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1 | INTRODUCTION

Understanding the response of the beach profile and its shallow fea-
tures (sandbars) in varying wave climates has important implications
for a wide range of fields. In particular, after erosive storm events, the
gradual onshore migration of sandbars under fair weather conditions
favors beach progradation (Dubarbier et al., 2017). Successful predic-
tion of onshore sandbar migration is thus crucial to understand and
quantify beach recovery. However, modeling the evolution of sand-
bars is challenging due to the complex hydrodynamic processes that
drive sediment transport and morphological changes. It is understood
that offshore sandbar migration is predominantly due to offshore-
directed undertow currents during energetic wave conditions
(Gallagher et al., 1998; Hsu et al, 2006; Short, 1999; Thornton
et al., 1996). Onshore sandbar movements are mostly observed when
the incident wave energy is moderate, and wave-averaged mean cur-
rents are relatively weak (Hsu et al., 2006; Plant et al., 2004). Several
mechanisms are identified as important in onshore sediment trans-
port, which include processes such as boundary layer streaming and
the effect of wave shape (Henderson et al., 2004; Nielsen, 2006). As
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A simplified process-based approach for evaluating onshore sandbar migration is
presented in this study. This approach takes wave-averaged parameters as input and
computes sediment transport processes using a reconstructed intra-wave orbital
velocity signal. The proposed method guarantees good predictive skills for multiple
onshore sandbar migration cases without an ad hoc calibration for each scenario. The
study differs from previous onshore sandbar migration models, where calibration and
testing are performed on just one or few events, and model assessment for
uncalibrated realizations is rarely carried out. The present version of the model only
addresses onshore sandbar migrations. For the onshore migration cases analyzed, the
model has better predictive skills than state-of-the-art morphodynamic models
(XBeach and Unibest-TC).

onshore sandbar migration, sediment transport, velocity signal reconstruction, wave
asymmetry, wave skewness

waves shoal in the nearshore, their shape becomes skewed (narrow
peaked crests with wide shallower troughs) and asymmetric (wave
crest to trough and trough to crest half periods are different). The
orbital velocity and acceleration signals also change from sinusoidal to
non-sinusoidal form (Abreu et al, 2010; Boechat Albernaz
et al., 2019). For progressive waves, when the water level signal is
purely skewed, velocities are skewed, and acceleration is symmetrical.
On the contrary, when the water level signal is purely asymmetric,
velocities are asymmetric, and acceleration is skewed. Accounting for
sediment transport due to a non-linear (i.e., non-sinusoidal) wave
shape is vital for the accurate prediction of onshore sandbar migration
(Hoefel & Elgar, 2003; Hsu et al., 2006).

Wave transformation can be computed using a wave-resolving
numerical model (e.g., Jacobsen et al., 2014; Zijlema et al., 2011).
However, such models have a high computational cost, restricting
their applicability to small temporal and spatial scales. In wave-
averaged models, energy fluxes are computed by averaging over the
individual waves (Roelvink & Reniers, 2011). While these models run
faster, they cannot explicitly solve wave non-linearities. They require

parametrizations to account for the effect of wave non-linearities on
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sediment transport. Such models' performance on simulating onshore
sandbar migrations is insufficient (Fernandez-Mora et al., 2015;
Wright et al., 1991). For example, the widely used morphodynamic
model XBeach shows better performance in erosive states than
accretive conditions involving nearshore sandbars (Roelvink &
Costas, 2019).

Energetic-type transport models based on moments of the near-
bed fluid velocity (e.g., Bailard, 1982; Bowen, 1980) take sediment
stirring and transport into account. These approaches resolve the net
sediment transport due to velocity skewness. However, for an asym-
metric velocity signal with zero velocity skewness, these energetic
models will predict no net sediment transport. Experimental observa-
tions on asymmetric waves by Nielsen (1992) showed the importance
of fluid acceleration on sediment transport. Elgar et al. (2001) analyzed
data from the Duck94 field campaign and observed that near the
sandbar, under asymmetric waves, water accelerates rapidly, produc-
ing high onshore velocities and net onshore sediment transport. To
include the effects of wave asymmetry, Drake and Calantoni (2001)
proposed a formulation in which sediment transport is a function of
fluid acceleration. Using the proposed formula, but neglecting wave
skewness, Hoefel and Elgar (2003) were able to model onshore sand-
bar migration for a single event. Hsu et al. (2006) also modeled shore-
ward sandbar migration for the same event. However, they only
considered sediment transport induced by velocity skewness and
neglected the effect of wave asymmetry. Fernandez-Mora
et al. (2015) further improved the results by considering a combination
of acceleration skewness and velocity skewness induced sediment
transport to predict onshore sandbar propagation for the same event.

Model approaches proposed in previous studies to predict
onshore sandbar migration (e.g., Fernandez-Mora et al., 2015;
Hajiarabderkani et al., 2017; Hoefel & Elgar, 2003; Hsu et al., 2006;
Plant et al, 2004; van Maanen et al., 2008), (i) only employ one
(or very few) events to calibrate the model; (ii) use the same event/
events to both calibrate model coefficients and to assess the predic-
tive skill of the model. Such a procedure can lead to overfitting of the
model and provides no information on the actual prediction skill when
the model is applied to forecast uncalibrated scenarios. A notable
exception is the studies where onshore and offshore sandbar migra-
tions are modeled at different beaches for multiple sequences of
events (e.g., Ruessink et al., 2007).

Here, we propose a model that consists of a coupled hydrody-
namic, sediment transport, and morphological modules. Sediment
transport is determined by wave acceleration skewness, velocity
skewness, wave-averaged mean currents (undertow), and gravity-
driven diffusive processes. The model uses an intra-wave near-bottom
orbital velocity reconstruction that is estimated using the approach
proposed by Elfrink et al. (2006). The orbital velocity reconstruction
explicitly resolves the sediment transport driven by wave acceleration
skewness and velocity skewness. The current version of the model
only addresses onshore sandbar migrations, and offshore migrations
are not considered.

Previous studies have presented similar wave-averaged models

that account for the effect of intra-wave orbital velocities on

sediment transport and onshore sandbar migration (e.g., Dubarbier
et al., 2015; Fernadndez-Mora et al., 2015). The major difference
between these models and the model presented in this study is the
derivation of coefficients. The proposed model uses a rigorous calibra-
tion procedure considering multiple cases to obtain model coeffi-
cients. In contrast, previous models use one or a few cases for
calibration. Cross-validation is used to calibrate and validate the
model's free parameters over a subset of cases. The model perfor-
mance is then assessed on a testing database not used for calibration.
The study uses multiple cases (101) of onshore sandbar migration
observed in Duck, NC, for this procedure.

