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Numerical study on sandbar migration under the interaction of waves and undertow
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Abstract: Because wave-undertow interactions in the surfzone were neglected or relied on too many
parameters in the existing numerical models, reliable simulations of onshore-offshore sandbar
migration under various wave conditions have been a challenging task. In order to understand and
determine the role of this process in applications, we develop an integrated sandbar migration model
that includes interactions between waves and undertow in a phase- and depth-resolving modeling
approach. We also propose an empirical time-dependent turbulent eddy viscosity formulation that
accounts for the phase-dependency of turbulence on flow velocity and acceleration. With these two
enhancements, extensive model-data comparisons demonstrate a significant improvement to the
predictive capability for the cross-shore sandbar migration beneath moderate and energetic waves.
Results indicate that wave-undertow interactions play an important role in cross-shore sediment
transport, with waves increasing the undertow-induced suspended load flux during offshore sandbar
migration, while a weak undertow suppresses the wave-induced onshore bedload transport during
onshore sandbar migration, and the present empirical time-dependent turbulent eddy viscosity can

significantly improve the prediction of onshore-directed bedload transport.
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Introduction

Sandbars appear in many natural sandy coasts and inlets. Breaking wave energy dissipation over
the sandbars can serve as a natural mechanism for beach protection. Sandbars are highly dynamic
with respect to their position and shape under varying hydrodynamic conditions at different spatial
and temporal scales. Gallagher et al. (1998) suggested that wave-induced undertow current moves
sediments offshore, causing offshore sandbar migration under energetic wave conditions. Hoefel and
Elgar (2003) showed that stronger nonlinear waves drive the onshore sediment transport and sandbar
migration under moderate wave conditions.

In the prototype environment, there is a complex interaction that occurs between the high-
frequency waves and the low-frequency undertow such that sediment transport is subject to the
combined effects of both. Ruessink et al. (2011) showed in a recent analysis of laboratory
measurements that an opposing current acting on an asymmetric wave enhanced sediment stirring
during the negative flow phase, resulting in a direction-reversal of the wave-related sediment
transport. The field measurements (Aagaard and Hughes 2010; Grasso et al. 2012) showed that
waves can enhance the bed shear stress and sediment suspension, thus affecting the magnitude of
undertow-related transport. Therefore, wave-undertow interaction is an essential physical process
affecting sediment transport and seasonal variation of sandbar migration.

Several process-based models have incorporated nonlinear waves and undertow in different
ways to study nearshore sediment transport and sandbar migration (e.g., van Rijn et al. 2003;
Hendersen et al. 2004; Hsu et al. 2006; Ruessink et al. 2007; Zhang et al. 2011a). However, modeling
of cross-shore sandbar migration under varying wave conditions remained a difficult task due to the
neglect of wave-undertow interaction in these models. For example, the mean pressure gradient that
drives the undertow was excluded in the model of Henderson et al. (2004). Zhang et al. (2011b)

showed this term that represents the imbalance between depth-dependent wave radiation stress
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gradient and hydrostatic pressure gradient is required to accurately predict the mean current profile.
Ruessink et al. (2007) have used the UNIBEST model to successfully reproduce the observed
onshore-offshore sandbar migration at three field sites by neglecting the wave-related suspended
sediment transport. Kobayashi et al. (2008) have used an empirical factor to account for the reduction
of suspended load transport rate due to the wave-related transport process. Hsu et al. (2006) used an
ad-hoc adjustment of model parameters to determine sandbar migration. A common feature of these
earlier numerical models was the absence of wave-undertow interaction, which motivated this
research.

The objective of this study is to develop a process-based integrated model that includes this
essential process for improving the predictability of cross-shore sandbar migration under different
wave conditions. We have used extensive data from a large-scale laboratory experiment to validate
the model, investigated sensitivity of model parameters and examined the effects of wave-undertow
interaction on sandbar migration. Presented in this paper are details of the proposed model, validation

results and discussion of model performance to improving cross-shore sandbar migration.

Model Description

The present numerical model consists of five sub-models: wave model, roller model, flow
model, sediment transport model and bed evolution model. The integrated model simulates the cross-
shore distribution of the period-averaged wave characteristics, roller energy, wave set-up, as well as
the phase-resolving flow velocity, sediment concentration, bed load and suspended load. Two new
features included in the present model are the wave-undertow interaction and an empirical time-

dependent turbulent eddy viscosity formulation.

