) depth-averaged simulations
with observations of waves, currents, and sandbar migration across an Atlantic Ocean beach. Calibration of
coefficients improved the agreement of the computed results with observed wave heights, offshore-directed mean
currents (undertow), the wave-orbital-velocity third moments (skewness and asymmetry), and onshore/offshore
sandbar migration although the proposed coefficient values depend on the parameterizations used. For example,
including a variable breaking-wave roller energy model resulted in more skillful predictions of undertow than
using the default constant coefficient value. Using the calibrated roller coefficients and corresponding undertow,
XBeach simulated the observed offshore migration of the sandbar. Onshore transport in XBeach is driven by non-
sinusoidal wave-orbital velocities, and proposed values for coefficients depend on the parameterization used to
estimate skewness and asymmetry and the associated transport, as well as on incident wave conditions. XBeach
calculations of cross-shore sediment transport rates were compared with those estimated by a commonly used
sediment transport formula based on laboratory experiments. The inter-comparison suggests that using a wave-
induced onshore transport parameter 3 or 4 times larger than the default value may at least in part compensate
for the lack of bottom-boundary-layer-streaming-driven-onshore transport in XBeach.

1. Introduction

morphodynamics. In contrast, models that simulate processes by aver-
aging over many wave periods (phase-averaged models, Lesser et al.,

Understanding coastal morphological changes during storms and the
subsequent recovery is crucial to coastal management. Physics-based
numerical models are a wuseful tool to predict the coupled
hydrodynamic-morphodynamic processes in the nearshore. Models that
simulate processes on the time scale of individual waves (phase-
resolving models, Shi et al., 2012; Zijlema et al., 2011) have skill in
shallow water, but are computationally expensive, and currently are
limited to simulating only the hydrodynamics without the
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2004; Warner et al., 2010) are significantly less expensive computa-
tionally than phase-resolving models. The tradeoff for computational
efficiency is that phase-averaged models parameterize many processes,
such as wave breaking, the rollers of white foam on the front face of
breaking waves, and aspects of the mechanics of sediment transport.
XBeach-Surfbeat (XB-SB) is a commonly-used model that is in between
phase-averaging and phase-resolving models, and resolves the ampli-
tude variation on the time scale of wave groups (Roelvink et al., 2009).
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XB-SB has been used to predict storm-induced beach erosion (Kalligeris
et al., 2020), dune erosion (Berard et al., 2017; Elsayed and Oumeraci,
2017; Splinter and Palmsten, 2012), overwash, breaching, and inunda-
tion (de Vet et al., 2015; Passeri et al., 2018; Schweiger et al., 2020; Van
der Lugt et al., 2019; Vousdoukas et al., 2012), as well as beach recovery
(Roelvink and Costas, 2019).

The hydrodynamic drivers of sediment transport in XB-SB are the
mean currents, the parameterized breaking wave turbulence, and the
parameterized third moments (skewness and asymmetry) of the near-
bed wave-orbital velocity. There has been a great deal of effort to cali-
brate the parameters used in XB-SB to predict the beach morphological
response under different offshore wave energy conditions (Berard et al.,
2017; Elsayed and Oumeraci, 2017; Schambach et al., 2018; Splinter
and Palmsten, 2012; Vousdoukas et al., 2012). However, the model
coefficients that produce the most skillful predictions of observed
bathymetric change often are site-specific. For example, calibration on
three adjacent beaches in southeast Australia under different storm
conditions suggested different values both for the wave breaker index
and for an empirical coefficient associated with onshore transport for
each site (Simmons et al., 2019). Furthermore, at a site with a specific set
of model parameters, the model performance predicting the morpho-
logical changes was event dependent. As an example, model simulations
of the morphological change observed on Dauphin Island, AL using the
same calibration factors were significantly more skillful during Hurri-
cane Katrina than during Hurricane Ivan (Passeri et al., 2018).

The range of the calibrated model parameters in sediment transport
formulations used in XB-SB has been attributed to unresolved physical
processes (Kalligeris et al., 2020; Nederhoff, 2014). Using a spatially
varying dynamic roughness in the subaerial region can compensate for
some unresolved physics, resulting in a more skillful prediction of
overwash and breaching during hurricanes (Van der Lugt et al., 2019).
The main objective here is to evaluate different physics included in the
hydrodynamics and sediment transport parameterizations of XB-SB. The
focus is on simulating nearshore sandbar migration, which occurs in an
area of the surf zone for which the hydrodynamics are relatively
well-understood, and for which there are significant in situ observations
for the data set investigated here, unlike in the swash zone and dune
region.

Surf zone sandbars are important morphological features that protect
sandy beaches by dissipating incoming wave energy before it reaches the
shoreline. Sandbars have a much larger-scale (longer) spatial (temporal)
variability than the individual waves. During storms, waves break on the
sandbar, driving an offshore-directed mean current (undertow) that
balances the onshore mass flux near the surface of the breaking waves,
including a contribution from the wave roller energy in the breaking
region (Garcez Faria et al., 2000; Svendsen, 1984a). Undertow tends to
be largest between the shoreward slope of the sandbar and the bar crest,
and thus its cross-shore gradients transport sediment seaward, and the
sandbar migrates offshore (Gallagher et al., 1998; Masselink et al., 2016;
Thornton et al., 1996). In contrast to the offshore bar migration during
energetic waves, sandbars migrate onshore during moderate and small
waves (Elgar et al., 2001; Hoefel and Elgar, 2003; Hsu et al., 2006).
Under these conditions, undertow is relatively weak, and asymmetrical
wave-orbital velocities mobilize sediment and transport it shoreward. In
general, both undertow and asymmetrical velocities occur simulta-
neously, and bar migration is a balance between the corresponding
offshore and onshore sediment transport fluxes (Hsu et al., 2006;
Ruessink et al., 2016). Sandbars also control the location of the wave
breaking, which provides the main forcing for the alongshore current
(Ribas et al., 2011; Thornton and Kim, 1993). Here, the focus is on
cross-shore processes during bar-migration events when the bathymetry
is mostly alongshore uniform and the alongshore gradients in along-
shore currents and sediment transport are small (Gallagher et al., 1998).

Asymmetrical wave-orbital velocities can be characterized statisti-
cally by the third moments of the time series, referred to as skewness and
asymmetry (Elgar and Guza, 1985). As waves shoal, they become
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skewed with sharp crests and broad, flat troughs. If sediment is trans-
ported by an odd power of the velocity, more sediment is transported
shoreward under the high-velocity sharp peaks than seaward under the
slower-velocity, flat troughs (Hsu and Hanes, 2004; O’Donoghue and
Wright, 2004; Ribberink and Al-Salem, 1994). In shallower water, the
waves pitch forward, with steep front faces and more gently sloping rear
faces (sawtooth-like or asymmetrical shape). Thus, the wave-orbital
velocity is asymmetric and the wave-orbital acceleration time series is
skewed (Elgar et al., 1988), which causes more sediment to be trans-
ported under the strong shoreward accelerations as the steep front face
passes than transported under the weaker seaward accelerations under
the gently sloping rear face of the wave (Drake and Calantoni, 2001;
Hoefel and Elgar, 2003; Hsu and Hanes, 2004; Van der A et al., 2010).
Progressive wave boundary layer streaming also can lead to onshore
sediment transport and sandbar migration (Henderson et al., 2004; Kim
et al., 2018; Kranenburg et al., 2013). Here, special attention is paid to
the effectiveness of the third moments and wave streaming on driving
onshore sediment transport, and how XB-SB calibration can compensate
for the streaming effect that is absent in XB-SB.

Offshore sandbar migration observed during high-energy incident
waves on an Atlantic Ocean beach near Duck, NC was simulated accu-
rately using the energetics sediment transport formula of Bailard (1981)
forced by the velocities recorded at current meters (Gallagher et al.,
1998; Thornton et al., 1996). However, the onshore bar migration
observed during low-energy conditions was not reproduced. By modi-
fying the energetics approach including transport driven by skewed
wave-orbital accelerations (Drake and Calantoni, 2001), the observed
onshore sandbar migration was simulated accurately (Hoefel and Elgar,
2003). With certain parameterizations of wave-current interaction in the
energetics model, velocity skewness could contribute to onshore
sandbar migration (Hsu et al., 2006). Both onshore and offshore sandbar
migration were predicted by incorporating velocity and acceleration
skewness (Dubarbier et al., 2015; Fernandez-Mora et al., 2015; Wen-
neker et al., 2011). Most of these studies were based on phase-resolving
analysis and therefore their applicability to phase-averaged morpho-
dynamic models faces several challenges.

