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Turbulence Modeling and Wave-Current Interactions
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Abstract—The mechanics of rip currents are complex, involving
interactions between waves, currents, water levels and the bathymetry,
that present particular challenges for numerical models. Here,
the effects of a grid-spacing dependent horizontal mixing on the
wave-current interactions are studied. Near the shore, wave rays
diverge from channels towards bar crests because of refraction by
topography and currents, in a way that depends on the rip current
intensity which is itself modulated by the horizontal mixing. At
low resolution with the grid-spacing dependent horizontal mixing,
the wave motion is the same for both coupling modes because the
wave deviation by the currents is weak. In high resolution case,
however, classical results are found with the stabilizing effect of
the flow by feedback of waves on currents. Lastly, wave-current
interactions and the horizontal mixing strongly affect the intensity
of the three-dimensional rip velocity.

Keywords—Numerical modeling, Rip currents, Turbulence
modeling, Wave-current interactions.

I. INTRODUCTION

IP currents are the main subject of several studies
since the pioneer work of [1]. The reasons include
the ability of rip currents to move large volumes of
water and sediment. Furthermore, rip currents sweep
away many swimmers each year causing more casualties
than hurricanes as well as severe storms in places like
Florida [2] or on the French coasts where currents are
a key factor in 126 of the deadly drownings reported
for the year 2012 [3]. From observations taken on the
beach of La Jolla in California, [4] described the rip
structure as being composed of three major features: the
feeder, the neck and the head. Scientific studies started
by qualitative description based on observations. Then,
some theoretical and numerical approaches have been
developed for rip currents, using the observations for
validation.
The mechanism of rip current generation differs
according to the authors. Some of them think that rip
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currents are the result of a hydrodynamic instability
resulting from wave refraction by currents ([5], [6],
[7]), but other effects can be important such as the
convergence of longshore currents in regions of strong
alongshore variations in wave conditions [8]. The main
numerical studies considering the currents effects on
waves (hereafter CEW) report the following behaviors:
a) [5] observed a modification of the flux of wave energy
by the currents, with variability along the longshore
coordinate, b) [9] found that CEW reduces the offshore
extent of rip currents, c) [10] showed that rips are
compacted with CEW because of a strong decrease of the
wave flux of momentum because of wave breaking. They
explained that this decrease is due to the change in wave
number (wave ray bending), d) [11] complemented the
latter study by calculating the change in the wavefield
resulting from wave ray bending and from the current
flux of wave energy. They express the wave-current
interactions in terms of bottom friction.

All previous studies investigating the currents effects
on waves were carried out without turbulence modeling
and at high resolution: 2 and 3 meters in both horizontal
directions for [11] and [10], respectively. Unfortunately,
these operating conditions are not always available, in
particular to simulate in-situ experiments. Unstructured
meshes with refinements near the shore and multigrid
methods are generally employed to sample the maximum
of scales with the minimum cost. As horizontal and
vertical mixing must be modeled in such conditions,
it is essential to understand the impact of turbulence
modeling on the wave-current interactions.

We choose to study the sensitivity of the rip system
to horizontal mixing. We continue the bi-dimensional
work of [11] with three-dimensional (3D) simulations.
We use the vortex force formalism ([12], [13]). Our work
provides new knowledge about the following points: a)
CEW impact is modulated by the horizontal mixing, with
maximum effects at high resolution when a grid-spacing
dependent parameterization is used ; b) the divergence
of the waves from the peak of the bar depends on the
rip intensity which is itself modulated by the mixing.

The outline of the paper is as follows. The
methodology including the governing equations and
details about the experiments is described in Section II.
Results are presented in Section III. We summarize our
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findings in Section IV.

II. METHODOLOGY

The 3D fully coupled MARS-WAVEWATCH III
model (more details in [13] and [14]) combines
the MARS3D hydrodynamic model [15] and the
WAVEWATCH III wave model [16], hereafter WW3.
The exchanges between the models are managed by
the PALM coupler [17]. We can easily investigate
the feedback of currents on waves by turning off the
coupling in test simulations. All the results presented
here come from a non stationary coupling procedure.