Wave Model
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Random wave field is assumed to be narrow-banded in frequency and unidirectional, which is a
common approach for surf zone wave modeling (Ruessink et al. 2007). The root-mean-square wave
height (H,ms) at each cross-shore location is calculated using the one-dimensional (1D) wave energy
balance equation:

o(E,Cq)
OX -

-D, (1)

where E,, is the wave energy, cgy is the group velocity, x is the horizontal coordinate (positive
shoreward), Dy, is the energy dissipation due to wave breaking. Dissipation is estimated according to

Janssen and Battjes (2007).Linear wave theory is used to solve Eq. (1).

Roller Model

The breaking-induced surface roller is represented by the roller energy balance equation (Stive

and De Vriend 1994):

m = DW - Dr (2)
OX
p, = 295N/ 3)

C

where E; is the roller energy, cis the phase velocity, D, is the roller dissipation, g is gravitational

acceleration, £ is the roller slope.

The wave set-up (77) is estimated using the depth-integrated and period-averaged momentum

equation that included the excess wave roller contribution:

0S 02E on
%t pg(h+7) =0 @
X OX OX
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where Sy is the wave radiation stress, p is the water density, h is the still water depth.

Flow Model

The intra-wave flow velocity is modeled based on the following first-order momentum equation

(Zhang et al. 2011b):

ou ou 0 ou
e (LR e e (5)
ot ot oz or" p

where u is the flow velocity, u., is the wave-induced free-stream velocity, v; and v are the turbulent

and kinematic eddy viscosities, respectively, p is the mean pressure, 7, is the additional mean shear

stress induced by the bottom boundary layer streaming, t is time, z is the vertical coordinate (positive
upward with z = 0 at the bed).

In the right side of Eqg. (5), the first term and the third term represent the wave-induced
oscillatory and undertow-induced mean horizontal pressure gradients, respectively. The free-stream
description of Elfrink et al. (2006) is used to provide u, which includes both velocity skewness and
asymmetry. Zhang et al. (2011b) showed that the mean horizontal pressure gradient term is important
for predicting the mean velocity and shear stress developed under breaking waves and currents. Using
such formulation, wave and undertow are coupled and the wave-undertow interaction is considered in
a phase-resolving and depth-resolving manner. This approach has been used by Zhang et al. (2011b)
to describe the wave-current boundary layer hydrodynamics. In this study, it is used for the sandbar
migration modeling. The streaming-induced mean shear stress gradient is valid in the bottom

boundary layer and is expressed as (Reniers et al. 2004):

Lom, |2 (<6
—_— 7)<
__ﬂ: pC5 (6)
p oz
0 (2>0
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where ¢ is the boundary layer thickness, Ds is the energy dissipation due to bottom friction. Both o

and Ds are estimated following approach of Reniers et al. (2004).

The quantity and vertical profile of turbulent eddy viscosity in surf zone are difficult to
parameterize. Various formulations of v; have been used in previous studies by assuming it is depth-
uniform or varies over the water column based on different profiles or shapes (Spielmann et al.
2004), while most of them are assumed to be time-independent within one wave cycle. A few studies
pointed out that the time-independent eddy viscosity is inadequate to simulate the intra-wave velocity
variation (Trowbridge and Madsen 1984). As a preliminary attempt, we introduce a new empirical

time-dependent eddy viscosity formulation:

3[+{;,3
D 7 || |Ux
it = varms (_r)1/3_ — (7)
LI
Ux =COS@ uoo+sin(pidu—°o (8)
w dt

where f, is a constant, h; is the water depth below the wave trough level, u~ is an effective velocity
that controls the intra-wave variation of eddy viscosity. The overbar denotes period-averaging, ¢ is a
phase-shift angle, and w is the angle frequency. The present formulation (Eg. 7) has the following
features: (1) v; is related to the roller energy dissipation thus the breaking turbulence effects are
considered, (2) v; increases linearly from the bed to the wave trough level where the turbulence
intensity is generally the highest, (3) the intra-wave variation of v; depends on both the wave-induced
free-stream velocity and acceleration while the relative importance of these is determined by ¢, and
(4) the period- and depth-averaged v; is equivalent to the parameterization of Battjes (1975). The

expression of u- (Eq. 8) is the same as the friction velocity formulation of Nielsen and Callaghan
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(2003) used in the study of bed shear stress under skewed and asymmetric waves. This approach is

utilized in the present study to describe the phase-dependency of turbulent eddy viscosity.