Third moments in phase-averaged models such as XB-SB are often
parameterized based on local properties of the waves and bathymetry.
Comparisons of observed third moments with the parameterized values
have significant scatter, even among the observations for which the
parameters were developed (Doering and Bowen, 1995; Rocha et al.,
2017; Ruessink et al., 2012; Van Thiel De Vries, 2009). In this study, the
latter two parameterizations are tested for low- and high-energy con-
ditions, and model coefficients are calibrated to obtain the best agree-
ment with the measured morphology changes in the sandbar region.

Here, the skill of XB-SB predicting observed hydrodynamics is eval-
uated, and the model sediment transport parameters during onshore and
offshore sandbar migration events are calibrated to provide the best
predictions of the morphodynamic evolution. Comparisons with obser-
vations suggest that given a proper calibration of the model coefficients,
XB-SB can simulate fairly accurately the observed near-bed wave-orbital
velocity magnitudes, undertow currents, and third moments in the
shoaling region and surf zone. The model results suggest a modification
to the wave roller energy formulation that improves undertow pre-
dictions during energetic waves. In addition, XB-SB predictions of wave-
induced sediment fluxes in the sandbar region are compared with those
calculated by a commonly used formula that was developed based on
laboratory experiments of wave-induced sediment transport (Van der A
et al., 2013), providing some insight into how tuning parameters in the
XB-SB sediment transport formulation can compensate for some unre-
solved physics.

2. Model description

The XBeach-Surfbeat (Roelvink et al., 2009) solves the nonlinear
shallow water equations for the mean flows with the wave forcing
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provided by solving the wave-action and wave-roller energy equations.
The sediment transport model solves an advection-diffusion equation for
the depth-averaged concentration, where the contribution of the wave
nonlinearity is included as an advection term in the equation. The bed
morphology evolution is then calculated by employing Exner’s equation.
Some details of the cross-shore terms in the momentum and
advection-diffusion equations implemented in the model are presented
here (subsections 2.1 and 2.2), with more information about the model
formulation provided in the recent version of the XBeach manual
(Hoonhout, 2018) and in the Appendix.

2.1. Surface rollers

Although waves may break in a specific location (e.g., on the sandbar
crest), momentum is not transferred instantly to the water column and
seafloor. Instead, mass and momentum are carried shoreward by surface
rollers (the air-water mixture on the surface of breaking waves) on the
front face of the waves (Svendsen, 1984b). The shoreward flux of mass
and momentum results in an offshore-directed return flow (undertow)
beneath the wave troughs (Garcez Faria et al., 2000; Svendsen, 1984a).
The roller energy is calculated in XB-SB with,

6E,+0CXE,< OcyE,  OcyE, =D
ot ox dy ap "

7Dr7 (1)

where E.(x,y,t,¢) is the roller energy in each directional bin as a
function of cross- (x) and alongshore (y) coordinate, time (t) and the
angle of incidence with respect to the x-axis (¢), cx, ¢y, and c, are the
wave celerities in the x, y, and ¢ direction, respectively, and the source
term D,, is given by the wave-breaking-induced dissipation. The roller
energy dissipation term D, is quantified by the shear stress applied from
the roller to the fluid underneath, and is given by:

D,=2$%E, )

g

where f is a coefficient with the default value of 0.1, g is gravitational
acceleration, and c, is the wave group velocity. Based on numerical
experiments, the f coefficient affects the strength of the undertow
(Garcez Faria et al., 2000), which is discussed in more detail in Section
3.3. The radiation stresses S;-(x, y, t) induced by the roller (source terms
in Eqns. AA.1 and AA.2, Appendix A.1) is obtained by integrating the
roller energy over the directional bins,

Seer(X,y,0) = /cosquE,dqﬁ, 3)
Sy (%,3,8) =Sy = /Sin¢cos¢Erd¢> (4
Sy (X, 3, 1) = /sinzqﬁE,qu‘ ()

2.2. Sediment transport

The advection-diffusion equation used in the sediment transport
formulation (Eqn (AA.11), Appendix A.3) includes an advective-velocity
term (u,) to account for third moments of orbital velocities (skewness
and asymmetry). The advective-velocity term depends on the strengths
of the wave-orbital velocity skewness and asymmetry, which are
adjusted with a coefficient y,,, such that the advective-velocity coeffi-
cient u, is given by,

Uqg = (Sk 7A5)ylmurmx7 (6)
where Sy is skewness, A; is asymmetry, and i, is the root-mean-square
orbital velocity (see Appendix A.3 and A.4).

To avoid excessive erosion near the shoreline, sediment flux in the
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swash zone, ggqsn is adjusted with an empirical correction (Roelvink and
Costas, 2017):

aZb Hrm:
Gowash = q — fwasn 14| <a - Simm> , for > Vberm (7)

where q is the sediment flux, f, is a transport factor, 2, is the bed
elevation, Spe, is the berm slope (near the shoreline), and yy,,,, is the
lower limit ratio of root-mean-square wave height H,,s to water depth h.
Here, fawash = 30, Sperm = 0.1, and yype,,,, = 0.7 are used.

XB-SB includes two parameterizations for wave skewness and
asymmetry. In one form, skewness and asymmetry are calculated from a
time series of velocity based on stream function theory (Rienecker and
Fenton, 1981) using a non-dimensional wave period (Tr, \/g/—h) and
wave height (Hyms/h) (Van Thiel De Vries 2009). This formulation has a
parameter that describes the wave shape, ranging from skewed (Stokes
waves) to asymmetric (sawtooth waves) (see Appendix A.4), and pro-
vides an estimate of the period of broken-wave bores, Ty, used in
estimation of near-bed turbulence (Appendix A.3).

An alternative approach to parameterizing third moments is based
on the local Ursell number (Ruessink et al., 2012), given by

_3V2 Hpuk
8 (k)"

Ur ®)

where k is the wavenumber corresponding to the centroid of the fre-
quency spectrum (wind-wave frequency (f) band, 0.04 < f < 0.50 Hz).
Details of the wave-shape parameterizations are in Appendix A.4. The fit
to the Ursell number parameterization was based on a range of field
observations, many of which were obtained at the same site as the data
discussed here (see Fig. 5 of Ruessink et al., 2012).

XB-SB incorporates the effect of wave-breaking-induced turbulence
on sediment entrainment by estimating near-bed wave-breaking turbu-
lence using either a “wave-averaged” or “bore-averaged” (Eqns. (AA.17)
and (AA.18), Appendix A.3) formulation. In the current version of XB-
SB, the bore-averaged formulation of near-bed turbulence k; (Appen-
dix A.3) can be used only with the stream-function parameterization of
third moments (Van Thiel De Vries, 2009; Appendix A.4). Thus, to
investigate how the wave-shape parameterizations affect sediment
transport and sandbar migration, the XB-SB source code was modified
such that here the bore-averaged turbulence model can be implemented
with both parameterizations for third moments.

3. Model-data comparisons
3.1. Field observations

Water levels, waves, currents (sampled at 2 Hz), and bathymetry
(measured nearly daily) were observed along a transect extending from
the shoreline to 8-m water depth during September and October 1994 at
the US Army Corps of Engineers Field Research Facility, near Duck, NC
(http://frf.usace.army.mil/frf.shtml) (Fig. 1) (Gallagher et al., 1998).
The current meters were located between 0.4 and 1.0 m above the
seabed. To smooth the small alongshore variability in the bathymetry,
between 4 and 9 cross-shore surveys +£100 m from the instrumented
transect were averaged to produce the bathymetry used in
one-dimensional (cross-shore) model simulations. The spacing between
the surveyed cross-shore transects varied daily owing to conditions
(~20-40 m).