WW3 is a phase-averaged wave model. The wave
action density spectrum N (/N being a function of time,
space, wave number and direction) is solved:

oy_s )
t o

where S represents the total source term, including
non-linear interactions, bottom friction, wave dissipation
and bottom scattering (more details in [16] and
[18]). o is the intrinsic wave radian frequency.
High-order conservative numerical schemes are used for
spatial discretization. A CFL (Courant-Friedrichs-Lewy)
condition exists, binding the discretizations in time and
in space.

MARS3D uses the pressure projection method to
solve the 3D, unsteady, Navier-Stokes equations under
the Boussinesq and hydrostatic assumptions. Finite
difference schemes are used for the spatial discretization
performed on an Arakawa-C grid [15]. The model uses
an ADI (Alternate Direction Implicit) time scheme [19].
However, the time step of MARS3D is constrained by
the CFL condition of WW3 in order to avoid a too large
time shift between both models.

Fig. 1 sketches the problem geometry and
computational domain. Since we are concerned in
rip currents, the rip channels are near the center of the
domain and periodic boundary conditions are used at
the lateral boundaries. Neumann boundary conditions
are employed at the surface and at the bottom, with the
additional use of the parameterization of [20] for bottom
friction [14]. Offshore, open boundary conditions based
on the method of characteristics are applied. The effects
of wave breaking on mixing are accounted with the
boundary conditions of [21] for turbulent quantities at
the surface.

The flow is forced by the normal propagation of an
incident wave on a barred beach. Each case uses a regular
horizontal grid. The time step varies according to the
mesh to ensure the convergence of the wave model and
the time synchronization of the coupled system. The

coupling time step is also different from the time step of
both models (see Table I).
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Fig. 1 Bathymetry

A. Governing Equations

Wave forcing has been implemented into the
hydrodynamic model with the vortex force method ([22],
[12]). This method has been validated for surf zone cases
(e.g. [23], [24] and [14]) and gives good agreement with
in-situ and laboratory data. The main advantage of the
method is to consider the mean flow instead of the total
momentum ([12], [13]), allowing us to produce realistic
results by avoiding the delicate problem of the modeling
of the vertical flux of momentum.

The equations of motion for a wave-forced, 3D,
incompressible, unsteady, hydrostatic, constant-density
flow are given in [12] and [13]. Their generic formulation
is:

DU
Dt = Sepc + SvMm + Sum + Swp
+ Ssa +SBBL + Svr (2)
where U = (U,V,W) is the 3D quasi-Eulerian

velocity computed as the Lagrangian velocity minus the
Stokes drift. The source terms Sgpa, SvM, SHM, SBA,
SBL, Svr, Swp are related to: the external pressure
gradient, the vertical mixing, the horizontal mixing, the
breaking acceleration, the streaming, the vortex force and
the wave-induced pressure gradient, respectively. These
equations are similar to the ones of [22] used in [25] and
[23].

The k-e scheme, modified according to [26], is used
to model the vertical mixing. Horizontal mixing is
decomposed into two components: the scheme of [27]
and a diffusion term that is either taken constant or
grid-spacing dependent like in [28]. So, we have:
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where Sy, and Sy, are the cross-shore and
alongshore components of Syrng, respectively. p is the
water density.

vy is the horizontal viscosity:

vy =V + 1o ©)

where v1 = fyise - 0.01 - (Agcy)l'15 (Agy is the grid
spacing, fyisc is a user-defined parameter, set to 10 here)
[15]. v is the Battjes’s term (more details in [27]).

B. Experiments

We aim at studying the dependence of the flow
response on horizontal mixing. Both coupling modes
will be compared. The bedform is an approximation of
the beach profile measured at Duck, North Carolina, on
October 11, 1990 (see Fig. 1). Its analytical expression,
h(z,y), was given by [10] as:

ho(z) = <a1 - ﬂ) tanh (bli> 6)
1 ai

bix { (az — xc)j
— —asexp |—H
Al Te

where ., = 80 m is the location of the longshore bar.
1, a1, by and ag are set to 11.74, 2.97 m, 0.075, 1.5 m,
respectively. Adding a perturbation at the longshore bar,
the following bottom profile is obtained:

h(z,y) = ho(z) + hi(z,y) %)
with
_ 2
hi(x,y) = ho(x)ecos <27rTy) exp [_5 (x x‘mc) }
(8)

where € = 0.1m and A = 256 m are the magnitude
and the wavelength of the perturbation, respectively.

