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Abstract 

In the present paper we address the far-infragravity motion (0.001-0.01 Hz) asso- 
ciated with shear (or vorticity) waves over a fixed-bed, longshore nonuniform beach. 
The model equations are simplified forms of the fully nonlinear, depth-integrated, 
wave-averaged Reynolds equations, which are solved by the SHORECIRC numerical 
model. The currents are forced by stationary, monochromatic, incident short waves. 
The formation of flow instabilities depends on physical model parameters (e.g., bot- 
tom friction), the incident wave field, and the beach topography. The latter two 
effects are analysed here in the prediction of shear waves and unsteady rip-currents. 

1 - Introduction 

Shear waves were first observed in the field by Oltman-Shay et al. (1989), and were 
recognized by Bowen and Holman (1989) as instabilities of the longshore currents. 
The latter authors analysed the dynamics of these motions over a simple geometry 
for the linear and frictionless system of equations governing the perturbed velocities. 
Other analytical and numerical studies included the effect of bottom shear stresses 
and lateral turbulent mixing, and extended the analysis to planar and barred long- 
shore uniform beaches (Putrevu and Svendsen, 1992b; Dodd et at, 1992; Allen et ai, 
1996; Ozkan-Haller and Kirby, 1996). These studies gave insight into the shear wave 
dynamics, and comparisons with field data (collected during the SUPERDUCK ex- 
periment) showed a good agreement of the predicted versus the observed range of 
frequencies and wavelengths at which these motions were strong. 
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The studies mentioned above, however, only considered a longshore uniform beach. 
The problem studied here deals with the effect that the longshore variation of the 
topography has on the development of shear waves. Sinusoidally longshore varying 
topographies have been considered in the analysis of shear waves by Deigaard et al. 
(1994) and Slinn et al. (1996). The results of the former suggest that growing 
amplitudes of the longshore bottom disturbances act to suppress the shear instabilities 
of the background flow. In another example, Sancho et al. (1997) showed model 
predictions of shear instabilities over a surveyed bathymetry at Duck, North Carolina. 
The beach was characterized by the presence of an almost uniform longshore bar. 

In the present paper we isolate and study the effect of well-defined longshore bot- 
tom variations on the characteristics of the shear instabilities. The goal is to analyze 
the nonlinear evolution of shear (vorticity) instabilities over canonical longshore vary- 
ing, fixed bed, beach configurations. Hence, we look at the influence of rip-channels 
in the mean and time-varying (unstable) flow field. 

2 - Model equations and numerical method 

In this study we make use of the depth-integrated, short-wave averaged Reynolds 
equations. We assume turbulent flow, but neglect the turbulent normal stresses, and 
we also assume zero surface shear stress. For depth-varying currents the governing 
equations for conservation of mass and momentum can be written in Cartesian coor- 
dinates ((x,y,z) = (xa,z) in tensor notation) as (e.g., Van Dongeren et al, 1994): 

dt 
dQa 

dxa 
0, (1) 

dt        dxa 

0X0       p dxa 

/     Va Vfl dz + —— /   ( uwa V/3 + uwp Va) dz 

SaB  -    I       TaBdz 3ap  -   /       TQ/j (2) 

In these equations £ is the mean surface elevation, h0 is the still water depth, 
and p is the fluid density. rQ/3 represents the turbulent shear stress tensor, Va is the 
horizontal current velocity and Qa is the depth-integrated volume flux, defined as 

Qa 
J-h0 

Va dz + (3) 

where Qwa is the shortwave-induced mean volume flux. In equation (2), uwa is the 
short-wave velocity component, Sap is the radiation stress tensor (defined according 
to Mei, 1989), and the bottom shear stress is represented by r%• 

The system of equations above constitute the basis of the Quasi-3D numerical 
model SHORECIRC (Van Dongeren et a/., 1994). A somewhat simplified version of 
that model is used here. 
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The turbulent shear stress (the turbulent lateral mixing) is modeled according to 
the eddy viscosity closure, assuming that 