One onshore and three offshore sandbar migration events were
observed. The ~20-m onshore bar migration (Event II, Fig. 2b) had
relatively small incident waves after the first day. The offshore migra-
tion events occurred during energetic incident waves (Events I, III, and
IV, Fig. 2a,c,d). The start and end dates for events II, IIl, and IV are
altered slightly from those reported previously (Gallagher et al., 1998)
to use spatially dense surveyed cross-shore profiles (not performed every
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Fig. 1. Seafloor elevation (z, relative to NAVD88)
versus cross-shore location x observed on
September 7 (dashed curve) and October 14 (solid
curve) 1994 at the USACE Field Research Facility
on the Outer Banks, near Duck, NC (inset). The
symbols are locations of colocated pressure gauges
and current meters. The instrumented transect is
indicated by the red line in the inset Google Earth
image. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 2. Seafloor elevation z versus cross-shore location x for (a) Event I (offshore sandbar migration between September 1 (dashed-black curve) and September 5

(solid-blue curve)), (b) Event II (onshore migration between September 21 (dashed-black) and September 26

(solid-blue)), (c) Event III (offshore migration between

September 30 (dashed-black) and October 4 (solid-blue)), and (d) Event IV (offshore migration between October 10 (dashed-black) and October 14 (solid-blue)), and
(e) hourly averaged significant wave height measured in 8-m water depth H; versus date (sandbar migration event dates shaded in blue). (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)
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day), rather than spatially-sparse estimates of the sandbar location from
the 10 fixed altimeters (every 3 h). Thus, the simulations of the onshore
migration Event II started on September 21 (nearest date of a survey),
which included incident waves ~2-m high that may have caused some
offshore migration before the waves decreased and onshore migration
began (Fig. 2e). For Event I (Fig. 2a), there were no surveys near the start
and end dates, and thus the bed-level data from fixed altimeters were
used to generate the initial and final profiles without alongshore aver-
aging. The onshore migration Event II and the offshore migration Event
IV were used to calibrate the model coefficients. The other two offshore
migration events (I and III) were used to test the calibrated coefficients.

3.2. Model setup

One-dimensional (1D) XB-SB simulations were initialized with the
cross-shore bathymetry described above. During the four sandbar
migration events studied here, morphological changes in the alongshore
were much smaller than those in the cross-shore and alongshore gradi-
ents did not contribute significantly to the observed morphological
evolution (Gallagher et al., 1998), consistent with many modeling
studies of the sandbar migration on this data set (Dubarbier et al., 2015;
Elgar et al., 2001; Fernandez-Mora et al., 2015; Gallagher et al., 1998;
Henderson et al., 2004; Hsu et al., 2006).

The model grid size varied in the cross-shore direction from 5-m
spacing in shallow water (h < 2 m) to about 15-m spacing at the
offshore boundary (~8-m water depth). Model results using 1- and 2-m
grid spacing are not significantly different than those using 5-m spacing,
consistent with previous XB-SB simulations at Duck, NC (Roelvink et al,
2009, 2018). The total number of grid cells ranged from 106 to 134 for
different simulation cases. dsp = 0.2 mm (median grain diameter) was
used in the simulations presented here consistent with the samples in the
sandbar region sediment indicating dsop ~ 0.2 mm (Gallagher et al.,
1998). Sensitivity tests suggest that model results do not change
significantly for 0.15 < dso < 0.30 mm. Model results were not sensitive
to morphological acceleration factors (“morfac”, Ranasinghe et al.,
2011) from 1 to 10, and thus the more computationally efficient morfac
= 10 was used, consistent with previous studies (Harter and Figlus,
2017; Pender and Karunarathna, 2013; Vousdoukas et al., 2012). Forc-
ing at the offshore boundary was based on the hourly-averaged tidal
levels and wave heights, periods, and directions estimated from obser-
vations in 8 m depth.

Here, the focus is on the model sensitivity to the coefficients that
control the roller energy dissipation () and the role of third moments on
the sediment fluxes (7,,), with and without the empirical shoreline slope
correction (Table 1). The sensitivity to parameters in the sub-model
formulations (e.g., bed friction, aspects of wave breaking) was also
investigated, and the values that resulted in the highest model skill are

Table 1
XB-SB model runs (Setup ID) and associated coefficients y,, and p, wave-shape
model, and whether or not the berm slope (BS) correction was applied.

Setup ID B Yua Wave-shape model BS"
VTO09_I (default) 0.1 0.1 Van Thiel De Vries (2009) off
VT09_1I f (k, h, Hype) 0.1 off
VT09_IIT f (k, h, Hyms) 0.3 off
VT09_IV f (k, h, Hime) 0.35 off
VT09_V f (k, h, Hyms) 0.4 off
VT09_VI f (k, h, Hims) 0.3 on
VTO9_VII f (k, h, Hyms) 0.35 on
R121 0.1 0.1 Ruessink et al. (2012) off
R12.1I f (k, h, Hime) 0.1 off
R12.1I f (k, h, Hyms) 0.3 off
R121V f (k, h, Hims) 0.4 off
R12.V f (k, h, Hime) 0.55 off
R12_VI f (k, h, Hyms) 0.4 on
R12 VII f (k, h, Hyps) 0.55 on

@ “BS” refers to the berm slope correction (Eqn. (7)).
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used here (Table AA.1, Appendix). All other model coefficients use the
default values.

3.3. Simulations of hydrodynamics

The capability of the XB-SB model to predict the cross-shore varia-
tions of wave height, undertow current, wave-orbital velocity, and wave
skewness and asymmetry was investigated by simulating specific 1-h
intervals during the onshore and offshore bar migration events, each
with different incident wave conditions (Table 2).

Using the default input parameters (VT09_I in Table 1, blue curves in
Fig. 3), the model simulates the observed wave heights along the cross-
shore transect in both events accurately (Fig. 3c and d). For the high-
energy conditions, the simulated wave heights are slightly higher than
observed onshore of the sandbar (Fig. 3c). However, using the default
coefficients during high-energy incident waves, XB-SB significantly
under-predicts the undertow near and onshore of the sandbar (Fig. 3e).
Undertow is driven by radiation stresses, which are affected by roller
energy dissipation (Eqn. (2)). Wave-breaking dissipation is the source
term in the roller energy balance (Eqn. (1)), and thus during energetic
incident waves, high roller energy is generated in the bar region where
wave breaking is significant (Fig. 3g), in contrast with the much smaller
roller energy during less energetic waves (Fig. 3h). Sensitivity analysis of
different model coefficients in XB-SB, including coefficients corre-
sponding to the wave breaking dissipation and bottom friction, sug-
gested that the under-prediction of undertow is most likely due to under-
prediction of the roller energy E,.

Parameterization of the roller dissipation rate (D, Eqn. (2)), which is
a sink term in the roller energy balance equation, was found to be
effective in controlling the roller energy, and thus in the resulting un-
dertow. Decreasing the roller dissipation coefficient $ from the default
value of 0.1 reduces the roller dissipation rate, leading to a higher roller
energy (E;) and a larger undertow current. To compensate for the
underprediction of undertow in the breaking region, a different formu-
lation of $ based on the local wave height, wave number, and water
depth is used (Walstra et al., 1996):

h— Hrms

/i:/)’lth—<O.1, 9

where f, is a tuning coefficient. Here, a slight modification that yielded
better simulations of undertow in the inner surf zone is used. Specif-
ically, in the modified formulation $; = 0.03 and a limiter is included

that allows g to approach the default value and maintain the roller
dissipation in the swash zone:

—H,,
0.03kn = Hms 4
p= Hyns . kh > 045 (10)
0.1, kh < 0.45

The cross-shore variations of f, the roller energy (E,), and the roller

Table 2

Incident (8-m water depth) wave characteristics for the 1-h hydrodynamic
simulations, with Hg o the significant wave height, T the centroidal period, 6 the
angle (degrees) of the waves relative to shore normal (positive values represent
waves coming from north-east), and the tide level (relative to NAVD88) for
categories of high or low incident wave energy.

