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Abstract

The nonlinear dynamics of alongshore currents in the surf zone over an alongshore-
uniform barred beach topography are studied using numerical experiments. The
simulations use finite difference solutions to the nonlinear shallow water equations for
forced, dissipative, initial value problems. The simulations are performed with and
without wave-current interaction, and incorporate different formulations for linear or
non-linear bottom friction parameterizations. The alongshore currents are forced by
the momentum input from breaking surface waves, which is calculated using either
the Thornton-Guza type sub-model, or a new two-dimensional time-dependent roller
model for obliquely incident waves. The results are compared to averaged field data
measured on a natural barred beach during the Delilah experiment. The choice of the
wave-breaking model has a greater effect on the predicted alongshore currents than the

choice of the bottom friction model. Wave-current interaction affects the magnitude
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but not the location of the mean alongshore currents. Data from simulations that
used non-linear bottom friction and a roller model most closely resemble the field
data.
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1 Introduction

Alongshore currents are generated as obliquely-incident surface waves break in shal-
low water and wave momentum is transferred into the water column. Observations
in the nearshore surf zone at Duck, North Carolina, by Oltman-Shay et al. (1989)
identified propagating disturbances associated with the presence of alongshore cur-
rents. Bowen & Holman (1989) interpreted the disturbances as shear instabilities of
the mean currents. To better understand the nearshore flow dynamics that caused
the disturbances, Allen et al. (1996) developed a numerical model based on the two-
dimensional depth-averaged time-dependent shallow water equations with idealized
forcing to study the nonlinear shear waves on plane beaches. The model was extended
to include barred beaches by Slinn et al. (1998) and alongshore variable beaches by
Slinn et al. (2000). These studies focused on the dependence of the general char-
acteristics of the flow on the magnitude of the modelled bottom friction, wave field
properties, and did not pursue detailed comparisons with field data. Therefore, sim-
ple bottom stress and wave-breaking models were used, and the influences of these
parameterizations were not investigated.

Recently, several groups of researchers have attempted to improve the parame-
terizations used in alongshore current models. For example, Feddersen et al. (2000)
reviewed several bottom stress parameterizations and compared their predictions to
time series of near-bottom current field data in the nearshore region. They showed
that linear parameterizations cause numerical models to underestimate the bottom
friction. The best parameterization was based on a joint-Gaussian velocity field, but

several non-linear parameterizations were deemed adequate for modelling purposes.



In other studies, a one-dimensional roller model was added to improve the wave-
forcing parameterization (see Reniers & Battjes, 1997; Lippmann et al. , 1996; Nairn
et al. , 1990). Yu & Slinn (2003) added wave-current interaction to the Slinn et al.
(2000) model by including two-way coupling between the partial differential equations
for the shoaling wave energy and the shallow water equations through the radiation
stresses. The new model was used to study rip currents over an alongshore-variable
beach bathymetry. They showed that wave-current interaction provides negative feed-
back to the wave forcing, thereby reducing the strength and offshore extent of the rip
currents.

One purpose of the present work is to improve the alongshore current predictions
of the Slinn et al. (2000) model, and to compare those predictions to the Delilah
field experiment data measured in October, 1990, at Duck, North Carolina. The nu-
merical experiments of Slinn et al. (2000) focused on the flow response to alongshore
topographic variability and examined the roles of alongshore pressure gradients and
spatial variations in the radiation stress gradients. They found that for a variety of
alongshore topographic length scales, bottom friction coefficients, and incident wave
conditions, that the modelled alongshore current profiles were qualitatively different
from alongshore currents observed at the Duck field experiments. In particular, the
previous combinations of modelling approximations were unable to produce a peak
current located shoreward of the sand bar and produced an artificially large shore-
parallel current close to the shore line. There are a wide variety of modelling choices
that can be invoked in nearshore circulation models, and different modelling groups
have chosen different approaches. In the present paper, we focus on gaining a better

quantitative understanding of some of these choices. Our study is not exhaustive,



and related investigations are being conducted at other institutions focusing on other
details. For example, Biihler & Jacobson (2001) investigated the effect of a nonho-
mogeneous wavetrain, which is not considered here. There is strong international
interest in near shore circulation modelling because of the societal relevance to shore-
line erosion, sediment transport, dispersal of pollutants, and other coastal and marine
environmental issues.