To that extent, this work's primary goal is to propose an approach
that guarantees good predictive skills for multiple onshore sandbar
migration cases without an ad hoc calibration for each scenario and to
compare the proposed method with the results from widely used mor-
phodynamic models (XBeach and Unibest-TC). This type of skill assess-

ment and model inter-comparison is lacking in the current literature.

2 | THEORY AND METHODOLOGY

The proposed approach consists of a hydrodynamic module and a
morphodynamic module. First, the hydrodynamics is computed, from
which sediment transport and bed level changes are calculated.

21 | Hydrodynamic module

The hydrodynamic module is depth-averaged, one-dimensional (cross-
shore), and assumes a uniform beach in the longshore direction. Wave
transformation over the cross-shore is solved from wave energy con-

servation, which reads:

d /1
ax <§ngfmscg c059> =-D, (1)

where x is the cross-shore coordinate, p is the density of water, g is
gravitational acceleration, H, s is the root-mean-square wave height,
Cg is the group velocity, 0 is the wave angle from shore normal, and D
is the wave energy dissipation calculated according to Baldock
et al. (1998) as:

1
= ﬁpgexp

_ (H"’;> 2} (H2+H2e). )

where T, is the peak wave period and Hyis the breaker height. The
value of Hy, is calculated using Battjes and Janssen (1978) as:

0.88
Hp = Ttanh(ﬁkh), (3)

where k is the wavenumber, h is the water depth (including the tide

level), and y is a calibration coefficient. From field measurements
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(including data from Duck, NC), Ruessink et al. (2003) found the fol-

lowing expression for y:

y=0.76kh+0.29. (4)

Wave refraction is computed using Snell's law:

k1$in01 = k2 Sinlgz, (5)

where the subscripts 1 and 2 denote two locations along the cross-
shore.

The depth-averaged undertow current (U,) is calculated from the
Stokes drift using mass conservation (Brown et al., 2015), and it reads:

_ —wH?, .cosd (6)
* 8htanh(kh)’

where w is the radial frequency.
Elfrink et al. (2006) proposed a method to reconstruct the intra-
wave near-bottom orbital velocity signal (U,p). The formulae are gen-

erated from evolutionary algorithms developed using a large amount

of measured wave, velocity, and morphological data from different
field observation sites (including Duck, NC). The near-bed orbital
velocity signal is generated using wave height, wave period, water
depth, and local bed slope. Their method was successful in accurately
reconstructing observed velocity signals. Figure 1 illustrates an exam-
ple of near-bed orbital velocity reconstruction for a given boundary
wave condition.

22 |
module

Sediment transport and morphological

Sediment mobility in oscillatory flows is affected by time-history
effects, delayed response of sediments, and turbulent burstings
(Ribberink, 1998; Ribberink & Al-Salem, 1994). Hence, the calculation
of sediment transport due to waves is challenging. Processes can be
simplified by assuming a quasi-steady approach to calculate the
instantaneous bed shear stress and subsequent sediment transport
(Hsu et al., 2006; Traykovski et al., 1999). The quasi-steady bed shear
stress can be substituted into Mayer-Peter-Muller power-law

resulting in an energetic type sediment transport formula, which is
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Example of near-bed orbital velocity reconstruction at three locations for boundary wave condition H,,s = 0.42 m,T = 8.5 s. (a-c)

Near bed orbital velocity signal at locations 1-3, respectively. (d) The bed level in cross-shore direction. Sandbar height is defined as the vertical
distance between the sandbar crest and the landward trough. Sandbar width is defined as the horizontal distance between the landward and

seaward bed locations on either side of the crest at half sandbar height
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based on the moments of flow velocity (Hsu et al., 2006). Such formu-
lae are able to capture the sediment transport due to skewness in the
velocity signal. Net sediment transport due to velocity skewness (Syey)
and mean currents (S.) over a wave cycle are thus determined using

velocity moments (Hsu et al., 2006):

ky

£B 2 Es 3
Svsk (s—l)g (tan((/;) < onrb‘ Uorb >+ Wo < |Uorb‘ Uorb >>, (7)

ke £ 2 £ 3
Se= o (g <ol Ui o < U Us). (8)

where k,[-] and k-] are calibration coefficients, Uy, is the intra-
wave orbital velocity vector, €z and €5 are transport efficiency fac-
tors, ¢ is the friction angle, s = 2.65 is the specific gravity, and W,
is the sediment fall velocity, taken as 0.025 m s~*. The fall velocity
was calculated for a median grain size of 0.2 mm, which was taken
as the representative value for Duck, NC, where the median gain
size varied from 0.3 mm at the shoreline to 0.15 mm offshore
(Hoefel & Elgar, 2003). The angle brackets denote time averaging.
The values of €z and &5 are set to 0.135 and 0.015, respectively,
and tan(¢) is set as 0.63 (Fernandez-Mora et al., 2015; Gallagher
et al., 1998).

For a purely asymmetric wave, Equation 7 would predict zero net
sediment transport. However, skewed pressure gradient forces acting
on the sediments result in a net sediment transport
(Hallermeier, 1982; Watanabe & Sato, 2005). The effect of pressure
gradient on sediments can be estimated using the flow acceleration
(Nielsen, 2006). One practical method of evaluating the acceleration
related sediment transport is through the acceleration skewness
(aspike) Of the flow. The acceleration skewness (which is a measure of
velocity asymmetry) induced sediment transport (S,q.) is determined

according to Drake and Calantoni (2001) as:

for | aspike| 2 der

S = { kq (aspike —sign (aspike)acr) )

0 for | aspike| < der ’

where kg,of units milliseconds, is a calibration coefficient, a., is the
threshold that needs to be exceeded to initiate sediment transport
due to acceleration skewness, which has been set to 0.2 m s2
(Hoefel & Elgar, 2003). The dgpike is defined as agpie = < a° > / < a>
where a is the acceleration time series.