At each cross-shore location, the mean horizontal pressure gradient (-1/poP/ox) in Eq. (5) is

solved using an iterative algorithm, requiring the mean flow flux to satisfy the period-averaged and

depth-integrated mass balance equation:

1 (T oh,
?jo [ udzdt+Q, +Q =0 9)
1
Qw ZE% Hr2ms (10)
2E,
QI’ = pC (11)

where T is the wave period, Q,, and Q; are the mass fluxes due to wave and roller, respectively. In Eq.
(10), the coefficient of 1/12 is used to account for the effect of wave nonlinearity, compared to 1/8

that corresponds to linear waves.

To solve Eq. (5), the non-slip condition is applied at the bed and the shear stress condition

(Deigaard 1993) is used at the wave trough level:

u=0 (z=12,=k,/30) (12)

T'% (z=h) (13)

where ks is the bed roughness, taken as 2.5dsq in which dsg is the median grain size of sediment.

The present flow model describes the phase- and depth-resolving flow motion that takes into

account the nonlinear wave shape, undertow and bottom boundary layer streaming, which have been
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considered important processes for cross-shore sediment transport and beach profile evolution (e.g.,
Gallagher et al. 1998; Hoefel and Elgar 2003; Hendersen et al. 2004; Kuriyama 2010). The simulated
results of intra-wave bed shear stress and flow velocity are used to drive the sediment transport

model.
Sediment Transport and Bed Evolution Models

The period-averaged total sediment transport rate is expressed as
0; =0p +0; (14)

where i, g, and (s are the instantaneous total, bedload and suspended load transport rates,

respectively.

Following Hsu et al. (2006) and Ruessink et al. (2007), the Meyer-Peter Mueller formula
(Ribberink et al. 1998) is used here for the instantaneous bedload transport rate as a function of the

Shields parameter (6):
0 165 3
Op =11/ i (6] ) > (s—Dgd;, (15)

Th

g=—1D 16
p(s—1)gds, (19)

where 7, is the instantaneous bed shear stress, s is the density ratio between sediment and water (s =
2.65), fs is a bed-slope correction factor that hinders the upslope transport and favors the downslope
transport, representing the gravity effects of sediment particles over a sloping bed, 6., is the slope-
corrected critical Shields parameter, below which no sediment movement is considered to take place.

The expressions of s and 6., are respectively written as (van Rijn 1993; Ruessink et al. 2007)
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:Bs = Tb az (17)
tang+——
|Tb| 5X
0.24Dx! 1<D«<4
sin[4 +arctan(-2. %) | |0.14D5°% 4<Dx.<10
0, = > 7] 7 | § gapio 10 < D« <20 (18)
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0.013D%-%° 20 < D« <150
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where ¢ is the bed repose angle (4=30°), D~ is the non-dimensional grain size (D~=dso[g(s-1)V*]*?).

The instantaneous suspended load transport rate is expressed by integrating the product of

sediment concentration and flow velocity over the depth:
h
s = L uc dz (19)

where c is the sediment concentration, z, is a near-bed reference height defined as 2dso. The temporal
and spatial variations in suspended sediment concentration are solved with the vertical advection-
diffusion equation:

@=WS@+E(55 @j (20)
ot 0z 01 0z

where ws is the settling velocity of suspended sediment and & is the sediment diffusivity. The settling
velocity is computed according to van Rijn (1993) and reduced by hindered settling in an empirical

way (Richardson and Zaki 1954):

5
Ws = Wqo (1_Lj (21)
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where wy is the settling velocity in clear water. van Rijn (2007) suggested that the suspended
sediments are generally finer than the original bed by a rough relationship of ds/dso= 0.5-1 (ds is the
mean grain size of suspended sediment) even for a relatively uniform bed. We note that the
suspended sediment size also depends on the local hydrodynamic condition. In this study, ds is
calculated with the formula of van Rijn (2007) and is used in the estimation of wg. The sediment
diffusivity is related to the turbulent eddy viscosity by incorporating the Prandtl/Schmidt number (o)

and the turbulence damping effects (van Rijn 1993):

v [ c 0.8 c 0.4
5= 1{_) _2(_j 22)
o 0.6 0.6

It is noted that the wave period-averaged eddy viscosity (v, ) is used in Eq. (22). Based on