(dVa      OVA 
\dxj3      dxaJ 

where the eddy viscosity ut is calculated by (Sancho and Svendsen, 1997) 

vt^CtK^uoh + Mhi-)1'3. (5) 

The first term of equation (5) represents the bottom-induced turbulence and it is 
always present (Coffey and Nielsen, 1984), whereas the second term accounts for the 
turbulence generated by the breaking waves (Battjes, 1975), and it is only active in 
the surf region. In the above, D is the energy dissipation rate per unit area, M and 
C\ are constants, K represents the von Karman constant, fw is the bottom friction 
coefficient, and u0 is the amplitude of the short-wave orbital velocity at the bottom. 
We choose M = 0.1, which is one order of magnitude smaller than the value suggested 
by Battjes (1975), because it gives estimates of vt in agreement with those estimated 
by Svendsen (1987). Similary we choose Cy — 0.75, which yields values of vt outside 
the surf region of the same order as the experimental results of Cox et al. (1995). 

The shortwave-averaged bottom shear stress is computed according to the nonlin- 
ear wave-current formulation of Putrevu and Svendsen (1992a), 

ra   = g /% «o (& Va + P2 u°«) ' (6) 

where f3\ and f32 depend on the short-wave phase angle, and the current and short- 
wave orbital velocity magnitude and direction. The friction factor is chosen as fw = 
0.006. The orbital velocity amplitude u0 is calculated according to linear wave theory, 
and the energy dissipation rate D is given by Dally et al. (1985), with the wave field 
obtained from REF/DIF1 (Kirby and Dalrymple, 1994) model applications. The 
results from this model (wave height and direction) are also used to estimate the 
radiation stress Sap, and the wave-induced volume flux Qwa, using linear wave theory. 
Inside the surfzone, an extra term has been added to Qwa in order to account for the 
effect of the mass of water transported shorewards by the roller (Svendsen, 1984). 

The system of equations above is solved numerically by a third-order (C(At3)) 
predictor-corrector finite difference method. Spatial derivatives are 4th-order accurate 
(Sancho and Svendsen, 1997). The (horizontal) domain of integration is discretized 
by a rectangular grid with open boundaries everywhere, except at the shoreline. At 
the seaward boundary, a generating-absorbing condition is used (Van Dongeren and 
Svendsen, 1997), and at the shore-normal boundaries a periodicity condition is imple- 
mented. At the landward boundary, the shoreline (horizontal) position is held fixed 
with the boundary condition Va = 0 at a small water depth (~ 0.005 - 0.05 times 
the water depth at breaking, hb). We note that a similar treatment of the shoreline 
is utilized by Ozkan-Haller and Kirby (1997), as those authors found minor differ- 
ences between the results obtained by including the shoreline runup and those from 
calculations with a zero-velocity condition at the shore. 
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3 - Applications 
3.1 - Longshore uniform plane beach 

Although most natural beaches can exhibit complicated bottom contours, it is 
interesting to analyze the development and propagation of shear waves on a longshore 
uniform plane beach. We choose to first investigate the nonlinear shear instabilities 
on a 1/20 sloping beach with the same characteristics as that studied by Allen et al. 
(1996) and Ozkan-Haller and Kirby (1995, 1997). We also use this example to test 
the numerical accuracy of our model versus the accuracy of the different numerical 
schemes of those other models. 