A Gaussian wave spectrum is used at the offshore
boundary. [11] preferred to use the JONSWAP spectrum,
but this choice has only little impact on our conclusions.
The offshore wave characteristics are detailed in Table
L.

Five cases (A(1), A(2), B(1), B(2) and C(1,2)) are
carried out. They differ by their horizontal resolution,

TABLE I: COMMON CHARACTERISTICS of ALL SIMULATIONS (SI
UNITS ARE: m = METER, ° = DEGREE, s = SECOND)

Characteristic Value
Wave height Hs=1m
Wave period T=10s
Wave direction 6 = 90°
Magnitude of perturbation e=0.1
Spacing of rip channels A =256 m

from 3 to 24 meters, and by their horizontal mixing (see
Tables II and III). The grid spacing and time steps for
these configurations are summarized in Table III. We use
15 sigma levels over the vertical. Both coupling modes
use the same set of parameters to ensure a comparison as
clean as possible. For each resolution, some sensitivity
tests on mixing are carried out, with variable v (see
Table IT). When f,;sc = 10, with a resolution of 3 meters,
vy is about 0.3 m2.s71. So, we have only the case C(1,2)
at this resolution.

TABLE II: LIST of TEST CASES for DIFFERENT SPATIAL
RESOLUTIONS and HORIZONTAL MIXING FORMULATIONS (SI

UNITS ARE: m = METER and s = SECOND).
Case i) v1 is computed | i) 1 = 0.3 m%.s”

with fyise = 10
ii) v is unchanged

T

ii) v is unchanged

A A(D AQ2)
B B(D) B(2)
C C(1,2) C(1,2)

TABLE III: GRID SPACING and TIME STEPS for ALL CASES. Axy IS
THE GRID SPACING IN BOTH HORIZONTAL DIRECTIONS. ATy
and ATy; ARE THE MODEL TIME STEPS for WW3 and MARS3D,
RESPECTIVELY. AT IS THE COUPLING TIME STEP. (SI UNITS

ARE: m = METER and s = SECOND).

Case Axy ATW ATM ATC
A: A(D), A2) 24 m 0.5s 1s 1s
B: B(1), B(2) 12m 0.33s 1s Is
C: C(1,2) 3m 0.15s 05s 1s

III. RESULTS

We investigate the impact of the formulation used for
horizontal mixing on the wave-current interactions. We
study in particular grid-spacing dependent formulation:
5 is unchanged while different values for v, are tested.

Unlike the wave number, the wave height is little
affected by the coupling mode in all runs. Because of
mixing the rip currents are weak and, therefore, they
have a limited effect on wave shoaling. At low resolution,
and for both horizontal mixing cases (A(1) and A(2)),
the effects of rip currents on the wave height vanish.
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The changes in wave number ascribed to CEW are
shown in Fig. 2. The wave number increases near the
coast because of the refraction processes that deviate the
incident normal wave. Equivalent results are obtained in
all runs. Refraction is only due to bottom topography
in the case WEC-only. When CEW is activated, waves
are also refracted by the currents. So, the changes in
wave number are larger with CEW+WEC compared to
WEC-only (see Fig. 2). The wave number is only slightly
modified by both horizontal mixing and grid spacing
in the case WEC-only because only bottom topography
causes refraction. In contrast, the grid-spacing dependent
horizontal mixing modifies the WEC+CEW simulations
(i.e., C(1,2) vs. A(1)). At high resolution (i.e., C(1,2)),
the increase in wave number ascribed to the currents
is about 2.5 times greater than at low resolution with
the grid-spacing dependent horizontal mixing (i.e., A(1)).
The mixing is stronger at low resolution because of its
formulation and, therefore, the rip currents are weaker.
As a result, they have less impact on the wave field. The
comparison of A(1) and A(2) shows a maximal change
in wave number in A(2) for which the mixing is the
weakest.
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Fig. 2 Cross-shore profiles of the wave number inside the rip channel for the
cases A(1), A(2) and C(1,2) and for both coupling cases at t = 140 min.