Category Hso(m) T (s) 0 Tide level (m)

September 4, 12:00 High-energy  2.68 6.45 8.4 —0.59

to 13:00 EST
September 24, 12:00  Low-energy 0.70 7.96 -9.4 0.16

to 13:00 EST
October 3, 13:00 High-energy  2.37 584 164 —0.36

to 14:00 EST
October 12, 10:00 High-energy  2.07 6.01 10.6 0.04

to 11:00 EST
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Fig. 3. (a, b) Seafloor elevation z, (c,d) root-mean-square wave height H,,s, (e,f) mean offshore-directed current (undertow) ue, (g,h) roller energy E, and (i,j) roller
dissipation rate D, integrated over all directional bins, and (k,]) roller dissipation coefficient p versus cross-shore location for (left side, a,c,e,g,i,k) Event IV (October
12, Hy o = 2.07 m (Hyms 0 = 1.46 m)) and (right side, b,d,f,h,j,1) Event II (September 24, Hs g = 0.70 m (H;ps,0 = 0.49 m)). The green symbols are observations, and the
curves are for XB-SB using default parameters (VT09_I, solid-blue curves) and using variable p (VT09_II, red-dashed curves). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

energy dissipation rate (D,) during energetic waves are affected signif-
icantly by the different approaches to rollers (compare blue with
dashed-red curves in Fig. 3g,i,k), whereas during low-energy conditions,
the two approaches are similar (Fig. 3h,j,1). Using the new formulation,
reduces to a value as low as = 0.01 near the bar region compared with
the default value of g = 0.1 (Fig. 3k). Accordingly, using the variable f
formulation, a lower roller dissipation rate (Fig. 3i) is obtained at the bar
crest, resulting in significantly higher roller energy (Fig. 3g) and un-
dertow intensity (Fig. 3e) at the bar crest. Overall, using the variable f
formulation causes less dissipation of the roller energy in the bar region,
resulting in higher radiation stress induced by roller energy that gen-
erates stronger undertow. During low-energy waves, the new formula-
tion of roller dissipation does not affect the calculated undertow or roller
energy (Fig. 3f,h), because wave breaking near the bar location is not
significant (Fig. 3d), and thus the roller does not contribute to the
undertow.

XB-SB predictions of the cross-shore variations of wave height and
undertow also were evaluated for the other two high-energy events of

October 3 and September 4 (Fig. 4). Using the variable § formulation,
the model simulates the observed wave heights accurately (Fig. 4c and
d), and the undertow fairly well (Fig. 4e and f), especially near the
sandbar. Model performance near the sandbar (200 < x < 350 m) is
evaluated with the relative mean absolute error (RMAE (Van Rijn et al.,
2003)) (Table 3). Using the new formulation of  to control the roller
dissipation, the model performance in predicting the undertow during
high-energy conditions (Table 3, September 4, October 3, and October
12) improved significantly compared with a fixed value of § (RMAE
decreased by 25%-50%), although the skill of simulating wave heights is
not affected (RMAE between 0.07 and 0.20).

The model sediment transport formulations are driven by wave
skewness (Sx), asymmetry (A;), the wave-orbital velocity (Ums), and the
mean velocity (Appendix A.3). Using time series of observed cross-shore
velocities u, wave skewness and asymmetry are calculated as (Elgar and
Guza, 1985),
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Fig. 4. (a,b) Seafloor elevation z, (c,d) root-mean-square wave height H,,, and (e,f) mean offshore-directed current (undertow) ue, versus cross-shore location for
(left side, a,c,e) Event III (October 3, Hso = 2.37 m (Hyps0 = 1.68 m)) and (right side, b,d,f) Event I (September 4, Hyy = 2.68 m (Hypso = 1.89 m)). The green
symbols are observations, and the curves are for XB-SB using default parameters (VT09_I, solid-blue curves) and using variable p (VT09_II, red-dashed curves). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

S = @f;t;}/z an
and
H(u

where H(u) is the Hilbert transform of the velocity time series, and the
angle brackets denote time averaging.

The model predictions of the wave-orbital velocity are accurate
(Fig. 5¢,d,i,j) (RMAE between 0.09 and 0.35, Table 3) for all four events.
During high-energy events (September 4, October 3, and October 12),
both wave-shape parameterizations (Ruessink et al., 2012 and Van Thiel
De Vries, 2009) result in fairly accurate predictions of the observed
asymmetry (Fig. 5e,k,l, compare dashed curves with each other and with
the triangles). Measured wave skewness during high-energy conditions
does not have significant cross-shore variability (green circles in Fig. Se,
k,1), and the Ruessink et al. (2012) wave-shape parameterization (soli-
d-red curves in Fig. 5e,k,]) is more skillful than Van Thiel De Vries
(2009) (solid-blue curves in Fig. 5e,k,1), which over-predicts the wave
skewness both in the bar region and near the berm. During low-energy
condition, there was limited wave breaking on the sandbar and in the
trough between the bar and the shoreline (Fig. 3d), and the observed
skewness increased shoreward from the crest of the sandbar, reaching its
highest value in the bar trough (Fig. 5f) before there is significant wave
breaking (Dibajnia et al., 2001; Rocha et al., 2017). The observed evo-
lution of skewness is not predicted by either parameterization (solid
curves in Fig. 5f). Similarly, during low-energy condition, both param-
eterizations underpredict asymmetry near the bar crest by 30%-45%,
and overpredict asymmetry onshore of the sandbar (Fig. 5f, compare the
dashed curves with the green triangles).

3.4. Simulation of sandbar migration

The variable roller dissipation coefficient # (Eqn. (10)) implemented
here in XB-SB and the two forms for third-moment parameterizations
previously implemented in XB-SB were used to investigate the model

skill simulating the observed sandbar migration events. The best sedi-
ment transport parameter y,,, for each model was determined by varying
Yue in increments of 0.05 above the default value of y,, = 0.1 and
calculating the corresponding model skill simulating observed onshore
(Event II, Fig. 2b) and offshore (Event IV, Fig. 2d) sandbar migration
events. Simulation results are presented for the default value of y,, = 0.1
and for the best values of y,, (Figs. 6 and 7). Using the tuned parameters,
model simulations were compared with the other two observed offshore
bar migration events (Event I, Fig. 2a and Event III, Fig. 2¢). Model
performance predicting the morphodynamics is evaluated with the Brier
Skill Score (BSS) and the root mean square error (RMSE) between
simulated and observed seafloor elevation change (Tables 4 and 5). The
comparisons have been divided into the region between the shoreline
and the trough (depression) in the bathymetry onshore of the sandbar
(100 < x < 200 m) and the region that encompasses the sandbar (200 <
X < 350 m). The rate of observed morphological change was relatively
small in the shallower region, and thus only RMSE was calculated
(Table 5).

Model results were compared with observations during offshore bar
migration Event IV for different parameterizations of third moments,
different approaches to estimating f, and different values of the tuning
coefficient y,, that establishes the strength of the third moments in the
sediment transport formulation (Fig. 6). Using the default values for the
input parameters (f= 0.1 and y,, = 0.1), neither third-moment
formulation predicts the observed offshore sandbar migration (Fig. 6a
and b, Table 4, VT09_I and R12_I), consistent with XBeach simulations of
beach profiles in Southern California under moderate storms where the
observed offshore sandbar formation was not simulated (Kalligeris et al.,
2020). Using a variable f in the roller formulation (Eqn. (10)), XB-SB
predicts the relatively strong undertow observed near the bar crest
(Fig. 3e) and the corresponding offshore bar migration (similar to Gal-
lagher et al., 1998; Thornton et al., 1996) using either third-moment
parameterization, although the simulated bar crest is lower and
farther offshore than observed (Fig. 6¢ and d, Table 4, VT09_II and
R12_II). Furthermore, both models predict significant erosion near the
shoreline (Fig. 6¢ and d, x < 140 m) and deposition in the bar trough
(140 < x < 200 m), unlike the observed morphological evolution. There
were no hydrodynamic measurements for x < ~120 m, and thus the
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Fig. 5. (a,b,g,h) Seafloor elevation z, (c,d,i,j) root-mean-square orbital velocity u,y,s (symbols are observations, solid-blue curves are XB-SB simulations), and (e,f,k,1)
skewness (Sx) and asymmetry (A,) versus cross-shore location for (a,c,e) Event IV (October 12, Hy g = 2.07 m (Hyms 0 = 1.46 m)), (b,d,f) Event II (September 24, H;
= 0.70 m (Hyms,0 = 0.49 m)), (g,i,k) Event III (October 3, Hy o = 2.37 m (Hyms,0 = 1.68 m)), and (h,j,1) Event I (September 4, Hy o = 2.68 m (Hyms o = 1.89 m)). The
third moments (e,f,k,]) are estimated from observations (green circles are skewness and green triangles are asymmetry) and XB-SB simulations (solid curves are
skewness, dashed curves are asymmetry) using different parameterizations (blue curves are Van Thiel De Vries (2009) and the red curves are Ruessink et al. (2012)).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Relative mean absolute error (RMAE) between simulations and observations for
Hims, Ue, and Uy, for 1-h runs using setup VT09.I (4 = 0.1) and VT09_II (vari-
able f, Eqn. (10)) in the sandbar region (200 m < x < 350 m).