Hence for the purpose of the comparison, we assume the currents are depth uni- 
form. We also consider a longshore uniform beach and assume the short-wave forcing 
in the cross-shore direction to be in balance with the setup gradient, and in the 
longshore direction it balances the bottom shear stress associated with the steady 
(time-averaged over the infragravity oscillations) longshore current Vs and the lat- 
eral mixing (see above references and Sancho and Svendsen, 1997, for details). This 
implies that the lateral mixing from turbulence and the mixing effects of the non- 
linear intergrals in (2) are included for the V5-part of the total velocity. However, 
we neglect turbulent and dispersive mixing effects generated by the deviations in the 
velocity from Vs- Similarly (6) is linearized so that the bottom shear stresses are 
linear functions of U and V 

rf   =   P»U, (7) 

=  ppiy-Vs), (8) rv 

with a constant friction coefficient fi — 0.006. This essentially reduces the complete 
equations to the model equations of Ozkan-Haller and Kirby (1997). Those are a 
slightly modified set of the equations solved by Allen et al. (1996), who further 
introduced the rigid lid approximation. Initial and boundary conditions are also 
similar to those of the authors above. 

The longshore domain length ly equals that of the most unstable wavelength cal- 
culated from linear instability theory, ly = 5x'b, where x'b = 90 m is the distance 
from the shoreline to the position of the maximum of the longshore current. In the 
cross-shore direction the domain length is lx = ix'b. The grid spacings are the same 
as those used by Allen et al, namely Ax = Ay = ^ = 5 m. 

Fig. 1 shows the time series of??, U and V at f- = 0.75 and f- = 0.5, predicted both 

by the present model (upper three panels) and the numerical model of Ozkan-Haller 
and Kirby (1997) (lower three panels). The landward-oriented cross-shore direction 
with origin at the seaward domain boundary is denoted by x. For both model results, 
we see that the amplitude of the shear waves grows quasi-exponentially for 2 - 3.5 hr, 
and then remains quasi-steady, oscillating around a mean value. It is also visible 
that the higher amplitude disturbances have larger periods, which confirms previous 
observations on the weakly dispersive properties of shear waves (Oltman-Shay et al, 
1989).  Although they differ in some details, the similarity between our results and 
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Figure 1: Time series of r/, U and V at f- = 0.75 and ^ = 0.5 from the present model simulations 

(upper three plots) and Ozkan-Haller and Kirby (1997) model simulations (lower three plots). 

those of Ozkan-Haller and Kirby is evident. We have also compared the present 
solution with that of Allen et al. (1996), and the agreement is not quite as good, 
which may be due to the rigid-lid assumption of Allen et al. For brevity the results 
are omitted here. 

Analysis of the results also shows that the shear wave propagation velocity eg 
is within the interval 0.5 < ^- < 0.54, where VM is the maximum of the initial 
longshore current profile. The low-frequency oscillations (T ~ 2 hr) are the same in 
ours and Ozkan-Haller and Kirby's results. 

It is interesting to analyze the effect the shear wave motion produces on the mean 
longshore current. The initial current forms a quasi longshore uniform flow with 
the longshore current profile as plotted in Fig. 2. However, the shear waves cause 
a dispersion of momentum, which will modify the background time-mean longshore 
current profile relative to the profile maintained by the forcing and turbulent mixing. 
This is illustrated in Fig. 2, where we plot the initial cross-shore profile of the longshore 
current at f- = 0.5 (solid line), versus the current profile obtained by time-averaging 
V over the entire period of simulation (t = 12 hr), (dashed line). The maximum of 
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Figure 2: Cross shore distribution of the initial ( ) and time-averaged (--) longshore current over 
a longshore uniform plane beach. 

the time-averaged longshore current is approximately 20% smaller than that of the 
initial distribution, this result is similar to the results of Ozkan-Haller and Kirby 
(1997). 