[11] also investigated the sensitivity to CEW in their
simulations. For this purpose, they calculated the change
in wave number for both horizontal directions (Ak, and
Ak,, respectively)

g

Ak, ~ — <E> Ao and Ak, :/

g T

where the A operator refers to the difference ascribed
to CEW, o is the intrinsic wave radian frequency, k is
the wave number and LY is the alongshore width.

The Doppler shift Ao is computed as

Ao = 0_WEC+CEW . O_WEC—only (10)

In contrast with their study, our Doppler shift is
positive everywhere. As expressed by their (13), the
Doppler shift is a function of the cross-shore velocity
and of the alongshore mean of the wave number. Our rip
currents being weaker everywhere, the onshore flow is
too weak to produce negative Doppler shifts. A positive
doppler shift is obtained in all cases because it depends
on the rip intensity which is itself by the horizontal
mixing.

Fig. 3 shows the alongshore group velocity (Cy,)
for the cases A(1), A(2) and C(1,2). Cy, is non zero,
in all runs, only at locations near the shore (between
r = 50m and x = 120m). When CEW is activated,
Cy, is weaker than for the case WEC-only because of
the interactions with currents. From offshore to onshore,
waves are first deviated by the currents, second by
the bottom topography. For the case A(l), where a
grid-spacing dependent horizontal mixing is used (Fig.
3, top row), the refraction by the currents is almost
negligible and occurs only near the shore. In contrast,
the waves are significantly deviated by the rip current
in the case A(2) where a weaker mixing is applied
(Fig. 3, middle row). However, the patterns seem more
diffuse than for the case C(1,2) where the same value
is used for the horizontal mixing. This is probably due
to the coarser description of the bathymetry at low
resolution. Deviations by the currents are expressed by
the convergence of the alongshore group velocity to the
rip channel on the offshore side of the wave motion. Near
the shore, the waves diverge away from the rip channels
towards the bar (Fig. 4, black arrows). Indeed, refractions
by current and by topography produce, at a given
alongshore location, Cy ~values with opposite signs.
[11] obtained a different result, with wave convergence
towards the rip channels because their Cy, values caused
by all the refraction processes have the same sign at
a given alongshore location. Their rip currents have
an intensity twice larger than ours and, therefore, the
refraction by rip currents is more significant than the
refraction by bottom topography.

The cross-shore profiles of the barotropic cross-shore
velocity, for the cases A(1), A(2), B(1), B(2) and C(1,2)
and for all coupling modes, are presented in Fig. 5. For
a same value of the horizontal mixing (bottom row), the
cross-shore profiles are similar at all resolutions and for
each coupling case because the all numerical schemes
are conservative. Some differences are observed with a
grid-spacing dependent mixing, in particular for the case
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Fig. 3 Cy,, for the cases WEC-only and WEC+CEW shown on the left- and
right-hand sides, respectively. Cases A(1) (top), A(2) (middle) and C(1,2)
(bottom) are displayed. Contours are equally spaced from —0.21 m.s! to

0.21 m.s'. All figures are plotted at ¢ = 140 min

WEC-only (top row). As the mixing is increased with the
grid spacing, the flow at low resolution is smoother than
at high resolution. The offshore extension is significantly
reduced by CEW as expected for the finest grid. We
note that the reduction is very weak at low resolution.
At x = 300m, the WEC+CEW barotropic cross-shore
velocity for the case C(1,2) is about 0.07 m/s whereas
it reaches 0.15m/s for WEC-only. We have a factor of
two between both velocities. The more the grid spacing
is increased, the more this factor is decreased. As the
feedback stabilize the flow, the barotropic velocities are
almost independent the horizontal mixing.