numerical computations, we found that using the time-dependent eddy viscosity (v;, see Eq. 7) in Eq.
(22) would lead to unrealistically high sediment concentration and suspended load flux during
onshore sandbar migration, which are inconsistent with the measured data. Using field data for non-
breaking wave bottom boundary layer, Foster et al. (2006) found that sediment suspension had an
intermittent structure and was biased toward the onshore decelerating phase of the flow, while the
turbulent kinetic energy was decreasing during this phase. Scott et al. (2009) reported that under
breaking waves, for the erosive (accretive) conditions, only 33% (15%) of the total number of high
concentration events were correlated to the steep wave events and the locally generated breaking-
wave turbulence events. They suggested that the non-local advection of turbulence and sediment
concentration prevailed during accretive condition. These studies imply that the intra-wave variation
of & and sediment suspension may not be simply proportional to that of v;. Therefore, we have used
the wave period-averaged eddy viscosity in Eq. (22) and this significantly improved the accuracy of

the present model’s predictions as compared to data.

10
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There are two boundary conditions for Eq. (20). At the top boundary, sediment concentration is
zero. Near the bottom, a reference sediment concentration (c;) is specified at z = z, according to

Zyserman and Fredsge (1994):

0.331(0 -0, )"

- (23)
® 1+1.034(6-0, )"
The period-averaged total sediment transport rate is used to estimate the bed evolution:
a_ 1% (22
ot 1-p ox

where z;, is the bed elevation, p = 0.3 is the bed porosity.

Results

Description of Laboratory Experiment

The experiment (Guannel et al. 2009) was conducted in a large wave flume which is 104 m
long, 3.7 m wide and 4.6 m deep. Irregular waves were generated and normally incident on a mobile
barred beach with an initial average slope of 1/20 and dsp = 0.22 mm. The water surface elevation,
flow velocity, sediment concentration and bed elevation were measured across the profile. Two major
sandbar migration events were studied during the experiment (Fig. 1). At first, sandbar was moved
offshore from x =~ 64 m to x = 61 m under 3.5-hour action of relatively energetic waves with a larger
incident root-mean-square height (0.42 m) and a shorter peak period (4 s). During the following
11.25 hours, weak waves with a smaller height (0.21 m) and a longer peak period (8 s) resulted in an

onshore movement of sandbar position from x =~ 61 m to x ~ 68 m.

Numerical Model Setup

11
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A Crank-Nicholson type implicit finite difference scheme is employed to discretize the
governing equations. The TDMA method (Thomas 1949) combined with the Newton-Raphson
iterative algorithm are applied to solve the nonlinear system of differential equations. A uniform
mesh in the cross-shore direction was used with a grid spacing of 0.5 m. In the vertical direction, 100
stretched grids were distributed by allowing grid spacing to increase logarithmically from the bed to
the wave trough level. In this way, a finer spatial resolution was obtained near the bed, where the
vertical gradients are particularly high. These numerical schemes have been successfully used in
previous studies of near-shore hydrodynamics and sediment transport (Zhang et al. 2011a,b). The
time steps for intra-wave flow and sediment computation were 0.04 s and 0.08 s for offshore and
onshore migration, respectively. The time steps for morphological update were 4 s and 8 s for
offshore and onshore migration, respectively. The measured wave height and mean water level at x =
49 m were used to drive the model given that sediment transport and bathymetric change were active
only shoreward of this location. The model calibration parameters include the roller slope (5), the
scaling constant (f,) and the phase-shift angle (¢) for turbulent eddy viscosity, and the
Prandtl/Schmidt number (g,). The values of calibrated parameters are listed in Tab. 1. It is noted that
we did not intend to seek for the same parameter set for both cases. These two tests cannot
demonstrate the general model predictability of our model. In addition, we did not use a parameter
optimization algorithm as in the studies of Ruessink et al. (2007), which was not considered because
in this study we deal with multiple issues including the prediction of bed evolution, wave height,
flow velocity, sediment concentration and transport rates, and so on. The parameters values in Table
1 provided good predictions of hydrodynamics and morphodynamics for both cases. Further

parameter tuning will not affect the main findings of this study.

Model Results

12
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Figure 2 shows model predicted wave height, wave set-up, undertow velocity, wave velocity
skewness, wave velocity asymmetry, sediment concentration, suspended load transport rate, bedload
transport rate, total transport rate, and beach profile evolution. Measured (circles and dotted lines)
and modeled (solid lines) results are presented in panels (a)-(j) for the offshore sandbar migration and
in panels (k)-(t) for the onshore sandbar migration. The root-mean-square wave height is shown in
panels a and k, and wave set-up in b and |. The depth-averaged undertow velocity is shown in ¢ and
m, wave velocity skewness in d and n (estimated according to Doering and Bowen 1995), and wave
velocity asymmetry in e and o (estimated according to Kennedy et al. 2000). The depth-integrated
sediment concentration is shown in f and p, suspended load transport rate in g and g, bedload
transport rate in h and r, and total transport rate in i and s. The initial (dash-dotted lines), measured
final (dotted lines) and modeled final (solid lines) of beach profiles are shown in j and t. Good
model-data agreement suggests the present model is capable of representing the physical processes

involved in these experiments.