Here, we examine the influence of six different model features: utilizing 1) four
bottom friction formulations (at any given value of friction coefficient), 2) three types
of horizontal mixing, 3) the influence of wave-current interaction, 4) two offshore wave
field conditions, 5) two wave breaking energy dissipation parameterizations, and 6)
five types of roller models. At this degree of variation, there are 480 combinations
of these six features (for a single bottom friction coefficient), and over the course
of the study we conducted approximately 100 numerical experiments. In addition
we examined grid resolution issues and domain size independence. Each simulation
took approximately three to ten days of CPU time depending on the computational
intensity of the model approximations. Here, we report on approximately 20 of the
experiments that cover our major observations in an attempt to distill our experience
into approximately 20 pages to assist the community of modelers who may be inter-
ested in how similar model approximations could affect the mean alongshore current
response in their models. By comparing our model predictions with the field data
from the Duck experiments, the relative influence of wave-current interaction, and
the bottom friction and wave-breaking parameterizations can then be quantitatively
assessed.

The outline of this paper is as follows. The model formulation is described in § 2.



The effects of wave-current interaction, the bottom friction parameterization, and
different wave-breaking models are presented in §3. Finally, a summary is provided

in §4.
2 Formulation

The two-dimensional shallow water equations are used to describe the depth-averaged
and time-averaged (with respect to the period of incident waves) mean flows. Forcing
effects from obliquely-incident breaking surface waves are approximated by a body
force in the alongshore momentum equations determined using linear radiation-stress
theory. The bottom friction shear stress is assumed linear in the base case model; non-
linear parameterizations are investigated in section §3.2. Weak biharmonic friction is
included to provide additional numerical stability at high wave-numbers in the finite-
difference solutions. The rigid lid approximation, justified by Allen et al. (1996)
and shown to agree closely with a free-surface approximation by Ozkan-Haller &
Kirby (1999), is also employed. Tidal effects, lateral mixing due to turbulence at
small scales (i.e., large eddy simulations), and the dispersive three-dimensional effect
of the vertical fluctuations in the current velocities are neglected (c.f. Svendsen &
Putrevu, 1994) to avoid additional uncertain parameterizations and to simplify the
interpretation of and isolate the effects we are investigating.

If u and v are the across-shore and alongshore components of the velocity in the x
and y directions, respectively, as indicated in Fig. 1, then the governing momentum

equations are

(hu)z + (hy)y =0, (1)



and

Ps e Oy <lilu>

Uy + Uy + VUy = + 7, - 1/V4u,
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v+ uvy +ovy, = —&%—T;’—%—Vvllﬂa (2)
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where « is the phase-averaged current velocity vector, ¢ is time, p is the pressure, p
is the constant water density, h = h(z) is the local water depth, v is a biharmonic
diffusion coefficient, and <> indicate time-averaged quantities. Momentum input
from the waves is supplied through the 7;’ and 7,” terms. Energy dissipation is a
function of the dimensionless bottom friction coefficient C'y. In the base model, a

linear bottom friction parameterization is used with

Cr<liu> = pu,

Cr<liv> = v, (3)
where y is an averaged dimensional bottom friction velocity.

For small amplitude waves in irrotational flows, Longuet-Higgins & Stewart (1960)

showed that the forcing due to waves is related to the wave radiation stress tensor

Sij,w;
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© 0 ph\ Ox dy ’
1 a‘512 w a‘522 w
woo_ B B 4
Ty ph ( ox + dy ) ’ )
where for linear waves,
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Here, E,, is the wave energy, and k;, ko are components of the wave-number £ in

the x and y directions. This linear approximation has been widely applied in the

7



surfzone with modest success. The group velocity C, and wave phase speed ¢ are also

calculated from linear wave theory,

c 2kh
=14
Cy 2 ( + sinh 2kh> ’ (6)
=7 (7)

where o is the intrinsic angular frequency of the waves. Following Yu & Slinn (2003),

the evolution of the wave energy is described using the wave action equation,

% (%) + 8% [(u+091)%] +% [(U +Cg2)%} = _%w : (8)

The dissipation rate of wave energy €, is modelled using either the TG (Thornton &
Guza, 1986) or the CT (Church & Thornton, 1993) formulations that are based on
field data. The TG formulation, developed for an alongshore uniform plane beach,

gives

3vmpgBif, HP m\] "
€y = ﬁqg f72h3 1- [1+<7—h” : (9)

where ¢ is the gravitational acceleration, B is an empirical constant that accounts for
various breaker intensities, f, = 27 /o is the peak wave frequency, v is the breaker
index, and H is the rms wave height distribution for a narrow-banded wave field that
can be obtained from