Fig. 6 presents x-z maps of the 3D quasi-Eulerian
cross-shore velocity (U) for the cases A(1), B(1), C(1,2)
and for all coupling modes. A(2) and B(2) are not
shown because the vertical profiles are the same since the
simulations use similar horizontal mixing. As in [23], the
maximum of the rip velocity is located within the water

100 200 200 400 50 100 200 200 400
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A(2): WEC-only A(2): WEC+CEW
500
450
400
350
E 300
> 250
200
S0 100 200 300 400 S0 100 200 300 400
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Fig. 4 Alongshore perturbation of the group velocity (black arrows) for the
cases WEC-only and WEC+CEW shown on the left- and right-hand sides,
respectively. Cases A(1) (top), A(2) (middle) and C(1,2) (bottom) are
displayed. Arrows are plotted on a 12 m stencil. All figures are plotted at
t = 140 min.

column. The rip current decreases towards the bottom
and the surface. The shear of the rip velocity is only
slightly modified by the feedback. The vertical profiles
are close for both coupling modes for the case A(1),
while large differences are observed for the case C(1,2),
which confirms our conclusions drawn from the profiles
of the barotropic velocity. These differences are ascribed
to the horizontal mixing, which is more intense for the
case A(1). At x = 300m and for the case C(1,2), the
WEC-only maximum velocity is about 1.8 times the one
found for WEC+CEW. The small differences between
the cases with CEW stem for a degraded description of
the bathymetry at low resolution.

IV. SUMMARY AND CONCLUSIONS

Rips currents are investigated with a 3D fully
coupled wave-current model. We consider horizontal
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Fig. 5 Cross-shore profiles of the barotropic quasi-Eulerian cross-shore
velocity inside the rip channel: A(1), B(1) and C(1,2) at the top; A(2), B(2)
and C(1,2) at the bottom. WEC-only and WEC+CEW cases are shown on
the left- and right-hand sides, respectively. All figures are plotted at
t = 140 min.

resolutions from 3 to 24 meters. Several horizontal
mixing formulations are tested and the simulations are
performed for both coupling modes.

We test the impact of a grid-spacing dependent
horizontal mixing on the wave-current interactions. At
low resolution and for all mixing cases, the effects of
rip currents on the wave height vanish. The Doppler
shift due to refraction by currents is modified by the
horizontal mixing. In contrast with the study of [11],
we find in all runs a Doppler shift that is everywhere
positive. This result stems from our rip velocity that is
weaker than in their paper because of the values we use
here for horizontal mixing. Consequently, the change in
the alongshore group velocity is different: the change
in Cy, ascribed to CEW is not sufficient to deviate
waves to the channel, which shows that this deviation is
modulated by the horizontal mixing. Here, the refraction
by the bottom topography drives the wave motion near
the shore. As a result, the waves diverge away from
the rip channels toward the peak of the bar instead
of converging towards the rip channels. Furthermore,
when a grid-spacing dependent mixing is used, a high
resolution is necessary to observe significant effects

Ci(1,2y: WEC-only C(1,2): WEC+CEW
7

T

Zim)

] 100 200 00 400 o 100 200 200 400
Kim) Hjm)

Fig. 6 x-z maps of the 3D quasi-Eulerian cross-shore velocity for the cases
A(1) (top), B(1) (middle) and C(1,2) (bottom), inside the rip channel. The
WEC-only and WEC+CEW cases are shown from left to right. Contours are
equally spaced from —0.35 m.s! to 0.35 m.s~!. All figures are plotted at
t = 140 min.

ascribed to CEW. When a same value of horizontal
mixing is taken, the 3D and depth-averaged velocity
profiles are almost independent of the spatial resolution
for all coupling modes. In contrast, with a grid-spacing
dependent horizontal mixing, the WEC-only velocity is
modified by the spatial resolution. The peak velocity and
the offshore extension of the current are accentuated by
a decrease in grid spacing. In all cases the flow becomes
almost independent of the horizontal resolution when
CEW is activated because of its ability to stabilize the
flow.

To conclude, the horizontal mixing is found to have
direct impacts on the wave-current interactions. We show
that the conclusions of [11] and [10] depend on the
horizontal mixing. This result is important because the
wave-current models are also used to simulate coastal
seas where the mixing is taken into account. Indeed,
direct numerical simulations (i.e. without turbulence
modeling) are too expensive to simulate the flow at these
scales because of the larger size of the computational
domain.
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