Diffusive sediment transport due to gravity (Sp) is represented as

in Fernandez-Mora et al. (2015):

d:
sp=ke| Bw | G (10)
p |% —tang | \ tang

1

where kg, of units s m™, is a calibration coefficient, Eyy is the wave
energy density, and ‘fjix” is the bottom slope. The total sediment trans-
port rate is calculated as the combined transport due to acceleration
and diffusion,

skewness, velocity skewness, mean currents,

which read:

Stot = Sask + Susk + Sc + Sp. (11)

The bed elevation is updated using sediment mass conservation

(usually known as the Exner equation):

dzy, _ 1 dSeot
dt  (1-p) dx’

(12)

where z, is the bed level, t is time, and p is the porosity of sediment
(set to 0.3).

2.3 | Boundary conditions, numerical
implementation and model setup

Tide is prescribed as a time-varying instant water level across the
whole domain. Hence, no tide-induced current resulting from the
change in the tidal level is calculated. The measured wave parameters
set the offshore boundary condition of the hydrodynamic module.
The offshore wave-height is transformed over the cross-shore using
Equations 1-5. The calculation is performed on a uniformly spaced
grid in the cross-shore direction using an Euler-explicit finite
differencing method. The transformed wave height is used to calcu-
late the intra-wave orbital velocity signal and wave-averaged current.
The calculated velocities are then incorporated to find the sediment
transport fluxes using Equations 7-10.

The sediment fluxes are defined at the interfaces of a staggered
grid. The offshore boundary condition (right boundary) for sediment
flux is set to a Neumann type (zero gradient). In the nearshore bound-
ary (left boundary), the sediment transport in the leftmost interface is
set to the transport flux calculated at the leftmost cell center (trans-
missive boundary condition).

Finally, the bed level change due to the sediment fluxes is calcu-
lated by Equation 12 using an Euler-explicit finite-difference method.
The updated bed level is then looped back to estimate the wave

hydrodynamics in the next time step.

24 | Bottom profiles and hydrodynamic data
Researchers at the Field Research Facility (FRF) in Duck, NC have
been collecting hydrodynamic and morphological data over the past
four decades. Cross-shore beach transects and hydrodynamic data
(i.e., wave height, wave period, wave direction, and water level) col-
lected between January 1990 and July 2019 are used in this study.

In this work, we searched for pairs of sequential profile surveys in
which a sandbar is present, and it moves onshore. The sandbars were
identified using local maxima and minima in the bed profiles. Note
that this approach does not identify the sandbars in the swash zone,
as they are diffused over the swash zone and do not usually show
clear maxima or minima. Sandbar height was defined as the vertical
distance between the sandbar crest and the landward trough

(Figure 1d). Sandbar width was defined as the horizontal distance
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between the landward and seaward bed locations on either side of
the crest at half sandbar height (Figure 1d). Thresholds were consid-
ered on the sandbar height (sandbar height > 0.1 m) and width (sand-
bar width > 10 m) to filter out the identification of small perturbations
in the bed as sandbars. The migration of a sandbar was classified as
onshore if the current sandbar crest was located shoreward of the
previous crest location. We only retained the cases in which a single
sandbar was present. Since the model assumes longshore uniformity
and does not include longshore processes, pairs of cross-shore pro-
files for which bottom changes were likely influenced by gradients in
longshore sediment transport were removed. To this aim, mass con-
servation was used, and pairs of profiles with mass changes larger
than +25% were removed. After the filtering, a set of 101 cases were
selected for the study.

The offshore wave parameters (wave height, wave period, and
wave direction) for each case were obtained from the wave data col-
lected at 8 m water depth. The water levels were gathered from the
tide station situated at the FRF pier. Figure 2 summarizes event dura-
tion, wave climate, and the observed onshore displacement of the
cases used in the study. The cumulative energy flux for each event
was calculated according to Vidal-Ruiz and Ruiz de Alegria-
Arzaburu (2020). The tidal signal at Duck, NC is semidiurnal with an
amplitude of 0.5 m (Figure 3d).

No. of cases

0 10 20 30 40
Duration [days]

No. of cases

0 10 20 30 40 50
Cumulative energy flux [ka'1]

Using long-term measurements, Vidal-Ruiz and Ruiz de Alegria-
Arzaburu (2019, 2020) identified different modes of onshore sandbar
migrations (modes I-1V) based on the cumulative wave energy and
sandbar morphometric properties. The onshore sandbar migration
cases used in the current study can be generally classified under
mode |, where the sandbar is moving onshore under low-energetic
conditions (< 50 kW m™1) and subsequently weld with the shoreline.

Figure 3 presents an example of an onshore sandbar migration
event (case 05) and the corresponding time series of wave height,

period, direction, and tidal level observed during the migration period.

2.5 | Model training

To predict sandbar migration, the model needs to be trained to obtain
the optimal calibration coefficients associated with the sediment trans-
port processes, that is kg,k,, ke, and k4 in Equations 7-10. Brier skill
score (BSS) is extensively used as a parameter to calibrate model coeffi-
cients and measure the model skill (Ruessink, 2005; Splinter
etal.,2011; Vousdoukas et al., 2012; Simmons et al., 2017). BSS reads:

2
BSS=1— < (Zb,model_zb,obsﬁn) > ) (13)

2
< (Zb.obsgy —Zbobs) >

No. of cases

0 10 20 30
Mean wave direction [deg]

No. of cases

0 10 20 30 40
Sandbar crest displacement [m]

FIGURE 2 Duration, wave conditions, and observed sandbar displacement for the cases considered in the study. (a) The time duration
between initial and final bed measurements, (b) mean offshore wave direction with respect to the shore normal, (c) cumulative energy flux, and

(d) sandbar crest displacement
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FIGURE 3 Wave climate and consequent bed level change for case 05. (a) Initial and final measured bed level. The cross-shore distance is
measured from the shoreline. Time series of (b) significant wave height (Hs), (c) peak wave period (T,), (d) wave direction from shore normal (6),

and (e) water level ()

where zp model is the bed elevation predicted by the model, zy ops;, is
the measured final bed elevation and zy,ops,,, is the measured initial
bed elevation. The angle brackets denote averaging over the profile
section under consideration. Since the study explicitly focuses on the
sandbar evolution, the BSS is computed from the onshore sandbar
trough (location 01 in Figure 1d) to 250 m offshore of the sandbar
crest (location 03 in Figure 1d), both referenced to the measured final
profile. The BSS values can be used to interpret the model predictive
capability as follows: no model skill (BSS<0), poor model skill
(0.0-0.3), fair model skill (0.3-0.6), good model skill (0.6-0.8), and
excellent model skill for BSS >0.8 (Splinter et al., 2014; van Rijn
et al,, 2003).