3.2 - Longshore varying barred beach 

Weak longshore forcing gradient 

As a second example we analyze the nearshore currents over a periodically long- 
shore varying barred beach. The longshore bottom perturbation is characterized by 
a slight depression in the bar crest, similar to the formation of a rip-channel (Fig. 3), 
located at the ccnterline of the computational domain. The bottom topography used 
in the present example is similar to the barred beach often encountered at the FRF 
experimental station in Duck, NC (e.g., Thornton and Kim, 1993). Details of the 
analytical expression for the bathymetry are given by Sancho and Svendsen (1997). 
The governing equations, closure submodels, and relevant parameters are given by 
equations (l)-(6). For simplicity and brevity, we again consider (below-trough) depth- 
uniform currents only. It turns out that the dispersive mixing caused by depth varying 
currents will somewhat reduce the development of the shear waves. This more com- 
plex situation was analysed in Sancho and Svendsen (1997). The initial condition for 
the simulations is a "cold start", and the short-wave forcing is "ramped" smoothly 
until it reaches a steady forcing. 

The relevant parameters that define the bathymetry and domain size are the crest 
to shoreline distance lc = 120 m, and the domain lengths in .the cross-shore and 
longshore directions, lx = Alc, and ly ~ 16lc, respectively. The depth at the crest of 
the longshore uniform section of the bar is hc ~ 1.18 m, and at the rip-channel is just 
10% deeper. The width of the rip-channel is wr = 0.84 lc (100 m), and the numerical 
grid spacings are Ax ~ 4.24ftc (5 m) and Ay ~ 8.48ftc (10 m). 

First, we choose the incident wave conditions so that intense wave breaking occurs 
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Figure 3: Perspective view of the barred beach for the example in section 3.2. 

0 

1 

4 

y/h 

Figure 4: Time-averaged (over 4 hr), depth-averaged, current velocity vectors for the case of weak 
longshore forcing gradient. 

along the entire bar, including over the rip channel, starting just before the bar crest, 
(at x/lc = 2.75). The waves then propagate over the bar-trough without breaking 
before a second breaking occurs nearer the shoreline. This results in a nearly longshore 
uniform wave forcing. In numbers, the wave height at the seaward boundary (x = 0) 
is H0 = 0.9 hc (1.06 m), the incident wave angle is am0 = 7.5° with the shore normal 
direction x, the wave period is T = 14AJhc/g (5 s), and the breaking criterion 
Hb/hb = 0.78 is used. 

Time-averaged velocity vectors of the current field are shown in Fig. 4. The time- 
averaging is performed over a period of approximately 4 hr, after the flow reached 
near stationarity. The time-averaged velocity vectors show a slight variation of the 
flow at the region of the rip-channel (y = 8/c). The largest variations are observed, 
as expected, around the rip-channel, but are more pronounced slightly downstream 
of it due to the inertia of the flow. In fact, examination of the magnitude of the terms 
in the longshore momentum equation shows that it is a combination of a steady 
and a fluctuating component of the advective accelerations that are responsible for 
the divergence the flow around the rip-channel, and the existence of currents in the 
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trough, respectively. Away from the rip-channel it turns out that the wave-induced 
shoreward mass flux is locally balanced by the return current (undertow). 

The results show that even a small rip-channel is able to disturb the otherwise 
longshore uniform flow, although, the existence of a rip-channel does not necessarily 
induce the formation of a rip-current. This turns out to be due to the fact that 
the wave field, as well as the mean surface elevation, are very homogeneous in the 
longshore direction. The (time-averaged) longshore current profile at any section 
exhibits the "classical" double-peaked distribution caused by the breaking over the 
bar and at the foreshore. There is, however, a significant current in the trough driven 
largely by the mixing generated by the shear waves. 

The instantaneous nearshore current fields are, however, quite different from the 
time-averaged situation. Fig. 5 shows the instantaneous depth-averaged velocity vec- 
tors at four different times during the simulation. The first three pictures are at 
early stages of the computation, and show how the growth of shear waves starts at 
the rip-channel location. Looking consecutively at plots (a), (b) and (c) shear insta- 
bilities develop continuously at y = 8 lc, where the small channel is, and propagate 
downstream with the longshore current. In general, the shear wave celerity is equal to 
0.45-0.65 of the maximum (time-averaged) longshore current, which is comparable to 
that suggested by field measurements (Dodd et at, 1992). Between subplots (c) and 
(d) there is a significant time lapse (3.6 hr), during which the predicted predominant 
wavelength (and period) of the shear waves increased considerably. This frequency 
downshift is similar to that observed by Ozkan-Haller and Kirby (1997). Closer in- 
spection of the dynamics of these motions indicates that the shear waves are more 
intense seaward and over the bar-crest. 