For the case of offshore sandbar migration, the breaking point appears in Figure 2a at the
seaward bar flank (x =~ 60 m). The predicted undertow velocity is closely related to breaking wave
dissipation and has a peak slightly shoreward of the breaking point (Fig. 2c). Figures 2d and 2e show
the comparisons between modeled and measured wave velocity skewness and asymmetry. It is noted
that the wave seiching effects, which may affect wave skewness (Scott et al. 2009), are not
considered in the present model, and have also been removed from the measured data presented here
(Guannel et al. 2009).The measured velocity skewness increases from offshore to the breaking point
due to shoaling and remains rather uniform across the surf zone (Fig. 2d). The model produces a
reverse trend of this in the shoaling zone, but gives accurate estimates in the surf zone. On the other
hand, there is a modest increase in the velocity asymmetry over the entire profile, which is captured

correctly by the model (Fig. 2e). This phenomenon suggests that wave shoaling leads to an increase

13
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in both velocity skewness and asymmetry while the broken waves maintain a fairly constant shape.
Intensive sediment suspension induced by wave breaking (x = 60 - 65 m) in the experiments was
modeled accurately (Fig. 2f). Predictions and data agree, showing the maximum sediment suspension
occurs at the same location to the maximum undertow, resulting in a large offshore-directed
suspended load flux (Fig. 2g). Due to the saturation of broken waves, the sediment concentration and
suspended load transport rate gradually decrease towards the shoreline. The model accurately
reproduces the slight onshore bedload transport on the seaward side of the bar (x = 50 - 58 m) due to
wave nonlinearities, as well as the offshore bedload transport in the surf zone due to undertow (Fig.
2h). The simulated total sediment transport rate has a consistent cross-shore distribution with the
measurement (Fig. 2i). It is shown that the offshore sandbar migration (Fig. 2j) is essentially resulted
from the local gradient of offshore-directed sediment transport rate over the bar. The similar profiles
obtained for the total transport rate and undertow suggest undertow is the dominant forcing
responsible for this event. Numerical model results show that suspended load plays a major role in
transport processes near the breaking point. In the inner surf zone, both bed and suspended loads are

equally important.

During onshore sandbar migration, less wave breaking occurred as compared to the former case,
and this resulted in smaller wave set-up and a weaker undertow (Figs. 2k-2m). Unlike the former
case, undertow velocity gradually increases in the shoreward direction, reaches a peak located at the
upper beach profile, and is without a local increase over the bar (Fig. 2m). This indicates that fewer
waves are breaking when they propagate through the bar. The calculated undertow is in agreement
with data. Figure 2n and Figure 20 show that the measured velocity asymmetry is approximately
twice higher than its value during offshore migration, while the velocity skewnesses for both cases
are comparable. However, the cross-shore distributions of nonlinear velocity parameters in this case

are exhibiting a close dependence to the bathymetry. As shown in Figure 2n, the velocity skewness

14
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decreases from the seaward boundary towards the seaward flank of the initial bar (x = 50 - 60 m),
then it increases over the initial bar and decreases over the area of final bar position (x = 60 - 70 m),
which is the region of active sandbar migration. After the final bar, velocity skewness increases
towards the shoreline. Although model-data discrepancy occurs in the shoaling region, the model
correctly produces the overall variation of velocity skewness. The measured velocity asymmetry
continuously increases from offshore and reaches its maximum shoreward of the final bar crest (x =
67 m), and then decreases towards the shoreline (Fig. 20). The model provides the accurate
magnitude of velocity asymmetry over most of the profile. Compared to the case of offshore
migration, the sediment concentration and the offshore-directed suspended load transport rate (both
measured and modeled) are less and concentrated at the region shoreward of the final bar (x = 72 m)
(Fig. 2p and 2q), where breaking intensity and undertow velocity are relatively high. Over the active
sandbar migration region (x = 60 - 70 m), little or no sediment is suspended and transported.
Consequently, the total sediment transport (Fig. 2s) is dominated by the onshore-directed bedload
transport (Fig. 2r). This is reproduced by the model, leading to an accurate prediction of onshore bar
migration (Fig. 2t). Model shows that the generation of the final bar depends on erosion of the initial

bar, and that the onshore bedload transport is driven by strength of wave nonlinearities.