Setup ID Hims Ue Urms Hims Ue Urms

October 12, 10:00 to 11:00 EST September 24, 12:00 to 13:00 EST
VT09_1 0.08 0.49 0.23 0.08 0.65 0.09
VT09_II 0.07 0.24 0.22 0.08 0.65 0.09

October 3, 13:00 to 14:00 EST September 4, 12:00 to 13:00 EST"
VT09_1 0.15 0.48 0.26 0.20 0.46 0.35
VT09_II 0.14 0.37 0.26 0.20 0.34 0.35

@ For September 4 the bar region is defined as 150 m < x < 350 m.

cause of the over-predicted erosion is not known.
Simulations of offshore bar migration are improved by using
different values of y,, depending on the third-moment parameteriza-

tions, which controls the strength of the third-moment term (Eqn. (6)).
The most skillful predictions of offshore sandbar migration were ob-
tained with y,, = 0.3 (Van Thiel De Vries (2009), Fig. 6e, Table 4,
VTO09_IID) and y,,, = 0.4 (Ruessink et al. (2012), Fig. 6h, Table 4, R12_1IV).
Different values of y,, needed with different wave-shape models can be
justified by comparing the skewness (Si) predictions by the two models
with each other near the bar crest (Fig. 5e, October 12), where the Sy
value calculated by the Van Thiel De Vries (2009) model at the bar crest
is about 40% higher than that calculated by the Ruessink et al. (2012)
model. Thus, a higher value of y,, would be required by Ruessink et al.
(2012) to simulate accurately the cross-shore sediment transport in the
bar region. Although the model skill predicting the sandbar crest was
improved using y,, = 0.3-0.4 rather than the default value of y,, = 0.1,
both models still predicted erosion near the shoreline that was not
observed (Fig. 6e and h). Using the shoreline slope correction, the
models predict no erosion near the shoreline, similar to the observations
(Fig. 6i and j, Table 5, VT09_VI and R12_VI).

Simulations using the default values in XB-SB do not predict the
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Fig. 6. Seafloor elevation observed at the start (dashed-black curves) and end (solid-blue curves) of the offshore sandbar migration Event IV (October 10 to 14) and
corresponding XB-SB predictions of the seafloor elevation at the end of the event (solid-red curves) versus cross-shore location for different coefficient values used in
XB-SB (listed on the bottom of each panel, see Table 1). The third-moment parameterizations used in XB-SB are (left panels, a,c,e,g,i) Van Thiel De Vries (2009) and
(right panels, b,d,f,h,j) Ruessink et al. (2012). The insets show more detailed views near the sandbar. In panels (i) and (j) “BS” refers to the berm slope correction
(Eqn. (7)) switched on. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

observed onshore sandbar migration (Fig. 7a and b, Table 4, VT09_I and
R12_I). Using variable f in the roller formulation results in offshore bar
migration for both wave-shape models (Fig. 7c and d, Table 4, VT09_II
and R12_II), probably due to slightly larger undertow that occurred
occasionally in Event II (not represented in the 1-h results presented in
Fig. 3f). Similar to the offshore migration event (Fig. 6), both models
predict erosion near the shoreline and deposition in the bar trough,
which is not observed (Fig. 7a-d). Improved model skill is obtained by
using y,, = 0.35 (Van Thiel De Vries (2009), Fig. 7e, Table 4, VT09_IV)
and y,, = 0.55 (Ruessink et al. (2012), Fig. 7f, Table 4, R12_V). The
higher value of y,, required by the Ruessink et al. (2012) wave-shape

model can be explained by the lower S; predicted at the bar crest
compared to that predicted by Van Thiel De Vries (2009) during
low-energy condition (Fig. 5 (f)). Using the shoreline slope correction,
the erosion near the shoreline was avoided (Fig. 7g and h, Table 5,
VT09_VII and R12_VII).

Given the proposed coefficients obtained from the offshore bar
migration Event IV, XB-SB was tested by comparing simulations with the
other two observed offshore bar migration events. For Event III model
skill is good (Fig. 8a and b and Tables 4 and 5, VT09_VI and R12_VI).
However, for Event I, during which the incident waves were somewhat
higher, and high wave heights persisted for a longer period of time than
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Fig. 7. Seafloor elevation observed at the start (dashed-black curves) and end (solid-blue curves) of the onshore sandbar migration event II (September 21 to 26) and
corresponding XB-SB predictions of the seafloor elevation at the end of the event (solid-red curves) versus cross-shore location for different coefficient values used in
XB-SB (listed on the bottom of each panel, see Table 1). The third-moment parameterizations used in XB-SB are (left panels, a,c,e,g) Van Thiel De Vries (2009) and
(right panels, b,d,f,h) Ruessink et al. (2012). The insets show more detailed views near the sandbar. In panels (g) and (h) “BS” refers to the berm slope correction
(Eqn. (7)) switched on. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

in the other events (Fig. 2e), the model has little skill and flattens out the
sandbars (Fig. 8c and d, Tables 4 and 5, TV0O9_VI and R12_VI). This
discrepancy may partially be attributed to uncertainty in the initial
bathymetry, which was estimated by the spatially sparse cross-shore
transect of altimeters, separated by ~35 m in the bar region.

4. Discussion
4.1. Calibrating the onshore sediment transport parameter y,,

The comparisons of the model simulations with observations of
sandbar migration suggest that although a variable roller energy dissi-
pation coefficient g (Eqn. (10)) leads to higher predictive skill than a
constant 3, no set of coefficients is preferred for all conditions. However,
the range of proposed y,, values suggested here is narrower than the
range of values in the literature (Harter and Figlus, 2017 (defaulty,, =
0.1); Splinter and Palmsten, 2012 (y,, = 0.15); de Vetetal., 2015 (y,, =
0.2); Schambach et al., 2018 (y,, = 0.3); Ramakrishnan et al., 2018
(Yya = 0.4)). The calibration results show that the tuned y,, is dependent
on how the wave asymmetry and skewness are parameterized, and also

10

depends on the incident wave field. Usually, lower values of y,, are
needed for high-energy conditions, consistent with previous morpho-
dynamic simulations of beach erosion and recovery (Cohn et al., 2019;
Pender and Karunarathna, 2013). During high-energy conditions, when
the Ruessink et al. (2012) wave-shape model simulates the cross-shore
dependence of skewness and asymmetry fairly accurately (Fig. 5e,k,l),
Yua = 0.4 is recommended to predict the morphodynamic evolution in
the surf zone. In contrast, during low energy conditions, the Ruessink
et al. (2012) wave-shape parameterization under-predicts wave skew-
ness and asymmetry in the surf zone (Fig. 5f), and it is necessary to in-
crease y,, to 0.55 to predict the onshore bar migration. Moreover,
although Van Thiel De Vries (2009) wave-shape parameterization gives
a narrower range of y,, = 0.3-0.35, it tends to over-predict wave
skewness in the surf zone during energetic conditions (Fig. 5e,k,l).

The tunable coefficients in XB-SB also compensate for missing or
incorrect physics in the model, similar to how the friction coefficient
used in quadratic drag formulations can compensate for the neglect of
advective accelerations (Apotsos et al., 2008; Hansen et al., 2015). For
example, the sediment transport formulation in XB-SB does not include
boundary layer streaming, which can have a significant effect on the
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Table 4

Brier Skill Score (BSS) for the simulated seafloor elevation change and root mean
square error (RMSE) between XB-SB simulations and observations of the final
seafloor elevation in the sandbar region (200 < x < 350 m).