A subset of all cases was randomly selected as training cases and
was used to calibrate the model. An objective function J is defined to
measure the model capability in predicting the sandbar morphology

compared to the measurements, which reads:

ko) = 2L BSSO), (14

where N is the number of cases in the training data. A lower J indi-

cates that, on average, the modeled sandbar morphology is close to

the measured bed for all cases considered. The optimization proce-
dure uses the Nelder-Mead simplex algorithm (Lagarias et al., 1998)
to obtain the coefficients that minimize J (Equation 14). The model
parameters were initialized for the optimization process using the
coefficients obtained by similar studies (e.g., Fernandez-Mora

et al.,, 2015; Hoefel & Elgar, 2003; Hsu et al., 2006).

26 |
testing

Division of data into training, validation, and

A cross-validation scheme was implemented to select the optimum
coefficients and evaluate the robustness of the proposed model. A set
of 80 cases was randomly selected from the total 101 cases as train-
ing data, and the rest (21 cases) were partitioned off as test data.

A K-fold cross-validation scheme was used on the data. The total
training data (80 cases) were randomly binned into K = 4 equal folds
(20 cases in each). From the four folds, three were retained as valida-
tion data for testing the model, and the remaining fold was used as
training data. The cross-validation process was then repeated four
times, with each of the K fold used once as the training dataset to find
the optimal sediment transport coefficients (kgk,.k.,kq) by minimizing

the objective function (Equation 14). Note that in a typical cross-
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validation procedure, the training dataset is larger than the validation
dataset. However, performing the optimization over many cases
carries a high computational cost, since the morphodynamic model
has to run for each case and multiple times, till convergence. For this
reason, one fold was used for model training, and the remaining three
folds for validation.

3 | RESULTS

3.1 | Model training with cross-validation
Figure 4 shows the optimal coefficients when optimization is per-
formed over a batch consisting of an entire fold (Equation 14 with N=

20, i.e., batch optimization) and when the optimization is performed

for every single case separately (Equation 14 with N=1, hereinafter
named “individual optimization”). Individual optimization will be dis-
cussed later, and here only batch optimization is discussed. Some
cases (case 18 in Fold 2, cases 19 and 58 in Fold 3, cases 45 and 68 in
Fold 4) perform poorly (BSS < 0.3) when the coefficients from batch
optimization are used in the model. Table 1 provides the coefficients
obtained for each fold. Note that the obtained values for each of the
coefficients have the same order of magnitude over the different
folds.

For each K-fold, the trained coefficients were used in the model
to compute the morphodynamic evolution of the sandbar for the cor-
respondent validation set (60 cases). Figure 5 illustrates the BSS
results obtained for each validation set. For all validation sets, over
65% of the cases resulted in a BSS > 0.6, while only less than 1% of

the cases have a no-skill/poor model skill (BSS < 0.3). Some cases
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TABLE 1 Trained sediment transport coefficients from batch optimization for each K-fold in Figure 4
k, k, k. ky Average Birier skill score (BSS)
Fold 1 6.16 x 107° 1.34x 1072 12.54 x 1073 7.98 x 10~° 0.78
Fold 2 6.51x 107> 271 x 1072 517 x 1073 9.83x 107> 0.70
Fold 3 4.40x 1075 2.95x%x 1072 7.57 x 1072 7.11%x107° 0.62
Fold 4 546 x 10~° 1.45%x 1072 9.61x 1072 5.85x%x 10~ 0.63
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FIGURE 5 (a-d) BSS results for the 60 validation cases corresponding to each “K” fold. Blue bins represent the BSS classification: no-skill,

poor, fair, good, and excellent. The red bins provide the BSS at a high bin resolution of 0.05. (e-h) Box and whisker plots for BSS values for the Kt
validation dataset. Outliers are defined as values greater than or less than Q3+1.5 x IQR,Q, — 1.5 x IQR where Qqand Qs are the first and third

quartile of the data, respectively, and IQR is the interquartile range

resulted in BSS < 0. These BSS results are lumped to BSS= - 0.1
in the histogram of Figure 5 for effective representation. The cases
in which BSS < 0 have values spanning from —0.5 to —0.1 for the
validation set 1 (Folds 2, 3, and 4) and from —0.6 to —0.1 for the
validation set 2 (Folds 1, 3, and 4). Only a single negative BSS case
was found for the validation sets 3 and 4 (Folds 1, 2, 4 and Folds
1, 2, 3, respectively), which had a BSS of —2.2 and —0.57, respec-
tively. The results are comparable and consistent over the four val-
idation sets and show similar skill. Hence, it demonstrates that the
model coefficients are not overfitting a specific set during the

training process.

3.2 | Model testing

Coefficients derived from training Fold 4 (k,=5.46 x 107>,
k,=1.45x% 1073, k. =9.61 x 1073, ky = 5.85 x 107°) were chosen as
the parameter values of the model. The selected sediment transport
coefficients were then used to compute the morphodynamic evolu-
tion of the sandbar for the remaining test set (21 cases). Bed levels
predicted for nine test profiles (three from each of the excellent, good,
and fair categories) are shown in Figure 6.

Figure 7 presents the BSS results for the test dataset. The aver-
age BSS for the test cases is 0.64, and the standard deviation is 0.19.
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FIGURE 6 The model predicted sandbar morphology for nine test cases, falling under excellent (a-c), good (d-f), and fair (g-i) skill categories.
The black dashed line refers to the observed initial bed level. The black and red solid lines indicate the final observed and modeled bed level,
respectively. The cross-shore distance is measured from the shoreline
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Fourteen out of the total 21 cases can be classified as having good/

excellent model skill, while only two cases have a poor model skill.

3.3 | Morphometric comparison

The model's ability to predict morphometric quantities, such as
sandbar width, height, and crest migration, were assessed. The
model results are obtained using the coefficients derived
(ko=5.46x107°,  k,=145x1073%, k. =9.61x107°,

kq = 5.85 x 107°). To provide an overall assessment of predictive skill,

earlier

model results for all 101 cases are considered (i.e., 20 cases used in
training and the 81 cases used in validation and testing). The results
for all the 101 cases are presented in Figure 8. The BSS results
(Figure 8d) show that 74% of the cases have a good or excellent
model score (BSS > 0.6), while only 7% of the cases have a poor
model skill (BSS < 0.3). Two cases resulted in BSS of —0.57 (case 19)
and —2.0 (case 45). These are lumped in the histogram in Figure 8 as
BSS = — 0.1 for ease of representation. The average Brier Skill Score
(BSS) for all cases was 0.66 and the standard deviation was 0.35.
Figure 8(a-c) illustrates the comparison between modeled sand-
bar height, width, and crest displacement with the corresponding

measured values. The presented approach can simulate the sandbar
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height and width satisfactorily (mean absolute error on sandbar height
and width is 0.16 m and 5.5 m, respectively). The model can also sim-
ulate the change in the location of the sandbar in the cross-shore
direction (mean absolute error on the movement of the sandbar
is 8.6 m).