1

E, = gngQ . (10)

Slinn et al. (2000) used the TG formulation with B = 1.2 and v = 0.43. The CT

formulation, developed for the barred beach at Duck, North Carolina, gives

 3y/FpgB%, H® H A
-2 s (2] [ (2] T o

Yu & Slinn (2003) used the CT formulation with B = 1.3 and v = 0.38.
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The computational domain, illustrated in Fig. 1, extends between 0 < x < L*
and 0 < y < LY The water depth h is an alongshore uniform approximation of
the actual beach bathymetry measured on October 15 during the Delilah experiment
(Birkemeier et al. (1997)). The shallow water equations require a vanishing across-
shore mass flux at the shoreline and at the offshore boundary: hu = 0 at x = 0 and
x = L*. Periodic conditions are imposed on u, v, and p in the alongshore direction
due to the nature of the alongshore uniform flow field. The biharmonic diffusion
operator requires the additional boundary conditions t,, = vy = Ve = 0 at 2 =0
and x = L*.

The numerical scheme is described in detail by Allen et al. (1996). The time
derivative is initially zero, and © = v = 0. A small random perturbation is added
to the velocity field at each time step to trigger any instabilities in the flow. The

biharmonic diffusion operator v is 1.25 m?s™!.

In all simulations, At = 0.1 s, and
Ax = Ay = 2.0 m everywhere on the grid. Tests have shown that this provides
grid independent solutions. The initial wave field is the steady state solution with
no current. When a wave-current interaction model is used in the simulations, Eq. 8
is advanced in time using the first order Euler method and then coupled with the
momentum Eq. 2 (see Yu & Slinn, 2003). When wave-current interaction is not
considered, Eq. 8 is integrated at the start of the simulation in space only, using the
initial conditions.

Small horizontal mixing terms 7, and 7, are added to the x and y momentum

equations, respectively (Eq. 2) to increase the numerical stability of the code for



turbulent simulations when using the wave-current interaction model. We implement

1 2
TI—ChVu,

7 =C,\V | (12)

with C), = 0.25 m2s~!. Our simulations utilizing smaller values or alternate formu-
lations for Cy, = f(Vu,h,€,) led to qualitatively similar results. For example, we
tested the formulation implemented by Ozkan-Haller & Kirby (1999) in their study

of alongshore current instabilities, i.e.,

, 20 Ju 10 ov
, 10 ov

where C), = 0.25h (e,/p)*®. The effects of the horizontal mixing terms are investi-

gated in the next section.

3 Parameterizations

The effects of wave-current interaction, non-linear bottom friction, and various wave-
breaking models are investigated in this section by comparing model predictions with
each other and with field data. The conditions reported over two four-hour periods
during the Delilah experiment are considered: the moderate 0.7 m waves measured
between 9:00 am and 1:00 pm on October 15th, and the large 1.5 m waves measured
between 7:00 am and 11:00 am on October 13th. Both periods correspond to low tide,
over which the mean water depth remained relatively constant with time. (During
each 4 hour period, the water depth varied by 0.14 m on October 15th and 0.21 m

on October 13th.) The model input parameters, including the offshore wave angle 6,
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wave height H,, and wave period T}, corresponded to the time-averaged field data

values, and are summarized in table 1 along with the modelled domain size.
3.1 Wave-current interaction

Yu & Slinn (2003) demonstrated that the interaction between incident waves and
offshore currents on a alongshore variable beach affects the development of flow in-
stabilities and reduces the strength and extent of the rip currents. Simulations with
and without wave-current interaction predicted significantly different flow patterns.
In the present study, the same wave-current interaction formulation is used to model
the Delilah alongshore-uniform barred beach. The conditions measured on Octo-
ber 15th are modelled using a linear bottom friction parameterization with p set
arbitrarily to 0.0020 m/s. The CT barred-beach approximation is used for €,. The
effect of the horizontal mixing terms that are required to maintain numerical sta-
bility when using the wave-current interaction model for these particular waves and
unsteady turbulent phase-averaged flow fields are also examined.