Setup ID BSS RMSE (m) BSS RMSE (m)
October 10-14 (Event IV) September 21-26 (Event II)

VT09_1 0.44 0.29 -0.28 0.15

VTO09_II 0.265 0.34 —-1.94 0.23

VT09_III 0.81 0.17 - -

VT09_IV - - 0.63 0.08

VT09_V 0.32 0.33 - -

VT09_VI 0.80 0.18 - -

VT09_VII - - 0.63 0.08

R121 0.45 0.29 -1.07 0.19

R121I 0.08 0.38 -2.91 0.26

R12 111 0.70 0.22 - -

R121V 0.79 0.18 - -

R12.V - - 0.68 0.075

R12_VI 0.80 0.18 - -

R12.VII - - 0.70 0.08
September 30 — October 4 (Event III) September 1-5 (Event I)

VTO09_VI 0.86 0.07 0.32 0.28

R12.VI 0.83 0.08 0.21 0.30

@ For Event I the bar region is defined as 150 m < x < 350 m.

Table 5

Root mean square error (RMSE) between XB-SB simulations and observations of
the final seafloor elevation in the beach region onshore of the sandbar (100 < x
< 200 m).

Setup ID RMSE (m) RMSE (m)
October 10-14 (Event IV) September 21-26 (Event II)

VT09_1 0.97 0.89

VTO09_II 1.1 0.88

VTO09_IIT 0.46 -

VT09_IV - 0.29

VT09_V 0.24 -

VTO09_VI 0.14 -

VT09_VII - 0.18

R121 1.14 1.10

R121I 1.15 1.10

R12 111 0.86 -

R121V 0.63 -

R12.V - 0.48

R12. VI 0.27 -

R12.VII - 0.19
September 30 — October 4 (Event III) September 1-5" (Event I)

VT09_VI 0.11 0.14

R12.VI 0.13 0.22

 For Event I the beach region is defined as 100 m < x < 150 m.

onshore sediment flux under progressive waves (Henderson et al., 2004;
Kim et al., 2018; Kranenburg et al., 2013). XB-SB also ignores horizontal
and vertical sediment size sorting (Holland and Elmore, 2008; Schwartz
and Birkemeier, 2004), which can enhance or reduce the wave-driven
onshore sediment transport rate by about 30% depending on the wave
shape, wave intensity, and the degree of size gradation (Rafati et al.,
2020). These unresolved physical processes may require a compensating
role of onshore transport driven by third moments of orbital velocities
(Yua)- Laboratory studies can be used to investigate how the tuned v,
might compensate for unresolved physics in the model.

4.2. Multi-scale analysis of wave-induced onshore sediment transport

There are many formulations for sediment transport, including the
advection-diffusion approach used in XB-SB (Eqn (AA.11), Appendix
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A.3) and the “practical” formula developed with extensive oscillatory-
tunnel and large-flume laboratory experiments (Van der A et al., 2013,
hereinafter termed “VdA”) that is considered the state-of-the-art sedi-
ment transport formula synthesizing existing laboratory data for esti-
mating the wave-period-averaged wave-driven sediment transport rate.
Here, the wave-induced onshore sediment transport rates calculated by
XB-SB are compared with the rates calculated by VdA. The VdA
approach parameterizes the effect of wave-orbital velocity skewness and
asymmetry associated with the breaking wave shape on sediment
transport. However, it does not incorporate the effect of wave-breaking
turbulence on the bed sediment entrainment. Large wave flume data
(Van der Zanden et al., 2017) show that the wave-induced onshore
sediment flux in the bar region occurs near the bed and is correlated with
the wave skewness and asymmetry. Hence, unlike the inner surf and
swash zones, the direct influence of wave-breaking turbulence may be of
secondary importance. Nevertheless, the different roles of wave
breaking in the XB-SB and VdA transport rates may introduce un-
certainties when comparing them with each other.

The VdA formula calculates the wave-averaged sediment transport
rate based on parameterizing the bed shear stress, incorporating the
effects of wave shape, intensity, and progressive streaming. The wave-
averaged sediment transport rate qs is calculated as (Van der A et al.,
2013),

Oir (2. + de) o vioin (@, + ) &

T )

(S - l)gd503
13

where s = 2.65 is the specific gravity of sand and dsp = 0.2 mm is the
median diameter of the sand. Subscripts “c” and “t” refer to wave crest
(onshore flow) and trough (offshore flow) intervals. Thus, T, and T;
represent the crest and trough periods, respectively, and T, and Ty, are
the “acceleration” time intervals during the crest and trough periods,
respectively (Fig. 9). 6. and 6, are the non-dimensional bed shear stresses
for the wave crest and trough periods. The non-dimensional £ accounts
for phase lag between suspension and transport, with Q. (£) the
sediment load entrained during the crest (trough) interval and trans-
ported during the trough (crest) interval, and thus this term reduces
(increases) onshore transport. The bed shear stress, incorporating the
effect of progressive wave streaming, is given by,

0= |0)] T 4 ke a4
uiy| - (

] (5= 1gdso’

where i refers to wave crest (c) or trough (t), and u; - is the representative
wave-orbital velocity amplitude during the crest or trough interval. The
bed shear stress, 7,ge incorporates the contribution from progressive
wave streaming which is parameterized as,

o w ~3
TwRe 7pfawu )
w

(15)
where f,, is the wave friction factor, c,, is the wave celerity, a,, = 4/3x,
and 1 is the representative velocity amplitude for the entire flow period
(Van der A et al., 2013).

A representative time series of near-bed wave-orbital velocity is
required to calculate the wave-driven sediment transport rate Gyaye-
Here, a representative near-bed wave-orbital velocity time series was
determined using an analytical formula (Abreu et al., 2010) for three
locations spanning the sandbar crest for each of the three offshore bar
migration events (Table 6). The representative time series reproduces
the root-mean-square wave-orbital velocity, skewness, and asymmetry
simulated by XB-SB for a given 1-h observational period. The near-bed
wave-orbital velocities during high-energy conditions associated with
the observed offshore bar migration (Table 6) are similar in magnitude
to those in laboratory experiments of wave-induced sediment transport
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Fig. 8. Seafloor elevation observed at the start (dashed-black curves) and end (solid-blue curves) of (a,b) the offshore migration Event III (September 30 to October
4) and (c,d) the offshore migration Event I (September 1 to 5) and the corresponding XB-SB predictions of the seafloor elevation at the end of the events (solid-red
curves) versus cross-shore location for different coefficient values used in XB-SB (listed on the bottom of each panel, see Table 1). The insets show more detailed views
near the sandbar. “BS” refers to the berm slope correction (Eqn. (7)) switched on. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Fig. 9. Wave-orbital velocity versus time normal-
ized by the wave period for a representative time
N series (Abreu et al., 2010) with the same

root-mean-square velocity, skewness, and asymme-
try as simulated by XB-SB using the Ruessink et al.
(2012) third-moment parameterization for a 1-hr
model run for October 12 (Table 6) at the bar
. crest (x = 257.9 m). The wave crest (T.), wave
trough (Ty), and the acceleration intervals (T, and
Tw) are used in the VAA (Van der A et al., 2013)

sand transport formula.
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in the sheet flow regime (Dibajnia and Watanabe, 1992; O’Donoghue
and Wright, 2004; Van der A et al., 2010).

To estimate the corresponding wave-induced sediment transport rate
from XB-SB, model runs with y,, = 0.1, 0.3, and 0.4 (driven by waves
and mean currents) were compared with a run with y,, = 0.0 (driven by
mean currents only) (Fig. 10). During the offshore migration events, the
total transport (waves and currents) is offshore directed and decreases as
the wave-driven transport coefficient y,, is increased (Fig. 10a),
consistent with the increasing amounts of onshore sediment transport
driven by waves only as y,, is increased (Fig. 10b).