4 | DISCUSSION
4.1 | Contribution of sediment transport processes
in sandbar movement

The presented model contains four sediment transport processes:
sediment transport due to acceleration skewness (S,s), velocity skew-
ness (Sy), wave averaged (undertow) currents (SJ), and diffusive
transport due to gravity (Sp). Figure 9(a) illustrates the average sedi-
ment transport of each process for case 02. The corresponding bed
level change is presented in Figure 9(b). The S, is more significant in
the wave-shoaling zone compared to S,q. In the nearshore, wave
asymmetry dominates over skewness. Therefore, higher transport
from acceleration skewness is observed compared to Sye. Both S,
and S, show a maximum over the sandbar and wane as waves lose

energy. The wave-averaged currents (undertow) results in an
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FIGURE 8 Comparison between measured and predicted (a) sandbar height, (b) width, and (c) sandbar crest displacement for all cases. The
r’provides the correlation between the measured and the predicted values. (d) BSS results for all cases. Blue bins represent the BSS classification:
no-skill, poor, fair, good, and excellent. The red bins provide the BSS at a bin resolution of 0.05
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offshore-directed transport and is maximized over the sandbar crest.
Gravity-driven diffusive transport (Sp) moves sediments depending on
the bed slope. Thus, Sp changes direction over the sandbar crest.

The present modeling scheme is based on the free-stream veloc-
ity and acceleration. It has been found that significant changes occur
to the flow near the bed that influence the sediment transport pro-
cesses (e.g., Henderson et al., 2004; Henriquez et al., 2014). However,
bedload transport computed using the proposed model was able to
estimate the observed bedload transport in flume experiments with
reasonable accuracy (section 4.4).

Transport gradients lead to bed accretion and erosion. Figure 10
illustrates bed level changes over the sandbar as a function of time for
the same event described in Figure 9 (case 02). Acceleration and
velocity skewness carry sediments onshore and deposit them on the
shoreward side of the sandbar. The undertow currents erode the
sandbar crest and deposit sediments offshore. Gravity-driven trans-
port favors sandbar diffusion. Acceleration skewness accounts for

most of the bed level changes over the sandbar.

42 |
skill

Individual optimization and resulting model

It was observed that batch and individual optimizations yield different
results for the model coefficients and model skill in Figure 4. Similar
to the training and validation cases, individual optimization of calibra-
tion coefficients was performed on the 21 test cases. Figure 11
(a) presents the predictive skill for all 101 cases obtained using

Cross-shore [m]

individually optimized coefficients. As expected, an improvement in
model skill is observed compared to batch-optimized results (individu-
ally optimized BSS =0.86, batch optimized BSS =0.66). The spread in
the parameter values obtained from individual optimization is also
provided in Figure 11(b). A considerable variation in coefficient values
is observed, especially for k, k., and k,. However, the medians of indi-
vidually optimized coefficient distributions are similar to the values of

batch-optimized coefficients.

43 | Comparison of the proposed model with
existing morphological models

The proposed model skill is compared with two state-of-the-art mor-
phodynamic models, Unibest-TC and XBeach, for the onshore sandbar

migration cases used in this study.

431 | Comparison with Unibest-TC

The processes-based wave averaged morphodynamics model
Unibest-TC (Ruessink et al., 2007) was developed to model cross-
shore sediment dynamics and morphological changes. In previous
studies, Unibest-TC has successfully captured sandbar migrations
(e.g., Pape et al., 2010; Ruessink et al., 2007; Walstra et al., 2012).
Bedload transport calculated in Unibest-TC accounts for the near-bed
intra-wave orbital velocities, infragravity motion, and currents
(Ruessink et al., 2007). It is noted that the short-wave intra-wave
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velocity approximation contains non-zero velocity skewness but zero
acceleration skewness. The model is described in detail in Ruessink
et al. (2007).

The prediction skill of the proposed approach was compared with
that of Unibest-TC. Unibest-TC contains several parameters that need
calibration. Previous studies that used the model to predict sandbar
migrations found that the model results are sensitive to the following
parameters; scaling for offshore directed transport due to infragravity
currents (c,), current related roughness (k.), tangent of the angle of
repose (tang), and scale factor for the vertical eddy viscosity distribu-
tion function in the undertow model (a,). Bedload transport is
affected by c, and tang. The ¢, changes the magnitude of the offshore
directed transport due to infragravity currents, and tang accounts for
the effect of bed slope on sediment transport. The k. and a,, influence
the suspended sediment transport. The k. alters the reference height
in the computation of suspended sediment transport, thus influencing
its magnitude. The «,, affects the variation of cross-shore velocities in
the vertical, thus changing the advection velocity of the suspended
sediments.

To compare the skill of Unibest-TC with the presented model,
Unibest-TC was calibrated with the same training cases as earlier. The
optimal values for the parameters were found by minimizing the

objective function, Jun:

_ Xita(1-BSS()” (15)

Jun(cr.ke,tang, aw) N

Optimum calibration coefficients were derived using the same
optimization procedure described earlier. Initializations for the optimi-
zation were set by performing a coarse grid search in the parameter
space used in previous studies. From the training data, it was found
that the optimal coefficient values for c,, k.,tang and «,, were 0.110,
0.036, 0.506 and 0.106 respectively. These values are comparable
with the values obtained in previous studies (Ruessink et al., 2007).

The derived calibration factors were then used to predict the
sandbar migration of all cases. All other parameters of Unibest-TC
were kept as default. The default values of the parameters are given

in Table 2. The BSS was calculated for each case in the same profile
extent and grid as in the presented model. Unibest-TC was able to
achieve an average BSS of 0.58.