Time series of the v velocity component at (114 m, 600 m), slightly seaward of the
sandbar at z = 100 m, are shown in Fig. 2. Plots (a) and (b) correspond to simulations
without wave-current interaction, and plots (b) and (c) correspond to simulations
with constant horizontal mixing (Yu & Slinn, 2003). Although the magnitude of the
mixing terms is small, they effectively smooth out some of the velocity fluctuations
in the alongshore current. When the wave-current interaction model is used, the
instabilities require more time to develop (35 mins rather than 15 — 20 mins), and
there is a slight additional dampening effect over that of the horizontal mixing. The

time- and alongshore-averaged v velocities for simulations with constant and variable
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(Ozkan-Haller & Kirby, 1999) horizontal mixing as a function of the offshore distance
x are shown in Fig. 3. The results are compared to the October 15th Delilah field
data. Large alongshore currents with a peak value at x = 110 m are located offshore
of the sandbar in all of the profiles. A strong alongshore current and large velocity
gradients near the beach (z < 20 m) are also present in the simulations, but do not
appear in the field data. This is an artificial result of the implicit assumption that all
the wave-breaking energy is dissipated as the wave shoals. The approximation is less
realistic for steeper beaches as increased wave energy is reflected offshore (see Elgar
et al. , 1994). The magnitude of the alongshore current is similar to the field data
because this was adjusted through the arbitrary bottom friction coefficient for these
simulations. But the location of the current is shifted too far offshore. Wave-current
interaction affects the peak values of the alongshore current: the magnitude of the
artificial peak close to the shore decreases, and the magnitude of the peak seaward
of the sandbar increases. While the differences are as much as 15%, the wave-current
interaction model does not shift the location of the alongshore current peak and does
not eliminate the artificial peak near the shore. A comparison between the results with
constant and variable horizontal mixing shows velocity differences of up to 25% in the
trough. However, the mixing model also does not shift the location of the alongshore
current peak, as reported by Reniers & Battjes (1997). The constant horizontal
mixing terms have a negligible effect on the averaged velocity profiles; therefore, a
comparison between simulations with and without horizontal mixing terms is not
shown in this figure.

Plots of the instantaneous vorticity field obtained from the October 15th simu-

lations are shown in Fig. 4. These plots are used to clarify the differences between
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the model predictions even though they cannot be directly compared to experimental
data. The simulation without wave-current interaction or constant horizontal mix-
ing (a) shows an irregular pattern of strong vorticity running parallel to the shore
(x < 250 m) that propagates in the direction of the alongshore current. Vortices
are shed offshore occasionally and persist in the region x > 300 m for 1 — 2 hours.
The flow field is similar to the lowest bottom friction case examined by Slinn et al.
(1998). Constant horizontal mixing, present in the (b) and (c) simulations, affects
the pattern of the flow instabilities at any given time. The vorticity is reduced and
mostly concentrated into four bands that run parallel to the shore: one on either side
of the sandbar, and two right next to the shoreline. Few vortices are shed offshore,
and those that do detach from the outer two bands dissipate quickly. Wave-current
interaction adds to the effect of the horizontal mixing, and also increases the mag-
nitude and variability of areas of high vorticity immediately next to the shoreline
(see y = 650 m in (c)). This is confirmed by plots of time- and alongshore-averaged
turbulent kinetic energy densities (% < u? 402 >, where u/2 and v”2 are alongshore-
averaged quantities) as a function of offshore distance, shown in Fig. 5. The level of
turbulent kinetic energy is sharply reduced by the constant horizontal mixing, and
further reduced over the sandbar by wave-current interaction.

Although the wave-current interaction model affects the dynamics of the tur-
bulence, it does not eliminate the large artificial alongshore current peak near the
shore. We note that the model also requires twice the length of time to compute
a given numerical simulation when wave-current interaction is included. In the fol-
lowing sections, we seek combinations of model features that will act to improve

the mean alongshore current predictions and reduce the magnitude of the artificial
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shoreline peak. Therefore, the majority of the remaining simulations do not use the
wave-current interaction model or the stability-enhancing horizontal mixing terms
but focus on the isolated influence of other parameterizations. Our approach differs
from that of Biihler & Jacobson (2001), who demonstrated that a nonhomogeneous

wavetrain tends to shift the alongshore current peak shorewards.
3.2 Bottom friction

Feddersen et al. (2000) used measurements from the Duck94 field experiment to
evaluate the accuracy of various bottom friction parameterizations. They concluded
that linear parameterizations did not produce results that were consistent with the
field data. In this section, we consider four different bottom friction parameterizations
and examine their effect on the unsteady alongshore current predictions.