For a low value of y,, = 0.1, wave-induced onshore transport rates
predicted by XB-SB are less than those predicted by the VdA formula
(Fig. 11a). Wave-induced transport in XB-SB is proportional to y,,, and
thus increasing y,, by a factor of 3 or 4 increases transport by the same
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amount, leading to a better agreement (within a factor two) with VdA
(Fgurellb,c). The best correspondence between XB-SB and VdA trans-
port rates is for y,, = 0.3-0.4, for which RMSE errors are on the order of
45-50% (Fig. 11b and c). Interestingly, consistent with the tuning of y,,,
with the two wave-shape parameterizations performed in Section 3.4, it
can be seen that using y,, = 0.3 with the wave-shape model of Van Thiel
De Vries (2009) (Fig. 11b, blue symbols, best fit line slope of 1.7) and
using y,, = 0.4 with the wave-shape model of Ruessink et al. (2012)
(Fig. 11c, red symbols, best fit line slope of 1.8) both show good
agreement with the transport rates predicted by VdA. These proposed
values are nearly the same as those obtained by matching XB-SB simu-
lations with observations of sandbar migration (y,, = 0.3-0.4). Speci-
fying y, = 0.3-0.4 in the XB-SB onshore sediment transport
parameterization also agrees with the VdA formula in the sheet flow
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Table 6

Locations (x) spanning the sandbar crest, and corresponding root-mean-square
velocities (Uyys), and skewness (Si) and asymmetry (As) for the two parame-
terizations of wave shapes for the three offshore sandbar migration events. The
statistics are the same for XB-SB and for the representative time series.

x (m) Upms (m/s) wave-shape: wave-shape:
Van Thiel De Vries Ruessink et al.
(2009) (2012)
Sk A Sk A
September 4, 198.2  0.62 0.97 —0.65 0.60  —0.45
Hgo=268m 213.2 0.67 0.97 —0.75 0.59 —0.49
2282 0.73 0.94 -0.71 0.59 —0.49
October 3, 207.6  0.59 0.75 —0.25 0.60 —0.24
Hgo=2.37m 222.6 0.67 0.90 —0.45 0.62 —0.36
2527 0.74 0.83 —0.38 0.62  —0.32
October 12, 2379 0.64 0.76  —0.26 0.61 —0.25
Hso = 2.07 m 257.9 0.75 0.87 —0.46 0.62 —0.36
2729 0.79 0.77  —0.32 0.61 —0.29

Fig. 10. XB-SB simulated (a) total (wave + current driven) transport rate
(positive onshore) and (b) wave-only driven transport rate versus cross-shore
location for a 1-hr model run for October 12 (Table 6) in the sandbar region
(200 m < x < 350 m). All simulations use the variable f (roller dissipation)
formulation (Eqn. (10)) and the third-moment parameterization of Ruessink
et al. (2012), with the wave-driven onshore transport parameter varying from
Yua = O (black, no waves), to 0.1 (blue), 0.3 (red), and 0.4 (magenta). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

regime, which is calibrated extensively with laboratory data, providing
additional physical evidence for using y,, = 0.3-0.4.

The VdA formulation includes both asymmetrical-wave- and bottom-
boundary-layer-streaming-induced onshore transport, allowing investi-
gation of the relative importance of these mechanisms during the en-
ergetic offshore sandbar migration events. Bottom-boundary-layer
streaming contributes approximately 35-50% to the wave-driven
onshore transport predicted by the VdA formulation (compare
Fig. 12a with Fig. 12b). The significance of bottom-boundary-layer
streaming is consistent with the two-phase, free-surface-resolving
model simulations of observations made in large wave flumes and
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oscillatory tunnels (Kim et al., 2019), suggesting that, depending on
wave skewness and asymmetry, bottom-boundary-layer streaming
contributes approximately 30-70% to the wave-driven onshore trans-
port. XB-SB does not include an explicit parameterization of
bottom-boundary-layer streaming nor of the corresponding onshore
sediment transport. However, some of the effects of streaming may be
accounted for by increasing the strength of asymmetrical wave-driven
onshore transport (y,,). The VdA formulation does not include the
sediment entrainment by wave-breaking turbulence. Therefore, it is
possible that a portion of the bottom-boundary-layer streaming effect in
VdA compensates for sediment entrainment by wave-breaking
turbulence.

5. Conclusions

Numerical simulations with XBeach-Surfbeat (XB-SB) were
compared with observations of waves, currents, and bathymetric evo-
lution during three offshore sandbar migration events and one onshore
migration event in the surf zone on an Atlantic Ocean beach for a range
of incident wave conditions. The simulated offshore-directed mean
current (undertow), the main driver of offshore sediment transport in
the wave breaking region and inner surf zone is sensitive to the roller
energy model. Here, simulations using a new formulation for the roller-
energy dissipation term that varies in the cross-shore as a function of
local wave characteristics were more skillful predicting the observed
undertow when energetic incident waves broke on the sandbar than
were simulations using the default constant coefficient.

The modeled onshore sediment transport is sensitive to the param-
eterization of non-sinusoidal wave shapes (i.e., nonzero third moments,
skewness and asymmetry), and to the strength of the corresponding
wave-orbital-velocity-driven transport (y,, parameter). The best coeffi-
cient for one third-moment parameterization may be different than the
best coefficient for a different parameterization. The proposed combi-
nation of third-moment parameterization and adjustable coefficient also
depends on the incident wave conditions. Given a particular third-
moment parameterization, the best coefficient found during an
offshore sandbar migration event may not be the best coefficient during
an onshore migration event. Model results suggest that the wave-shape
model of Ruessink et al. (2012) has good skill simulating the cross-shore
evolution of wave skewness and asymmetry during high energy events,
and combined with the sediment transport parameter y,, = 0.4 simu-
lates offshore sandbar migration during storms fairly accurately. In
contrast, the Van Thiel De Vries (2009) wave-shape model over-predicts
wave skewness during energetic events, and thus the proposed onshore
sediment transport parameter is lower (y,, = 0.30). During less ener-
getic waves, the Ruessink et al. (2012) wave-shape model under-predicts
the wave skewness and asymmetry in the bar region and inner surf zone,
and thus simulating the onshore bar migration requires a higher value of
Yua = 0.55. However, the Van Thiel De Vries (2009) approach predicts
higher velocity skewness near the bar crest, and the calibrated y,, =
0.35 works well to simulate the observed onshore bar migration. One
reason the proposed coefficients are event-specific for simulating
sandbar migration may be that the accuracy of the wave-shape models
depends on incident wave conditions and the bathymetry.

The proposed values for the coefficient determining the strength of
onshore sediment transport driven by non-sinusoidal wave-orbital ve-
locities (7,,) are similar to the values that align XB-SB transport rates
with those predicted by the Van der A et al. (2013) formula that includes
transport driven both by asymmetrical wave shapes and by
bottom-boundary-layer streaming. Increasing the coefficient for
wave-driven (onshore) transport (y,,) in XB-SB from its default value
may compensate for the neglect of boundary-layer streaming (and
possibly other processes such as grain size sorting).
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Fig. 11. Wave-driven onshore sediment
transport rates estimated by XB-SB versus the
transport rate estimated by the VdA formula
(Van der A et al., 2013) for locations span-
ning the sandbar crest (Table 6) for y,, = (a)
0.1, (b) 0.3, and (c) 0.4. The three offshore
migration events are Event I (September 4,
H;o = 2.68 m, circles), Event III (October 3,
Hgo 2.37 m, squares), and Event IV
(October 12, Hso = 2.07 m, triangles). The
third-moment parameterizations used in
XB-SB are shown by the blue (Van Thiel De
Vries, 2009) and red (Ruessink et al., 2012)
symbols. Least squares best fits are shown
with the dash-dot blue (Van Thiel De Vries,

2009) and red (Ruessink et al., 2012) lines. One-to-one correspondence between the two transport rates is shown by the solid-black lines, and the dashed-black lines
have slopes one-half and twice the slope of the one-to-one lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Appendix. Model details