Figure 12 provides a comparison of the BSS between
and Unibest-TC. Out of the total
101 cases, 35 cases have a similar modeling skill for both models

the presented model

(IBSSunibest — Tc — BSSour modell < 0.1). Our model surpasses the skill of
Unibest-TC for 40 cases, while Unibest-TC was able to outperform our
model for 26 Unibest-TC  performed
poorly (BSS < 0.3) in 15 cases, while our model performed poorly for

cases. Furthermore,
six cases.

Individual optimization (Equation 15, N = 1) of Unibest-TC for all
101 cases was also performed, and Figure 13(a) presents the BSS
values obtained from this process. The individual optimization yields
better results (BS5=0.80 ) compared to the batch optimized
(Figure 12c) outcomes (BSS=0.58). Figure 13(b) gives the spread in
calibration coefficients for individual optimization. A similar variation
in the coefficient values to that of the proposed model is observed for
Unibest-TC.

43.2 | Comparison with XBeach

XBeach (Roelvink et al., 2010) is a widely-used morphodynamic model
initially developed to simulate erosional conditions. However, as
pointed out by Roelvink and Costas (2019), important functionalities
to simulate onshore transport have also been implemented over the
years. Recent studies have used XBeach to simulate beach recovery
conditions (e.g., Cohn et al, 2019; Daly et al., 2017; Pender &
Karunarathna, 2013). Since XBeach is a widely used morphodynamic
model, the proposed model was compared with XBeach.

XBeach accounts for wave asymmetry and skewness by modify-
ing the sediment advection velocity. The short-wave skewness and
asymmetry are parametrized based on empirical equations, which are
modified by the calibration parameters facy and facps, respectively.
Previous studies have observed that XBeach results are sensitive to
these parameters (Nederhoff et al., 2015; Vousdoukas et al., 2012).

TABLE 2 Important default parameters of XBeach and Unibest-TC that were not calibrated in the optimization procedure
Parameter Description Default value
XBeach fw Short-wave friction coefficient 0.0
gamma Breaker index in the wave dissipation model 0.78
Alpha Wave dissipation coefficient 1.0
wetslp Critical avalanching slope underwater 0.3
Bedfriction Bed friction formula and coefficient Chezy,55
Unibest-TC w Wave related roughness 0.002
gamma Breaking parameter “0”(Stive & Battjes, 1984)
alphac Wave breaking parameter 1.0
rkval Friction factor for mean currents 0.01

fwee Friction factor for bottom friction 0.01
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Furthermore, Bugajny et al. (2013) identified fac., and facas to affect To be consistent with the calibration of the proposed model
the XBeach results the most. Therefore, these two coefficients are (which calibrates four coefficients), the wave roller and the bed slope

calibrated in this work. effect on sediment transport are also calibrated in XBeach. The wave
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roller acts as temporary storage of momentum, and subsequent roller
energy dissipation occurs based on the wave-front slope. The breaker
slope coefficient (8) was used as a calibration coefficient. Roller
energy dissipation affects the location of maximum wave breaking,
sediment concentration, and undertow (Zimmermann et al., 2015).
The bed slope can influence sediment transport by changing the mag-
nitude and direction of transport (Walstra et al., 2007). XBeach
accounts for the effect of bed slope by adjusting the transport rates
based on the local bed slope, water depth, velocity, and sediment con-
centration. The facs which influence the magnitude of the adjustment
to the sediment transport rate is calibrated in this study. More details
on the XBeach formulation can be found on Roelvink et al. (2010).

Optimum calibration coefficients of XBeach were derived simi-
larly to that of Unibest-TC and the proposed model. From the training
data, it was found that the best coefficient values for facgy, facas, f,
and facy were 0.31, 0.21, 0.12 and 0.08 respectively. The optimum
calibration factors were then used in predicting all the cases. All other
parameters of XBeach were kept as default and are given in Table 2.
The BSS was calculated for each case in the same profile extent and
grid as our model. XBeach was able to achieve an average BSS
of 0.48.

Figure 14 provides a comparison of the results between the
and XBeach. Out of the total
21 cases have a similar modeling skill for our model and XBeach
(IBSSxgeach — BSSour modell < 0.1). Our model surpasses the skill of

presented model 101 cases,

XBeach for 64 cases, while XBeach was able to outperform our model
for only 16 cases. Furthermore, XBeach performed poorly (BSS < 0.3)
in 26 cases.

From the three models, calibrated XBeach showed the lowest skill
(BSS =0.48) for the onshore sandbar bar migration cases. Unibest-TC
was able to archive a higher skill compared to XBeach (BSS=0.58).
The proposed model was able to outperform both morphodynamic

models with an average skill score of BSS =0.66.

44 | Comparison of sediment transport
estimations with observations

The three models (proposed model, Unibest-TC, and XBeach) use dif-
ferent methods to calculate sediment transport. The accuracy of net
sediment transport estimations was assessed by comparing them with
flume observations. The sandBAR SEDiment (BARSED) flume experi-
ments (Mieras et al., 2017) were used to compare the model results. A
fixed, barred cross-shore profile that represents a Duck, NC beach
was used in the flume experiments. A sediment pit was installed at
the crest of the sandbar in place of the immovable bed. Velocity and
concentration measurements were conducted at the crest of the
sandbar. Wave cases were simulated using monochromatic waves,
consisting of incident wave height ranging from 0.4 m to 0.6 m and
wave periods of 5s to 9 s. The experimental method is described in
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detail in Mieras et al. (2017, 2019). Mieras et al. (2019) found that
bedload transport was the dominant mode of transport for most wave
cases simulated in the flume.

The measured phase-average and wave-average net bedload
transports in the wave cases were compared with the estimations
from the three models. The measured near-bed free stream velocity
(us) was used in all three models to estimate bedload transport. For a
prescribed velocity signal, only the coefficients in sediment transport
remain to be calibrated from the chosen parameters. Since the BAR-
SED experiments were performed on a flat sediment pit on the sand-
bar crest, "(',i; =0, and only one calibration coefficient for Unibest-TC
(k.) was left to calibrate. Two free coefficients were left for XBeach
(facsk and facas), and three for the proposed model (k,k,.k.). To have
the same degrees of freedom for all models, two coefficients for each
model were calibrated against measured transport values. Hence,
wave related roughness (k,,) is introduced as a calibration coefficient
for Unibest-TC. As u, contains both orbital and mean velocities,
bedload components of Equations 7 and 8 in the proposed model are
combined to reduce two calibration coefficients to one (k). Thus the

bedload transport for our model is calculated as:

. k; €
Sbed =ka (aspike —sign (aspike)acr) + mtanidﬂ

(<lusllus>). (16)

Figure 15 provides the regression between the measured and
estimated net bedload sediment transport fluxes for each model. A
clear difference in representing the measured bedload transport is
observed between the three models, with the proposed model show-
ing the best estimate, followed by Unibest-TC and XBeach. A similar
variation in morphological prediction capacity was seen between the
models. The difference in morphological skill between the three
models can then be associated with the difference in sediment trans-

port prediction capacity.