The bottom friction is modelled using the < |@|u > and < |id|v > stress terms
in Eq. 2. The linear parameterization used in §3.1 is given by Eq. 3. A non-linear
parameterization is obtained when both velocities in each stress term are evaluated
using the modelled data. Here we consider explicitly that the total instantaneous
velocities (o, V4or) in the nearshore consist of the sum of the phase-averaged current

(u,v) and wave (u,, vy,) velocities:

Utot = U+ Uy ,

Viot = U+ Uy . (14)

The u,, and v,, components of the velocities have been neglected generally throughout
the manuscript. We note, however, that the wave induced near-bottom currents can

have a significant effect in the bottom friction parameterization. The magnitude of
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the cross shore velocity is therefore

. 1/2
|utor] = [(Uc + Uw)Q] (15)
The wave velocity can be expressed as
Uy = U, cos(f)cos(wt) |
Uy = Usin(f)cos(wt) , (16)
where w is the radian frequency and wu, is the orbital velocity in shallow water,
Ho 1
ol y) = ——+— . 17
ol Y) = 5~ Sl (RA) (17)
Integrating across a wave period gives
- 1 2 .2 . 2, 2]Y/2
<l|dlu> = T / [uo cos” (wt) + 2u, cos(wt) (ue cos O + v sin 0) + uz + vc}
T
[te + u, cos O cos(wt)] dt
= 1 2 .2 - 2 9|1/2
<|dlv> = T / [uo cos”(wt) + 2u, cos(wt) (u. cos O + v, sin 0) + u? + vc}
T

[ve + upsin @ cos(wt)] dt . (18)

These integrals are evaluated numerically using Simpson’s rule with 16 intervals.
The above integrals require considerable computational effort to evaluate, so al-

ternate non-linear bottom friction parameterizations have been proposed. Feddersen

et al. (2000) recommend the WT parameterization originally proposed by Wright &

Thompson (1983),
1/2

2
<l|dlu> = oru [a2+ —> ] ;
or

97 1/2
<l|ilv> = ogw la2 + (—) ] , (19)
ar
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where o7 is the square root of the total velocity variance, and can be approximated

by o ~ [uo/2]l/2

. They found that o = 1.16 gives good agreement with experimental
data for alongshore currents.

The dimensionless drag coefficient C'y can be set to a constant, or parameterized

with the Manning-Strickler equation following Ruessink et al. (2001):
o\ 1/3
Cy = 0.015 (F) (20)

where the apparent bed roughness k£, is assumed to be constant and time-independent.

The effects of the bottom friction parameterization on the predicted time- and
alongshore-averaged v velocity are shown in Fig. 6. The four cases shown use the Eq. 3
linear parameterization with g = 0.0020 ms~!, the Eq. 18 integral parameterization
with constant C'y = 0.0030, the Eq. 19 WT correlation with constant Cy = 0.0030,
and the Eq. 19 WT correlation with constant bed roughness k, = 0.018. The CT
wave-breaking model is used with the October 15th Delilah conditions in all of the
simulations shown in the figure. The adjustable i, C, and k, parameters are set to
give peaks of approximately equal height at x = 110 m.

Figure 6 indicates that non-linear bottom friction parameterizations have a large
effect on the predictions close to the shore. Although the non-linear bottom friction
parameterizations reduce the artificially high magnitude of the alongshore current at
x < 20 m, the strong currents and velocity gradients persist. There is a slight dif-
ference of up to 10% between the two non-linear parameterizations, and simulations
using the WT correlation run twice as fast as those using the integral parameteriza-
tion. The simulations with a constant bed roughness and variable C give slightly

higher alongshore currents for x > 100 m and slightly lower alongshore currents for
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z < 50 m.
Since the non-linear bottom friction parameterizations are expected to more closely
approximate field conditions, the WT correlation with constant bottom friction is used

for the remainder of the simulations.
3.3 Wave-breaking model

The wave-breaking model controls the amount of wave energy that is converted into
flow momentum in the nearshore water column through the radiation stress gradients.
As a wave moves towards the shore and breaks, the alongshore current increases and
the wave height decreases. A comparison of the wave heights predicted using the
TG and the CT wave-breaking models with both the October 15th and 13th Delilah
conditions is shown in Fig. 7. Both models perform well with the moderate waves of
October 15th, but under-predict the large waves of October 13th by as much as 35%
between 0 < x < 100 m. Since the CT model was tuned using the Delilah experimen-
tal data, it predicts the local wave height H(x) somewhat better. The corresponding
time- and alongshore-averaged alongshore current predictions for the October 15th
conditions are shown in Fig. 8. The predicted average alongshore current obtained
using either wave-breaking model exhibits the same problems described in § 3.1, even
though both models predicted the wave heights well. There is little advantage of
using one model over the other.