A.1. Shallow water equations

Fig. 12. Wave-driven onshore sediment
transport rates estimated by XB-SB versus
transport rates estimated by the VdA formula
(Van der A et al., 2013) (a) including and (b)
neglecting bottom-boundary-layer streaming
for locations spanning the sandbar crest
(Table 6). The three offshore migration
events are Event I (September 4, H; o = 2.68
m, circles), Event III (October 3, Hs o = 2.37
m, squares), and Event IV (October 12, Hyq
= 2.07 m, triangles). The third-moment pa-
rameterizations and y,, used in XB-SB are
shown by the blue (yy, = 0.3, Van Thiel De
Vries, 2009) and red (y,, = 0.4, Ruessink
et al, 2012) symbols. One-to-one corre-
spondence between the two transport rates is
shown by the solid-black lines, and the
dashed-black lines have slopes one-half and
twice the slope of the one-to-one lines. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
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XB-SB solves the nonlinear shallow water momentum and continuity equations, given by,
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where t is time, u* and v* are the depth-averaged Lagrangian velocities, x and y are the cross- and alongshore coordinates, respectively, 7 is the water
level, g is the gravitational acceleration, p is water density, 7;, and 73, are the bed shear stresses, h is water depth, and v is the horizontal viscosity. The
wave-induced stresses F, and F, are calculated based on radiation stress contributions from short wave action and wave roller energy as,

T N

szf( e S L > (AA4)
aSw.w anv.r an w1 ()S‘ .1

F, = _< 5 ;x or | P, y) (AA.5)

where Sy, Syyw, and Syy,,, are the radiation stress components from the wave action and Sy, Syy ., and Sy, - are the radiation stress components from
roller energy.

A.2. Wave action equation

The variation of the short-wave envelope is tracked by solving the wave action (A) equation,

(LA n dc, A dc,A  dcyA Dy + Dy
ot ox dy op o

(AA.6)

where ¢ is the angle of incidence with respect to the x-axis, D,, and Dy are the dissipation by wave breaking and bottom friction, respectively, cy, ¢y, and
c, are the wave celerities in the x, y, and ¢ direction, respectively. The wave action is defined as,

S‘v(xry-,tvqb)

A(x7y7t~,6): a(xy t)

(AA.7)

where S,, is the wave energy density in each directional bin and ¢ is the intrinsic wave frequency. The radiation stress induced by the short-wave action
is obtained by integrating the wave energy density over the directional bins,

S (x,y, T) = /(%’ (1 + COSZQS) — %) Swdo, (AA.8)
Sy (%, 3, 1) =Sy = / singcosdh (%Sw) do, (AA.9)
Sy (X, 3, 1) = / (Cci (1+sin*p) — %) S,de, (AA.10)

where c; and c are the group velocity and wave celerity, respectively, obtained from linear wave theory.
A.3. Sediment transport formulation

Sediment transport is calculated by solving an advection-diffusion equation to obtain the depth-averaged sediment concentration C, given by
(Galappatti and Vreugdenhil, 1985)

8hC+ OhC(u* — u,sing) N OhC(v* — u,cosp) 9

ot 0x dy ox (AA-11)

[thac] 9 { ac} _ hCy—hC

el BN § 5 W At
0x +0y "oy T,

where uf and V¥ are the Eulerian velocities in the x and y directions, respectively, u, is an advective velocity to incorporate the effect of wave
nonlinearity, Dy, is the sediment diffusivity coefficient, and T is the adaptation time characterizing the sediment entrainment. The source term Cq is
the depth-averaged equilibrium concentration parameterized as (Van Thiel De Vries, 2009),

C.y =max[min(Cegp,0.5C,ax) +min(Ceqs, 0.5C,ar), 0], (AA.12)

where Cq is the upper limit of the depth-averaged sediment concentration set to Cpg = 0.1. The components of the equilibrium concentration
corresponding to the bed-load, C,45 and suspended load, Cy are given by

Aol /5 . 15
Coun = T2+ 0642, = U] (AA.13)
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A, S 5 24
Cops = 7[ V2, +0.64u2,, — U(,] : (AA.14)
where vy, = 1/ (Uf )* + (vE)?is the magnitude of the Eulerian velocity including both the cross- and alongshore components, the coefficients Ay, Ag;,

and the critical velocity U, are from the literature (Van Rijn, 2007a, 2007b), and u,;s» is the corrected wave-orbital velocity used to obtain the
equlibrium concentration using the wave-orbital velocity calculated from the short-wave action equation (i),
TH s

. (AA.15)
Top/ 2sinh(k(h + 5Hyy))

Upms =

where H,p is the root-mean-square wave height, T, is a representative wave period, and & is a coefficient with the default value of zero. The
correction allows incorporating the effect of short-wave-breaking turbulence on stirring up bed sediment (Reniers et al., 2004) as follows,

Uy = \ /12, + 1.45K;, (AA.16)

where kj, is the wave breaking turbulent kinetic energy approaching the seabed, calculated using a decay function based on a mixing length applied to
the wave breaking induced turbulence at the water surface. Wave-averaged (A.17) and bore-averaged (A.18) formulations describing the near-bed
turbulence, respectively are given by:

ks

= AA.1
ko exp(h/Lyi) — 1 ( 7)
ks-Trep / Toore
ky =— P AA.18
» e L) — 1 (AA18)
where Ty is the bore interval, k, is the wave breaking induced turbulence at the water surface, and Ly;, is the mixing length, given by,
k= (D, /p)*", (AA.19)

Loix = ,/%, (AA.20)
pc

where D, is the roller energy dissipation and E, is the roller energy.
A.4. Wave skewness and asymmetry parameterizations

XB-SB includes two parameterizations to calculate the wave skewness and asymmetry. In one wave-shape parameterization (Van Thiel De Vries,
2009), the wave skewness and asymmetry are calculated using a lookup table based on the non-dimensional wave period (Ty,+/g/h) and wave height
(Hyms/h). This lookup table has been prepared using stream function theory (Rienecker and Fenton, 1981). The intra-wave time series of near-bed wave
orbital velocity (upeq(t)) was then described as (Van Thiel De Vries, 2009),

8
Upea (1) = Z wA;cos(iwt) + (1 —w)A;sin(iot), (AA.21)
i

where i refers to the ith harmonic, w is the wave angular frequency, A; is the amplitude of ith harmonic, and w is a weighting function representing the
wave shape with w = 1 and w = 0 corresponding to purely skewed (sharp, narrow peaks and broad, flat troughs) and purely asymmetric (sawtooth
shaped) waves, respectively. The A; amplitudes also are calculated using the lookup table based on T,ep\/g/_h and wave height Hyps/ h. There is a
unique relationship between the weighting function w and the phase ¢ = tan~! (A, /Sx) (Van Thiel De Vries, 2009) given by,

w') 405, (AA.22)

—0.2719
v ”( 0.2933 — ¢

By having all the coefficients required for the representative time series of near-bed wave velocity (A. 21), the bore interval T, used in the bore-
averaged formulation of the near-bed wave-induced turbulence (A.18) is also calculated using the lookup table.

In the other wave-shape parameterization (Ruessink et al., 2012), the wave skewness and asymmetry are calculated as a function of the Ursell
number (Eqn. (8)) as,

Sy = Bcosp,A; = Bsing, (AA.23)

where B is a measure of the total nonlinearity (B = VSi2 + Ag%). The parameters B and ¢ are calculated as (Ruessink et al., 2012),

_ P2 — D
B=pi 4 [ o i (AA.24)
P4

@ = —90° + 90°tanh(ps /U ), (AA.25)
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where the coefficients are p; = 0, p, = 0.857, p; = -0.471, p; = 0.297, ps = 0.815, ps = 0.672.

Table AA.1
List of model coefficients

category parameter description used value/type
wave breaking break wave breaker formulation roelvink2
gamma wave breaker index 0.55
alpha wave dissipation coefficient 1.0
delta fraction of wave height to add to water depth 0.0
n power in the dissipation model 10.0
bed friction bedfriction bed friction formulation chezy
bedfriccoef bed friction coefficient 55.0
sediment transport form formulation of equilibrium sediment concentration vanthiel_vanrijn
Tsmin minimum adaptation time scale 0.5
cmax upper limit of equilibrium sediment concentration 0.1
morphology morfac morphological acceleration factor 10.0
wetslp critical avalanching slope under water 0.3
dryslp critical avalanching slope above water 1.0
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