4.5 | Model predictions of onshore sandbar
migration at other locations

The presented model's prediction skill was assessed by applying it at
two other sites: the large flume experiment, LIP (Roelvink &
Reniers, 1995), and field measurements carried out at Tairua beach,
New Zealand (van Maanen et al., 2008).

45.1 | LIPexperiment

LIP experiments were performed in 1993 at the Delft Hydraulics'
Delta flume to understand the hydrodynamics and sediment transport
in barred beach profiles. An onshore sandbar migration was observed
in the LIP-1C case. Irregular waves with a significant wave height of
0.58 m and a peak wave period of 8 s forced the initial barred cross-
shore profile (dashed line in Figure 16) of the LIP-1C test for 13 h.
The mean water level was maintained at a constant height of 4.1 m.
Details on the experiment can be found in Roelvink and
Reniers (1995).

The model parameters were calibrated using the bed level mea-
sured at 10 h (not shown here). The obtained parameters are pres-
ented in Table 3. Figure 16 provides the observed and the predicted
bed level after 13 h. The model was able to capture the sandbar
movement with a BSS of 0.56.

452 | Tairua beach New Zealand

An onshore sandbar migration event was observed at Tariua beach for
four days in 2001. The measured offshore wave height, period, and
water level are presented in Figure 17(a-c). For our study, the mea-

sured data at the site was obtained by digitizing the figures presented
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FIGURE 15 Calculated and measured net bedload transport for waves cases in BARSED flume experiments. Bedload transport calculated
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TABLE 3 Optimized sediment

. Location kg
transport coefficients for the three
locations Duck, NC
LIP-1C

Tairua beach

by van Maanen et al. (2008). More details on the observations can be
found in van Maanen et al. (2008).

The sandbar migration was predicted using the initial measured
cross-shore profile (t = 0 days) and measured hydrodynamic condi-
tions. The model coefficients were calibrated using the profile mea-
surements done on t = 1.06 days. The calibration coefficients are
presented in Table 3. The sandbar at this site is located at a shallow
depth. To avoid hydrodynamic and sediment transport fluxes at very
shallow depths, they were not calculated for depths < 0.25 m. A simi-
lar approach has been used in van Maanen et al. (2008) to compute
the sandbar migration in their study.

Figure 17(d-f) presents the predicted bed variation with time. A
BSS of 0.77, 0.71, and 0.73 was obtained for the simulations at
t = 1.06 days, t = 1.99 days, and t = 2.79 days respectively. The model
shows reasonable skill in predicting the change in sandbar morphol-
ogy. However, an overprediction of sandbar height and under-
prediction of cross-shore migration is observed for t = 1.99 days and
t = 2.79 days. The shallow water depths encountered over the sand-
bar during low tidal conditions may be a reason for the deviation
between the predicted and observed sandbar migration. Table 3 pre-
sents the comparison of the calibrated model coefficients at the three
locations. Inter-site variation of the coefficient values can be observed
for all four parameters.

The changes in the parameter values could be due to differences
in site conditions. During optimization, the parameter values will

change between locations to compensate for these variations not

5.46 x 107>
5.74 x 107
1.14 x 107

110 120 130 140 150 160

Cross-shore [m]

k, ke ky

1.45x 1073 9.61x 1072 5.85x 107>
1.16 x 1072 9.59 x 10~* 246 x 107¢
1.54 x 107* 245x 107 1.77 x 107>

captured in the model. For example, the grain size is different
between the three sites. At Duck, NC and LIP-1C, the median grain
size is ~#0.2 mm while the median grain size at Tairua beach is much
coarser (0.6 mm). While the sediment fall velocity was calculated
based on the grain size using the method proposed by Ahrens (2000),
the effect of grain size on parameters a.,, tang, €, €s are not consid-
ered in this study and were kept constant for all three sites. The influ-
ence of grain size on these parameters can be a reason for the
variation observed in the calibrated parameter values between the

sites and deserves future investigation.

4.6 | Simulating an onshore-offshore sandbar
migration

An onshore-offshore sandbar migration event was observed during
September 24 and October 4 in the Duck94 field campaign
(Figure 18). The event comprised of an onshore migration in the first
six days and an offshore migration under energetic wave conditions in
the final four days. More information on the observations can be
found in Ruessink et al. (2007).

The proposed model is used to simulate the sandbar behavior,
starting from the profile survey on September 24. It should be noted
that the two onshore sandbar migration cases in this event were
not included in the calibration and testing dataset used in the

previous sections. The sediment transport coefficients were set to the
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same values (cofs: 1) found in section 3.2 (k, =5.46 x 107>,
k,=1.45x 1073, k. =9.61 x 1073, k, = 5.85 x 107>). Figure 18(b-d)
provides the predicted sandbar displacement. Good agreement
between the measured and predicted morphology is observed during
the onshore migration of the sandbar (Figure 18b,c), resulting in a BSS
of 0.8 and 0.72, respectively. However, the model fails to simulate the
offshore sandbar migration during September 30 and October
4 (BSS = —0.67) using the same transport coefficients (Figure 18d, red
line). To model the offshore sandbar migration, a different combina-
tion of parameters is required such that the onshore sediment trans-
port rate is reduced, and offshore transport is increased. Figure 18
(d) (blue line) provides the offshore sandbar migration predicted from
September 30 and October 4. The model coefficients used for the off-
(cofset 2) are k,=3.82x107%, k,=1.96x1075,
k.=2.85x1071 and k4 = 7.61 x 107°. By employing the new parame-

shore migration
ters, the model can successfully predict the offshore sandbar migra-
tion (BSS = 0.76). It is observed that the new values of k, and k. are
respectively an order of magnitude smaller and larger than the batch
optimized values. The change in transport coefficients results in a
reduction of acceleration induced onshore transport and an increase
of undertow driven offshore transport.

Previous studies have also used different coefficients to simulate
accretional and erosional conditions (e.g., Cohn et al., 2019; Pender &

Karunarathna, 2013; Plant et al., 2004). However, requiring different

parameters to model the offshore sandbar migration indicates that
the proposed approach lacks physical processes needed to accurately
capture offshore sandbar migration.