A roller model was added to the wave-breaking model to address discrepancies
between the predictions and field data. Roller models store the energy dissipated
from breaking waves and release it closer to the shore as the roller becomes smaller.

Consequently, the wave momentum is imparted into the water column shoreward of
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the location of wave breaking and the alongshore current is shifted shoreward. If the
roller model is formulated so that a finite roller energy is permitted at the shore to
account for wave reflections, the artificial alongshore current peak at x = 20 can also
be reduced or eliminated.

In this section, we assume that the roller is part of the wave and remains attached
to the wave as it breaks. The roller energy therefore acts as a storage term for the
wave energy.

Reniers & Battjes (1997) included a second one-dimensional energy equation in
their roller model to account for the roller energy F,. When extended to a two-
dimensional time-dependent formulation, the roller energy equation is similar to the
wave energy Eq. 8,

0 (E, 0
5 (o) o

The equation contains a source term €, /0 equal to the dissipation from the wave

(u+cgl)%] +a% [(Hcﬁ)%] S S (g

energy equation, and a sink term that is a function of ¢,, the dissipation rate of the
roller energy. The dissipation rate is modelled as the work performed by the shear
stress 7, between the roller and the organized wave motion (Deigaard & Fredsoe,
1989),

€& = TiC . (22)

Following Nairn et al. (1990), the shear stress is deduced by considering the vertical

force balance on the roller. This gives

A, .
& = pgsinf (23)

where A, is the cross-sectional area of the roller and [ is the angle of the wave-roller

stress vector. Lippmann et al. (1996) showed that the model is insensitive to values
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of B > 10% [ = 10° was used in the present study. The roller energy is coupled to
the shallow water equations (Eq. 2) through the wave forcing terms in Eq. 4 in the

same manner as the wave energy,

w 1 8811,11) 8812,11) 8811,r aSlQ,r
E ph < o + oy + o + oy ) ’
1 aS12 w 8522 w aS12 T a‘522 T
v T J ’ ’ 2 24
Ty ph < o + oy + o + oy ) ’ (24)

where the formulation of the roller radiation stresses S;;, is similar to the wave energy

stresses,

Sijn = E7 lﬂj" kk];” + <2fg - 1) 54 . (25)
The roller energy is set to zero offshore, and Eq. 21 is integrated in space towards the
shore. F, remains zero until the waves break and the wave energy begins to dissipate
(€x > 0). No boundary condition is prescribed for E, at the shore, so the roller energy
can have a positive value at x = 0 provided that it has not been entirely dissipated.

The remaining unknown quantity in the roller model is the roller area A,. Several

formulations have been proposed. Lippmann et al. (1996) used the Engelund relation,

Hy
— 2
4htan B ’ (26)
where Hy is the wave height at the onset of breaking. Svendsen (1984) used
A=09H* . (27)

These formulations are plotted in Fig. 9 as functions of the offshore distance = using
the October 15th Delilah conditions and the CT wave-breaking model. Between
30 < z < 100 m, the Engelund/Lippmann and Svendsen roller areas are within 15%

of each other. The two roller areas differ considerably in other regions. In particular,
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the Engelund/Lippmann formulation does not approach zero at the shoreline. Both
formulations give A, # 0 in deep water; this does not affect the roller model since E,
remains zero until the wave energy starts to dissipate, i.e., negative values of E, are
not permitted in the model.

The roller model is tested with the Engelund /Lippmann and Svendsen roller areas,

and with a new formulation based on E,,
A, =C\E, , (28)

where the constant C; = 0.75 gives roller areas similar to the Engelund/Lippmann
and Svendsen formulations between 80 < z < 100 m. Equation 28 gives large values
of A, as x — 0. Therefore, nearly all of the roller energy will dissipate as the waves
shoal, and the artificial alongshore current peak at  ~ 20 m will remain in the
predictions. To eliminate the peak, Eq. 28 is replaced over the region 0 < z < 25 m
with a linear relation that goes to zero as x — 0. This transfers the roller energy to
the alongshore current. The resulting roller area, both with and without the linear
damping near the shoreline, is plotted in Fig. 9. To verify the model findings, an
“ideal” roller area is also used, for which a third-order polynomial curve is fitted
to the alongshore current field data shown in Fig. 8. Then Eq. 21 can be used
to determine an optimum roller area that would most closely produce the observed
alongshore currents assuming negligible du/0z, du/dy, and dv/dy gradients, steady

