JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. C7, PAGES 14,223-14,242, JULY 15, 1994

Vertical structure of mean cross—shore currents
across a barred surf zone
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Abstract. Mean cross—shore currents observed across a barred surf zone are
compared to model predictions. The model is based on a simplified momentum
balance with a turbulent boundary layer at the bed. Turbulent exchange is
parameterized by an eddy viscosity formulation, with the eddy viscosity A,
independent of time and the vertical coordinate. Mean currents result from
gradients due to wave breaking and shoaling, and the presence of a mean setup
of the free surface. Descriptions of the wave field are provided by the wave
transformation model of Thornton and Guza [1983]. The wave transformation
model adequately reproduces the observed wave heights across the surf zone. The
mean current model successfully reproduces the observed cross—shore flows. Both
observations and predictions show predominantly offshore flow with onshore flow
restricted to a relatively thin surface layer. Successful application of the mean flow

model requires an eddy viscosity which varies horizontally across the surf zone.
Attempts are made to parameterize this variation with some success. The data
does not discriminate between alternative parameterizations proposed. The overall
variability in eddy viscosity suggested by the model fitting should be resolvable
by ficld measurements of the turbulent stresses. Consistent shortcomings of the
parameterizations, and the overall modeling effort, suggest avenues for further

development and data collection.

Introduction

Mean cross—shore flows have been identified as a crit-
ical factor in the evolution and maintenance of the
nearshore profile [Bowen, 1980; Dally and Dean, 1984].
Complete models of these flows, suitable for sediment
transport modeling, would include detailed specifica-
tion of the bottom boundary layer, including bed shear
stresses. Availablefield data in the surf zone are limited
to observations of the interior flow, relatively far from
the bed. It is this interior flow, often characterized as
undertow, which we address here. This restricted out-
look still ‘provides information relevant to suspended
sediment transport and profile evolution within the surf
zone.

Theoretical models of cross-shore currents generated
by normally incident waves on straight coasts have sig-
nificantly improved our understanding of undertow and
cross—shore circulation within the surf zone [Svendsen
and Lorenz, 1989]. Numerous studies [Borecki, 1982;
DeVriend and Stive, 1987; Dally, 1980; Diegarrd el al.,
1991; Hansen and Svendsen, 1984; Stive and Wind,
1986; Svendsen et al., 1987; Svendsen and Lorenz, 1987)
have addressed the dynamics of such systems in some
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detail. These modeling efforts, with some laboratory
verification, have far outstripped efforts to provide sup-
portive field data. The models, as posed, require specifi-
cation of the dynamical forcing terms with an accuracy
not provided by existing field data sets. Application of
such models to field conditions awaits improved data
and field—verified determination of the parameters of
the models. Svendsen et al. [1987, p. 11,856] indicated
as much when they stated:

There is a need for further experimental investigation
which can illustrate the variations of [the eddy viscos-
ity] with wave conditions and bottom topography. Also,
field measurements are much needed provided they in-
clude sufficient information also about wave heights and
their attenuation, the setup gradient, etc., in addition
to the actual turbulence measurements.

This ideal data set does not yet exist. In particu-
lar, setup has not been measured simultaneously with
detailed wave observations. Turbulence measurements
in the surf zone are extremely rare and of inadequate
spatial resolution. Without direct measurement of the
turbulent stresses in the surf zone, modeling of the vis-
cous terms in the momentum balance is largely specu-
lative. As these terms are critical in determining the
vertical structure of the flow and the resulting bot-
tom stresses, modeling efforts necessarily must be re-
stricted. Nonetheless, existing field data and theory
can be brought together to begin to constrain modeling
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efforts. We present herein a simplified model for mean
cross—-shore flows. The model predictions will be evalu-
ated with data that, while limited in comparison to the
ideal proposed above, provide constraint and verifica-
tion consistent with the model. This avenue is explored
in hopes that we may develop a useful first—order model
suitable for the investigation of sediment transport by
mean cross—shore flows. Success requires development
of a model, with few free parameters, applicable to field
situations where data is limited. This is only an ini-
tial step; results will support the contention [Svendsen
et al., 1987] that more and better field data are still
needed.

In the following, we will develop a simplified wave—
induced mean flow model and compare it to field data
from a barred surf zone. Modeling will encompass both
the mean flow and the specifications of the wave field
responsible for forcing of surf zone circulation. We will
rely on published field—verified models of wave trans-
formation as inputs to the mean flow model. We will
attempt to indicate where field verification is lacking
and where free parameters within the models are poorly
constrained by data. This effort should point us to fur-
ther model development and needed field observations.