While the presented model accounts for offshore transport due
to undertow currents, other processes that can be important in off-
(Aagaard &
Greenwood, 2008; Bertin et al., 2018), wave roller propagation (Ribas

shore transport, such as infragravity currents
et al, 2011), vertical variation of undertow currents (Lentz
et al., 2008), and lag effects in suspended transport (Kim et al., 2017)
are currently unresolved in the model. The optimization procedure
likely changes coefficients for the offshore sandbar migration case to
compensate for these unresolved processes. Further considerations
on how the model could be improved to capture offshore sandbar

migrations are provided in section 4.8.

4.7 | Model prediction for double sandbar cases

The model was used to predict the morphological evolution of double
sandbars observed at Duck, NC. A set of 10 cases not included previ-
ously were simulated using the same calibration coefficients obtained
in section 3.2. The bed profiles of the double bar cases contained a
shallow and a deeper sandbar that was located at an average depth of

1.4 m and 2.5 m, respectively. In the simulated cases, both sandbars
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moved onshore. The shallower sandbars had larger displacements
than the deeper ones, where the latter only moved by 40% of the
shallow sandbar displacement.

Figure 19 presents the measured and predicted bed evolution for
a subset of cases. While the model can capture both bar migrations
(BSS = 0.57), the shallower sandbar migration is better represented
compared to the deeper bar. The lesser reproduction of the deeper
sandbar movement could be because the model coefficients were
trained only on single sandbar cases, thus focusing the model strength

more on the shallower sandbar.

48 | Limitations of the model and further
considerations

Our model was able to make good predictions for most of the onshore
sandbar migration events. Nevertheless, in some cases, the model skill
was not satisfactory.

The velocity reconstruction by Elfrink et al. (2006) is based on a
wide range of wave conditions. However, the wave conditions are not
evenly distributed over the parameter space (wave height, wave

period, etc.). Hence, the reconstruction may not be trained well when

there are only a few conditions available. The reconstruction in such
situations can lead to incorrect velocity signals and thus to erroneous
model predictions. The majority of wave data used in Elfrink
et al. (2006) model lies in the ranges of H/h < 0.4 and L/h < 16 where
H is the wave height, L is the wave length. Using model output, H/h,
L/h and duration of occurrence of each wave condition over the sand-
bar were calculated for all cases. The To,t is defined as the average
percentage duration of wave condition occurring outside the said data
range of Elfrink et al. (2006). A lower Ty, means that the majority of
the wave climate encountered in the case is within the data coverage.
For all cases To,ou: Was 36.7% with a standard deviation of 20.3%. For
the 10 highest performing cases, wave conditions outside the data
range was 36.1% and for the 10 lowest performing cases, Toout Was
52.5%. Hence, it is evident that cases which encounter lower percent-
age of wave conditions outside the data coverage performs better
than the ones that encounter higher percentage of wave conditions
outside the data coverage. Extending the range of applicability of the
intra-wave orbital reconstruction method of Elfrink et al. (2006) by
including more wave data can improve the orbital velocity reconstruc-
tion and the model results.

As discussed in section 4.6, some hydrodynamic processes that

are particularly important in offshore migration of sandbars are
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currently unresolved in the proposed approach. Also, the current
model does not account for longshore processes, which can influence
sandbar morphology.

BSS is used to calibrate and measure the prediction skill of sand-
bar migrations in the study. While BSS is a competent indicator to
quantify model skill, certain drawbacks have also been identified
(Bosboom et al., 2014). BSS tends to favor cases that underestimate
the variance in bed level change. Model predictions in this study did
not result in superfluous BSS rankings compared to visual assessment.
However, it was observed that the cases with an underpredicted
migration resulted in a lower variance in bed level change compared
to observed values. Conversely, cases with an overpredicted migration
have a larger variance in bed level change.

While underpredicted/overpredicted cases visually showed a sim-
ilar mishandling of sandbar prediction, the cases with an under-
predicted migration resulted in a higher BSS ranking compared to the
overpredicted cases. Since the model parameters were derived using
many cases, a general underprediction of sandbar migration rate was
not observed.

The area of interest in the current study is the vicinity of the
sandbar. Energetic type transport formulations used to calculate the
sediment transport fluxes may not be suitable to estimate the bed
level changes observed in the swash zone (Masselink et al., 2009) and
require other formulations to represent these processes.

As future work, the presented model is being included within the

XBeach framework. Appropriate merging of processes discussed in

Cross-shore [m]

(a-d) Model predicted sandbar morphology for four double bar cases. The black dashed line refers to the observed initial bed

this study with physics that are already implemented in XBeach (such
as: infragravity waves, wave roller, vertical profile of undertow, swash
processes) will enable predictions of the full extent of the cross-shore
transect under erosive and accretional conditions.

According to the classification of onshore sandbar migration
modes by Vidal-Ruiz and Ruiz de Alegria-Arzaburu (2019, 2020), the
cases used in this study can be generally classified as mode |
(section 2.4). The other identified modes (modes II-1V) consist of com-
pounds of onshore and offshore sandbar migrations. As a future
study, a modified XBeach model (with the current model) can be used
to assess the predictability of the other observed modes of sandbar

migrations.

5 | CONCLUSION

A simplified process-based model to predict onshore sandbar migra-
tion is proposed. The model includes sediment transport processes
due to wave asymmetry, skewness, mean currents, and bed-slope
effects. A velocity reconstruction is incorporated to calculate the sedi-
ment transport induced by waves.

A systematic training, validation, and testing procedure were car-
ried out using multiple onshore sandbar migration cases to ensure the
model is not overfitting, and it can produce reliable predictions.

The presented approach shows good predictive skills for onshore

sandbar migration cases without an ad hoc calibration for each



HEWAGEEGANA anp CANESTRELLI

scenario. The model was also able to outperform widely used mor-
phodynamic models (XBeach and Unibest-TC) on the onshore sandbar
migration cases used in this study. The higher skill of the proposed
model can be associated with the better transport prediction capacity
observed for the model.

The model was also tested using onshore migration cases at dif-
ferent locations. While the model performed well at the different
sites, optimum parameter values varied between the locations. The
changes in the parameter values could be due to differences in site
conditions that were not included in the model.

Further improvements are required for the presented model to
simulate offshore sandbar migration.
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