We investigated the individual effects of wave and undertow on the suspended load transport,
as discussed in previous studies (e.g., Kobayashi et al. 2008; Grasso et al. 2011). The total suspended
sediment transport rate is separated into the oscillatory wave-related and mean undertow-related

transport rates with the following expression (van Rijn 1993):

@:j%dz:j%du]ﬁédz (25)
Qs ;.

where gsw and gsc are the wave-related and undertow-related transport rates, respectively. Figure 3

shows for both cases that suspended load flux is dominated by undertow-related transport and wave-
15
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related transport is less important. For offshore sandbar migration (Fig. 3a), wave-related transport is
onshore-directed at x ~ 60 - 65 m, and then it shifts to become offshore-directed at x > 65 m. For
onshore sandbar migration (Fig. 3b), wave-related transport is always onshore-directed and has a
peak at x = 72.5 m. The magnitude of wave-related transport rate increases when both strength of
flow and sediment concentration increase as depicted at x = 60 - 65 m in Figure 2f and x =~ 70 - 75 m

in Figure 2p.

Discussion

Effects of Wave-undertow Interaction

The present model considers wave-undertow interaction, which enables us to investigate the
combined effects of wave and undertow on sediment transport. While undertow (wave) has been
identified as the dominant mechanism for offshore (onshore) sandbar migration, it is of particular
interest for us to look at the role of wave (undertow) during offshore (onshore) sandbar migration.
We do this by comparing the present numerical results, including wave-undertow interaction, to
results which exclude wave (undertow) effects for investigating offshore (onshore) sandbar
migration. The wave effects can be excluded by eliminating the wave pressure term and the boundary
layer streaming term in Eq. (5), and by using a time-invariant turbulent eddy viscosity. The undertow
effects can be excluded by eliminating the mean pressure gradient term in Eq. (5). If undertow is
neglected, Eqg. (9) is not solved since the cross-shore mass balance is not required and the zero-flux

condition is applied at the top boundary to yield realistic results.

In Figure 4, modeled results are presented for wave-undertow interaction (solid lines) and
undertow only (dashed lines) in panels (a)-(f) for offshore sandbar migration, and wave only (dashed

lines) in panels (g)-(l) for onshore sandbar migration. Panels a and g show absolute values of the
16
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crest (bolded lines) and trough (thin lines) Shields parameters (&; and &); b and h provide depth-
integrated sediment concentration; ¢ and i show suspended load transport rate; d and j are the bedload
transport rate; e and k are the total transport rate; and f and | display beach profile evolution, in which
the measured initial and final profiles are plotted with dash-dotted lines and dotted lines, respectively.
Figure 4a to Figure 4f show the comparisons between modeled results with wave-undertow
interaction and those with undertow only for offshore sandbar migration. Results indicate that the
presence of wave increases remarkably both the crest and trough Shields parameters due to the
increase of near-bed flow velocity. This leads to the enhanced sediment suspension (Fig. 4b) and
suspended load transport (Fig. 4c¢), but as shown in Fig. 4d, the offshore-directed bedload transport
rate is reduced considerably by waves over the bar (x = 60 - 65 m). This is caused by wave
nonlinearities which tend to produce onshore-directed bedload transport, given that &. is greater than
& in this region (Fig. 4a). For the case of wave-undertow interaction, although & is larger than & over
the entire profile, the bedload transport is mostly offshore-directed. Since both & and &. are large
enough to move sediment, the offshore-directed bedload transport is resulted from the longer
duration of negative flow phase than the positive flow phase under skewed waves and opposing
undertow. Based on a laboratory observation, Grasso et al. (2011) showed that under the condition
that 8/4 >1 and the undertow is weak, strong phase-lag effects associated velocity skewness can
dominate the net offshore sediment transport. Our numerical model results indicate that under a
relatively strong undertow, the condition of &./6 >1 can occur, and in this case, phase-lag effects are
less important (shown in Fig. 3) and the net offshore transport is dominated by undertow. Because of
the increase of suspended load transport and the decrease of bedload transport, the total transport
with wave-undertow interaction is similar to the undertow-only case (Fig. 4e), and the predictions of