Model development

Nearshore dynamics are generally expressed in the
framework of the radiation stress tensor developed by
Longuet-Higgins and Stewart [1964]. In this presenta-
tion we will discard the radiation stress formulation in
lieu of a more classical form of the momentum equa-
tion. The formulation presented is, of course, com-
pletely equivalent to the radiation stress approach. The
velocity model is based on solution of a simplified form
of the momentum equation given by

(1)

where g is the cross—shore (z) component of veloc-
ity (positive offshore), wp is the vertical (z) compo-
nent of velocity, and 7, is the water level. Here ug is
equal to u+u’ + U, denoting the wave induced velocity,
the turbulent fluctuations, and the time mean cross-
shore velocity, respectively. Similarly, wg = w + v’ and
No = 1+ 7, where 7 is the time mean setup (setdown)
of the sea surface associated with breaking (shoaling)
waves (Figure 1). In this development, the mean flow
is assumed to be the second—order response to forcing
by the incident wave field. Equation (1) is strictly two-
dimensional, neglecting terms incorporating the along-
shore velocity v and alongshore gradients 8/8y. These
assumptions, along with assumptions that viscous terms
and deviations from hydrostatic pressure are negligible,
are appropriate for the time—averaged form of the equa-
tion to follow.

A number of terms will be neglected in this model,
including the horizontal Reynold’s stress term, u’ :. and
nonlinear terms in U (i.e., (U?);). Neglecting the for-
mer term removes the primary mechanism of horizontal

(u0)t + (U(Z])z + (Uowo)z = —9(770):1:
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Figure 1. Coordinate frames and definitions for mod-
els and data.

mixing, and the resulting model is thus a strict local
balance. Mixing terms are likely to be important where
gradients in the wave-induced forcing are sharp. Previ-
ous studies of alongshore current dynamics have shown
that horizontal mixing terms may be neglected when
the wave-induced forcing is modeled as resulting from
a random wave field [Battjes, 1972; Collins, 1974]. This
is the path we shall follow in subsequent sections. As U
is assumed to be second-order relative to u, we may ne-
glect the nonlinear terms in U. Nonetheless, gradients
in U may be large in the inner surf zone where the flow
“overturns.” Incorporating the nonlinear terms results
in an intractable model, so they are neglected. The
time-averaged form of equation (1) is then

(u?); + (ww), + (v'v'), = —g7,, (2)

where () denotes time averaging. The remaining Reynold’s

stress term, (u'w’),, is equated to an eddy viscosity for-
mulation incorporating the mean shear. The resulting
constituent equation for the mean flow field is

(v?), + (vw), — AU.; = —g7,. @)
Ay in equation (3) is the eddy viscosity and is inde-
pendent of z and time. The above equation, integrated
twice in the vertical, yields the mean current model to
be investigated herein,

[ J@a

+ /(uw)c’)z' - AU
P

= —973T+P2'+Q, (4)

where (P, Q) are constants of integration. Here 2’ is

a vertical coordinate, equal to z + h, extending from

z’ = 0 at the bed to 2/ = 5 + h at the free surface
(Figure 1).

Mean Current Model

The model described by equation (4) provides a so-
lution for the vertically varying mean current. Calcu-
lation of the current requires specification of the wave-
induced flows, the vertical eddy viscosity, and the setup.

The wave velocities in equation (4) are given by linear
wave theory. The horizontal wave velocity is
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u cos(kz + ot)

ao
sinh(kh)
Acos(kz + ot),

u = (5)
where a is the wave amplitude, k the wave number, and
o the frequency. The inclusion of a depth dependence
to the wave velocity results in negligible change in the
final solution over the parameter space defined by the
data. The use of linear wave theory in a fully developed
surf zone rather than a propagating bore theory is jus-
tified by the results of Guza and Thornton [1980] which
showed that linear wave theory holds quite well within
the surf zone.

Vertically varying mean flows result from the vertical
structure of the wave-associated terms in the momen-
tum equation. We will model this vertical variation
as resulting from the presence of a turbulent boundary
layer at the bed. Derivation of the vertically varying
velocities follows closely the work of Russell and Oso-
rio [1967], is described in Appendix 1, and results in a
cross—shore velocity given by

u = Alcos(kz + ot) —e P cos(kz + ot — ¢)],  (6)
where § = (24,/0)}/? and ¢ = 2'/6.