flow, and linear bottom friction. Using the October 15th Delilah conditions, this gives
Arigear = 8238 x 107 72° — 2.809 x 10 *z* 4 2.543 x 102z — 3.468 x 10~"  (29)

between 17 < z < 123 m, and zero elsewhere. The ideal roller area described by Eq. 29

is only valid for the October 15th Delilah conditions. The point of this exercise is
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simply to demonstrate that by using a roller formulation, some ideal definition of
the roller area could exist in principle to couple the location of momentum input
from the breaking waves to the mean currents using standard linear theory through
radiation stress gradients and wave energy dissipation parameterizations. The cross-
shore distribution of the “ideal” roller area for this case is shown only to suggest that
the order of magnitude of the roller area is approximately correct for each of the three
standard roller formulations in the key region 20 < 2 < 120 m. Also, the “ideal” area
result shows that the near shore tendency of the Svendsen formulation, for A, — 0
as ©* — 0, is a model feature that will tend to produce cross-shore profiles of the
alongshore current that do not exhibit as large of a nearshore jet.

The wave and roller energy as a function of the across-shore distance x for each
roller model are shown in Fig. 10(a). The plot indicates that rollers begin to form at
approximately x = 140 m, 40 m offshore from the sandbar. All roller models except
the one based on the Engelund/Lippmann formulation contain some roller energy at
the shore. The corresponding values of the y-forcing term TJ in Eq. 24 are shown
in Fig. 10(b). Sharp peaks in the forcing profiles appear near the shore when the
Engelund/Lippmann formulation is used. The Svendsen formulation gives a peak at
the point where the waves start to break. The linear relation combined with the
A, = C1 E, formulation eliminates the sharp peak in its forcing profile near the shore.
As expected, the “ideal” roller area gives a smooth forcing profile similar in shape to
the velocity profile described by Eq. 29.

The time- and alongshore-averaged alongshore current predictions with the dif-
ferent roller model formulations are shown in Fig. 11. The simulations use the CT

wave-breaking model without wave-current interaction or horizontal mixing, and the
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WT bottom-friction correlation with constant C; = 0.0030. The results obtained
using the October 15th Delilah field conditions are shown in (a). The solid line gives
the results obtained without a roller model. In Fig. 11(a), the Engelund/Lippmann
roller area formulation shifts the alongshore current peak at x = 120 m shorewards
to £ = 90 m, but does not reduce the size of the artificial peak at x = 20 m since
wave energy is not stored in this region. The Svendsen roller area reduces the size
of the artificial peak, but does not shift the location of the alongshore current peak.
The roller area formulation based on the roller energy shifts the alongshore current
peak to x = 90 m and eliminates the artificial peak at © = 20 m because the roller
area is forced to zero at x = 0. The “ideal” roller area curve is shifted the farthest
to x = 60 m, and is closest to the field data. This is to be expected since the ideal
area was based on the field data. The magnitude of the alongshore current is slightly
over-predicted with the ideal roller area and the peak is not shifted shoreward enough
as a result of the simplifying assumptions made when it was formulated. The curve
obtained using roller area based on the roller energy is the closest to the ideal roller
area curve, and is therefore recommended for future roller model applications. The
roller model improvements are also apparent when the October 13th Delilah condi-
tions are modelled (see Fig. 11(b)). The trough at x = 55 m is eliminated, and the
alongshore current peak is closer to that of the field data. Farther offshore, however,
the alongshore current is under-predicted. This can be fixed by using C; = 0.0020,
as shown in Fig. 12. However, the discrepancy between the predictions and field data
is likely due to the incorrect wave height predictions from the wave-breaking model,
as shown in Fig. 7.