beach profile evolution are similar for both cases (Fig. 4f).
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For the case of onshore sandbar migration, the presence of undertow indeed reduces the crest
Shields parameter and increases the trough Shields parameter (Fig. 4g), leading to a slightly
decreased concentration peak (Fig. 4h). As shown in Figure 4i, when undertow is not considered, the
suspended load transport is purely driven by waves and is onshore-directed. Comparing Figure 3b to
Figure 4i, we note that undertow not only results in an offshore-directed total suspended load
transport, but also reduces the magnitude of onshore-directed wave-related suspended flux. This
observation is qualitatively consistent with the suggestion of Ruessink et al. (2011), i.e., the opposing
current causes more (less) sand stirring during the negative (positive) flow phase. In Figure 4j and
Figure 4k, although undertow is relatively weak in this case, the undertow suppresses significantly
the wave-induced onshore bedload transport and total transport. Notice that if values of 4,/4 are high
and & is small as compared to their values during offshore sandbar migration, most sediment
transport occurs during the positive flow phase. Consequently, the undertow-induced decrease of the
onshore-directed beadload transport is due to decrease of bed shear stress during the positive flow
phase. The simulation for wave-only case over-predicts the onshore movement of the sandbar (Fig.
41). Based on results discussed in this section, we conclude that the combined influence of wave and
undertow on sediment transport shows the presence of a strong wave-undertow interaction, which
should be properly included in numerical models for realistic simulations of nearshore sediment

transport and sandbar migration.

Model Parameters

The calibration and sensitivity of model parameters are discussed in this section. The roller
slope (p) affects the dissipation rate of surface roller, undertow velocity and the local turbulence. The
scaling constant (f,) and the phase-shift angle (¢) affect the magnitude and the intra-wave varying
pattern of turbulent eddy viscosity, respectively. The Prandtl/Schmidt number (op) controls the

amount of suspended sediment. According to Table 1, the values of f, are comparable to previous
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studies (e.g., Reniers et al. 2004; Spielmann et al. 2004; Ruessink et al. 2007). A Prandtl/Schmidt
number of less than unity is standard (van Rijn 1993). In this study, we will focus on two remaining

parameters that have not been previously investigated in detail.

The parameter = 0.1 has been used in some studies (e.g., Reniers et al. 2004; Ruessink et al.
2007). However, smaller values of £ have also been reported (Ruessink et al. 2001). Based on the
remote sensing of roller dynamics in the laboratory, Haller and Catalan (2009) found that a
remarkably greater § (= 0.35) fitted best with measurements. We have investigated the effects of £ in
this study and model results are provided in Figure 5. Results for offshore sandbar migration are in
panels (a-c), and onshore sandbar migration in (d-f). These include results for suspended load
transport rate (a and d), bedload transport rate (b and e), and total transport rate (c and f) for # = 0.05
(dotted lines), # = 0.1 (dashed lines), and g = 0.15 (solid lines). We found that $ has a weak influence
on sediment transport during onshore sandbar migration, and that larger  values are associated with
increasing offshore-directed suspended load transport rate and reduced bedload transport rate (Fig.
5d-5f). Consequently, the total transport rate decreases with an increase of . An important effect of S
on sediment transport during offshore sandbar migration can be seen in Figures 5a-5c¢. For large
values of g, the suspended load flux increases after the breaking point (x = 60 - 65 m) due to the
locally enhanced roller dissipation, turbulence and sediment suspension, and decreases in the inner
surf zone (x > 70 m) due to the more rapid decay of undertow current (Fig. 5a). For the bedload flux
(Fig. 5b), high values of g tend to promote the offshore transport near the bar (x = 57 - 68 m) due to
the increasing turbulence and bed shear stresses. At x > 68 m, the bedload flux is stronger for small
values of /5 because of strong undertow current in this region. For g = 0.05, the peak total transport
rate occurs at the upper profile and no appreciable sediment transport occurs over the bar. Based on

these results, we conclude that the effects of roller slope in the present model depend on details of the

19



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

local hydrodynamics and morphology. In general, too small values of g will fail to produce correct

sediment transport processes.