Clearly the rip channel acts as a strong disturbance that instantly initiates almost 
fully grown shear waves. Similar computations over a longshore uniform barred beach 
(not shown) indicate that shear waves develop much slower in the absence of the rip- 
channel. The longterm properties of the shear waves are, however, identical to those 
of the results just presented, indicating that once shear instabilities have formed they 
are relatively independent of small topographic perturbations. 

Large longshore forcing gradient 

The previous example illustrated that a nearly longshore uniform mean flow can 
occur over a longshore varying beach. In order to further analyse the conditions for 
generation of rip currents we consider an incident wave field that is slightly different 
from the previous example, over the same bottom topography of Fig. 3. The initial 
wave height is chosen so that, outside the rip channel wave breaking occurs over the 
bar crest, whereas no breaking occurs in the rip-channel (y = 8 lc), (Fig. 6). The wave 
height is about 30% smaller at the seaward boundary than in the previous example. 
The incident wave angle and period are the same as before. The substantial differences 
in wave conditions over the rip-channel and the bar, induce strong longshore longshore 
variations of the forcing, in particular the pressure gradients. Note that although the 
wave model predictions may not be accurate, a similar trend in the wave height 
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Figure 5:  Depth-averaged current vectors at four instants of the simulation for the case of weak 
longshore forcing gradient. 
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Figure 6: Wave height and bottom cross-shore variations over the barred beach at two longshore 
positions: y = 0 (solid line) and y = Slc (dashed line) for the case of large longshore forcing gradient. 

Figure 7: Time-averaged (over 2.1 hr), depth-averaged, current velocity vectors for the case of large 
longshore forcing gradient. 

variation over the channel and the bar has been observed in laboratory experiments 
(Haller et al, 1997). 

The resulting time-averaged (over a period of 2.1 hr) and depth-averaged currents 
are illustrated in Fig. 7, which shows that a rip-current has formed, with two cir- 
culation cells around it, centered at the bar-crest. (The domain has been extended 
offshore to lx = 6lc). The width of the rip increases slowly towards offshore, as the 
result of a small turbulent dispersion as well as the dispersion caused by fluctuations 
of the rip (explained below). Bottom friction is also responsible for the widening of 
the rip. Longshore currents flow towards the rip-channel at both sides of the rip, 
mainly driven by local longshore gradients of the mean surface elevation. The maxi- 
mum velocity in the rip-current is 0.2 \Jghc (0.70 m/s), which is about twice as large 
as the maximum longshore current. 

The results in Fig. 7 contrast with those of Fig. 4. Nearly longshore uniform 
currents are, however, found at a distance I0lc (1200 m) from the channel axis. 
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Figure 8: Instantaneous depth-averaged current vectors for the case of large longshore forcing gra- 
dient. 

Larger differences from longshore uniformity mainly occur near and downstream of 
the rip-channel. Through inspection of the magnitude of the terms in the momentum 
equations, we find that the longshore pressure gradient and nonlinear advective ac- 
celerations are quite important in the longshore momentum balance, whereas in the 
cross-shore direction, the radiation stress gradient is mostly balanced by the surface 
elevation gradient. 