Plots of instantaneous vorticity using the roller model with each roller area formu-

22



lation are shown in Fig. 13 for the October 15th Delilah conditions. A plot obtained
without using the roller model is also shown for comparison in (a). Results obtained
using the following roller areas are given: the Engelund/Lippmann (b), the Svendsen
(¢), the roller area based on the roller energy with nearshore damping (d), and the
ideal roller area (e). The roller model reduces the alongshore instabilities in the flow
field because the cross-shore forcing gradient is decreased seaward of the sandbar,
regardless of the roller area used (see Fig. 10(b)). The smallest forcing gradients cor-
respond to the ideal and Engelund/Lippmann roller areas; the flows simulated using
these formulations do not shed vortices from the alongshore current when the Octo-
ber 15th Delilah conditions are modelled. Small vortices are shed when the Svendsen
or the roller energy formulations are used. The same patterns are evident when the
October 13th Delilah conditions are modelled, shown in Fig. 14. The results with no
roller model is plotted in (a), and the results with the roller area based on the roller
energy and either C'y = 0.0030 or C'y = 0.0020 are plotted in (b) and (c), respectively.
When the bottom friction coefficient is lowered, weak vortex patterns appear in the
alongshore current. However, vortices are not shed from the alongshore current in
either plot.

A roller model with an appropriate roller area shifts the alongshore current shore-
wards and eliminates the artificial peak close to the shore to better match the field
data. This cannot be achieved by modifying other code parameters. The best roller
area tested is based on the roller energy, with A, = C1E, and C; = 0.75 when

x > 25 m. A linear relation that goes to zero as * — 0 is used between 0 < z < 25 m.

23



4 Summary and Future Work

The two-dimensional shallow water equations were used to model the alongshore
currents over a barred beach for conditions measured during two days of the Delilah
field experiment. The results were compared with field data to quantify the effects
of different models and parameterizations. The inclusion of a roller model had the
greatest effect on the results and improved the predictions significantly, provided that
an appropriate roller area was used. The non-linear bottom friction model affected the
predictions shoreward of the sandbar when compared to a linear model, but did not
shift the predicted location of the peak alongshore current. Wave-current interaction
had a lesser effect on the mean flow results.

The numerical code used for the present study has been tested for two different
days at a single beach. However, it relies on a highly empirical dissipation of wave
energy correlation that was formulated for the same beach. Thus, variable results
might be expected when different beach topographies are modelled. In the future,
the recommended alongshore current model needs to be compared against field data
for different beach bathymetries to indicate the level of confidence that can be ascribed

to the present predictions.
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Delilah conditions L*(m) LY(m) 6(°) H,(m) T,(s)

October 15 600 1200 39.1 0.707 10.76
October 13 1000 1200  48.2 1.540 11.34

Table 1: Input parameters
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Figure 1: Modelled geometry.
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Figure 2: Predicted October 15th alongshore velocity time-series at (114m, 600m)
(a) without wave-current interaction or horizontal mixing, (b) without wave-current
interaction and with horizontal mixing, and (c¢) with wave-current interaction and
horizontal mixing.
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Figure 3: Time-averaged alongshore current with and without wave-current (w-c)
interaction using different horizontal mixing parameterizations for the Delilah condi-
tions measured on October 15th.
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Figure 4: Instantaneous vorticity field (a) without wave-current interaction, no hori-
zontal mixing, (b) without wave-current interaction, constant horizontal mixing, and
(¢) with wave-current interaction, constant horizontal mixing.
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Figure 5: Time-averaged alongshore turbulent kinetic energy density with and with-
out wave-current (w-c) interaction and constant horizontal mixing parameterization.
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Figure 6: Time- and alongshore-averaged alongshore currents for different bottom
friction parameterizations.
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Figure 7: Predicted wave heights using the TG and CT wave-breaking models with
(a) the moderate Delilah waves of October 15th and (b) the large Delilah waves of

October 13th.
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Figure 8: Predicted time- and alongshore-averaged alongshore currents using the TG
and CT wave-breaking models.
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Figure 9: Roller cross-sectional areas tested in the model.
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Figure 10: (a) Wave and roller energies for each roller area and (b) their corresponding
alongshore forcing terms.
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Figure 11: Time- and alongshore-averaged alongshore current predictions with and
without the roller models using the (a) October 15th and (b) October 13th Delilah

field conditions.

Figure 12: Predicted time- and alongshore-averaged alongshore currents using the
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Figure 13: Instantaneous vorticity predictions using the October 15th Delilah condi-
tions for (a) no roller model, and for roller models with (b) the Engelund/Lippmann
roller area, (c) the Svendsen roller area, (d) A, = CE, with nearshore damping, and
(e) the “ideal” roller area.
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Figure 14: Instantaneous vorticity predictions using the October 13th Delilah condi-
tions with (a) no roller model and C; = 0.0030, (b) the roller model with A, = C1 E,
and nearshore damping with Cy = 0.0030, and (c) the roller model with A, = C1 E,
and nearshore damping with C'y = 0.0020.
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