The phase-shift angle () is a new parameter we have introduced in the present morphodynamic
model, but we have little guidance how best to determine this parameter for practical applications.
Indeed, the phase-relationships between flow velocity and turbulence have been observed in field and
laboratory (e.g., Foster et al. 2006; Scott et al. 2009; Aagaard and Hughes 2010). However, the data
and knowledge are lacking, and different turbulence characteristics were reported with varying
intermittency, negative and positive correlations for the fluid velocity. The variations depend on
different breaking conditions and are associated with site-specific sediment transport mechanisms.
The empirical time-dependent turbulent eddy viscosity formulation (Eq. 7) introduced in this study
describes the positive correlation between the velocity and turbulence intensity. This parameter
promotes net onshore sediment transport. The intermittent features of turbulence, as well as the intra-
wave change of the eddy viscosity profile due to the vertical transport of both breaking- and bed-
generated turbulence, were not considered in this research. The parameter ¢ may be interpreted as a
calibration parameter that compensates partially the missing processes and to yield improved
modeling predictions. Nevertheless, the value of ¢ (30°) was adopted in this study, which is close to
that (40°) used by Nielsen and Callaghan (2003), although this parameter is used to describe different

mechanism here.

In Figure 6, we provide model results for offshore sandbar migration (a-c) and onshore sandbar
migration (d-f), using the conventional time-independent eddy viscosity formulation (bold solid
lines) and the new time-dependent eddy viscosity formulation for ¢ = 0° (bold dashed lines), ¢ = 15°
(thin dashed lines), ¢ = 30° (thin solid lines) and ¢ = 45° (dotted lines). Suspended load transport rate
results are in panels a and d, bedload transport rate in b and e, and total transport rate in ¢ and f. For

both onshore and offshore sandbars, the time-averaged suspended load transport is not sensitive to
20



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

the intra-wave variation of eddy viscosity (Fig. 6a and 6d). However, the time-dependent eddy
viscosity description reduces the offshore-directed bedload transport rate for the offshore migration
(Fig. 6b), similar to the results shown in Fig. 4d. This indicates that the intra-wave variation of eddy
viscosity promotes the onshore bedload transport driven by wave nonlinearities. The value of ¢ has a
negligible influence on sediment transport during offshore sandbar migration (Fig. 6a-6¢). On the
other hand, the onshore-directed bedload transport rate during onshore sandbar migration increases
when the time-dependent eddy viscosity formulation is used and also increases as ¢ increases (Fig. 6e
and 6f). The latter is because the crest Shields parameter increases with increasing values of ¢. In
particular, it is found that using the conventional time-independent eddy viscosity formulation cannot
satisfactorily reproduce the onshore-directed bedload transport and fails to predict onshore sandbar
migration. Although the present eddy viscosity formulation is empirical and contains parameters with
uncertainties, as a preliminary attempt, it does show the significance of time-dependent eddy

viscosity for an accurate modeling of wave-induced sediment transport and morphological evolution.

A sensitivity test of the overall parameter set regarding the qualitative results was performed to
obtain more insights into the present model behaviors. The calibrated parameters for the offshore-
directed and onshore-directed cases are referred to as “offshore parameters” and *“onshore
parameters”, respectively. Figure 7 and Figure 8 present the results obtained using the same
parameters are used for both sandbars. Although there are differences in the bar crest position and
bar shape, the parameters initially calibrated for the offshore (onshore) sandbar also qualitatively
reproduce the onshore (offshore) sandbar migration. This suggests the robustness and theoretical

generalization of the proposed model.

Conclusions
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We provide in this paper a process-based onshore-offshore sandbar migration model that
includes wave-undertow interaction. Extensive model-data comparisons of wave height, set-up, mean
velocity, velocity skewness and asymmetry, sediment concentration, sediment transport rates and bed
elevation change demonstrate the proposed model’s capability of predicting both onshore and
offshore sandbar migration under moderate and energetic wave conditions. The focus is on the one-
dimensional sandbar migration in the cross-shore direction. Further studies should be conducted to
expand the model to two-dimensions. This extension is necessary to account for the effects of wave-
undertow interaction on two-dimensional sandbar evolution occurring in real world. The numerical
model has been extensively tested and validated with data, and good model-data comparison is
obtained for wide range of test conditions investigated. Results show that the wave-undertow
interaction significantly affects sediment transport and should be considered in sandbar migration
modeling. Results indicate that during the offshore sandbar migration, waves enhance the undertow-
induced suspended load flux by stirring more sediment into suspension. During the onshore sandbar
migration, even a weak undertow can remarkably suppresses the wave-induced onshore bedload
transport by reducing the bed shear stress during the positive flow phase. The proposed empirical
formulation of the time-dependent turbulent eddy viscosity is shown to significantly improve the
prediction of onshore-directed bedload transport during the onshore sandbar migration. Comparisons
of model-data indicated that the conventional time-independent eddy viscosity formulation could not

reproduce the correct movement of cross-shore sandbars in nearshore.
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