The flow for the present simulation is, however, also unsteady. In fact, the current 
velocities are very dynamic, as can be seen in one "snapshot" of the depth-averaged 
current velocities, shown in Fig. 8. We find that in the rip-current vortices are gener- 
ated at each side (note the similarity between the patterns predicted here and those 
observed in Fig. 7 of Shepard et al, 1941). Initiation of shear wave motion is delayed. 
The motion is steady downstream of the rip-channel until y = 14 Zc and then shear 
waves start to form very rapidly over the longshore uniform section of the beach. 
Both the cross-shore and longshore velocities vary dramatically with the position, 
depending on whether this is located upstream or downstream of the rip-channel. We 
also see that shear waves approaching the rip channel from upstream are washed out 
to the sea by the rip current. 

Inspection of the time series of the predicted velocities along the rip-channel in- 
dicates that the rip-currents are periodically unsteady. The most energetic periods 
of oscillation are seen to range between 400 < T < 450 s, but there are also appre- 
ciable variations in the time series at a much lower frequency. The higher frequency 
oscillations are associated with a meandering motion of the rip-currents, whereas the 
longer period variations are related to a "side-to-side" shift of the rip-current, and 
with the passage of vortices released by the unstable rip over a certain location. Simi- 
larly, at locations where shear instabilities have formed, the period of the shear waves 
is initially ~ 440 s, and later a frequency downshift occurs and the period becomes 
~800 s. 

We find that the rip-current exhibits several features common with the shear 
waves. In fact, a hydrodynamic instability mechanism is common to the two flow 
types: shear waves are an instability mechanism of the longshore currents (Bowen 
and Holman, 1989), and rip-currents can be considered an unstable jet (whose me- 
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chanics are given by, e.g., Drazin and Reid, 1982). Both mechanisms have been 
observed in field and laboratory conditions, either isolated or simultaneously (e.g., 
Sonu, 1972). For the present conditions, the formation of the rip-current over the 
rip-channel destroys the structure and shear waves do not pass it. 

Multiple rip-channels 

Lastly, we investigated the effect of the domain size by performing calculations 
in a longshore periodic domain of size ly = j-lc (400 m) and ly = •lc (800 m). Rip 
channels were 400 m apart, and the short-wave input lead to flow conditions similar 
to those of Figs. 4 and 5. This gave exactly the same longshore periodicity, and 
the results from these computations were identical, thus, meaning that the predicted 
shear waves were not dependent of the computational domain size. However, compu- 
tations with different distance between the rip channels gave different patterns of the 
shear waves, with different period and wavelength, though their speed of propagation 
remained the same. Hence, the local signature of the shear waves appears to depend 
on the distance between rip-channels. 

In a final example we chose a larger periodic domain size, of length ly = 1600 m. 
Within this computational domain, we placed four rip-channels with different dis- 
tances apart. The results from this computation showed the prediction of very ir- 
regular shear waves. In fact, time series of the predicted motions indicated a wide 
spectrum of energetic frequencies, which is in closer resemblance with those observed 
under field conditions (Oltman-Shay et a,L, 1989). This suggests that the shear waves 
observed in nature may come from many different sources of disturbance. 

4 - Conclusions 

In this study we addressed the development of flow instabilities over longshore 
nonuniform barred beaches. It was found that shear waves can be triggered by small 
bottom perturbations (in the form of rip-channels) in an otherwise longshore uniform 
coast, but the shear wave average properties are nearly independent of these. Those 
properties are found to depend mainly of the background longshore current. Similarly, 
the distance between rip-channels also affects the shear waves dynamics. 

A second important conclusion is that rip-currents not always form in the presence 
of rip-channels. Rip-currents may occur when short-wave conditions give rise to 
large longshore forcing gradients around the rip-channel such as changes in breaking 
conditions. In that situation, unstable rip-currents were predicted. Conversely, shear 
waves can be suppressed by the existence of rip-currents, and will then form far 
downstream of the rip-channel, seemingly away from the influence of the rip. 

The results suggest that the longshore variability of a beach, over a considerable 
domain length, can play an important role in the prediction of the dynamics of steady 
and unsteady currents. Hence, care should be taken in the comparison of model to 
field results, when assuming longshore uniform conditions, or using too small model 
domains. 
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