In the derivation of the wave-induced velocities (equa-
tions (6) and (20)) we have maintained the terms aris-
ing from the horizontal gradients in the wave amplitude
and the bottom level. The contribution to the vertical
velocity —Aé, results from a horizontally varying eddy
viscosity. This term will be neglected in subsequent
model fitting to data. Results will show that while A,
appears to vary across the surf zone, the term Aé; is
small. Equations (6) and (20) allow the determination
of U in equation (4). The boundary conditions for @
and P in equation (4) are given by

0 = Ulz':O

d
A,,/ U(9z'+A,,(1;u)|d ,
0

()
0 =

respectively. The boundary conditions imposed are a
no-slip condition at the bed and continuity of mass flux
across a vertical plane. The second term in the continu-
ity condition, (nu)l 4 approximates the mass flux above
the mean water level. The mean current solution does
not explicitly require imposition of a stress condition.
We will incorporate an integral stress condition in the
development of the wave-induced setup model which
follows.

This model, with associated boundary conditions is
essentially the same, with small deviations, as that pro-
posed by previous investigators [e.g., Svendsen et al.,
1987]. Again, we have chosen to model the eddy vis-
cosity A, as independent of the vertical coordinate.
Hansen and Svendsen [1984] drew attention to the im-
portance of the much lower turbulence levels in the
wave—-induced bottom boundary layer. Svendsen et al.
[1987] show that within this boundary layer, the eddy
viscosity is small relative to that produced by wave
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breaking. They propose a two layer eddy viscosity
model with constant A, within each of the two layers
representing the boundary layer and the interior “un-
dertow” flow. Their results show that the undertow ve-
locities and shear stresses above the boundary layer are
“remarkably insensitive” to the details of the boundary
layer flow [Svendsen et al., 1987, pp. 11,846]. As our
data are restricted to the fluid interior, we choose to use
a z—independent model for A,.

Deigaard et al. [1991], using the data of Svendsen et
al. [1987] and Okayasu et al. [1988], develop a turbu-
lence model resulting in a strongly z—dependent form
of A,. The lab data show strong near-bed mean shears
with mean flow maxima quite near the bed. As we
shall describe, the data discussed here differ substan-
tially from the available lab data, having flow maxima
much higher in the water column. Thus we feel applica-
tion of laboratory—based models for A, is unwarranted
and introduces additional degrees of freedom into the
model where data are limited.

Svendsen et al. [1987] present a solution based on
nonzero bottom velocity, Uy, rather than the no-slip
condition proposed here. Again, they found the interior
solution was insensitive to the choice of U,. Given the
restrictions imposed by the available data, we choose to
avoid the introduction of an additional free parameter,
Us.
Stive and Wind [1986)] avoided specifying a bottom
boundary condition by prescribing a shear stress at the
wave trough level. For purposes of sediment transport
modeling, we choose to constrain the near-bed flow,
which is most critical for sediment transport. It is
widely acknowledged [Stive and Wind, 1986] that break-
ing waves result in an enhanced stress at the surface.
This inadequacy in the model, largely related to an un-
known eddy viscosity form, is a fundamental unknown
in modeling efforts.

We have chosen the simplest models for A, and the
bottom boundary condition. We feel these choices in-
corporate the essential physics at lowest order. Neither
choice is strictly correct. Certainly, this model is inap-
propriate for describing accurately the stress at the bed
and the near-bed boundary layer flow. We feel that
more complicated models would be poorly constrained
by the available field data.

The resulting form for the time mean velocity as a
function of (z, z) is given by

AU = ()56 - 3+ de¢(sing - cosd)

e~3¢

+4e?sing +e ®cosgp+ 2

2dz' 2z’ _ 1382
B K

+A2k§ [—% + de~?(sin ¢ + cos ¢) + 2e % cos ¢
—e~¢sing — E—Zi +3’—dI - %%’,’-]
—Azéz% [1 — ¢e~%(sin ¢ — cos ¢) — 2e ¢ sin ¢
—e~%cos ¢ — 2% + 4%

dsz’

+97a(5 — %) - 240 Jr(nu)) - (8)
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The above equation provides a solution for the mean
currents generated by incident waves.

The first term in equation (8) is the radiation stress
term describing the momentum flux gradients due to
wave breaking. The second term represents the bound-

ary layer streaming described by Longuet—-Higgins [1953].

The third term, as noted, results from the horizontal
variation in the eddy viscosity. This term will be ne-
glected in further modeling. The fourth term represents
the forcing due to the wave induced setup, and the final
term is the continuity term reflecting the mass trans-
port above the mean water level.

A, will remain a free parameter in the model to be
determined by fitting to the observations. The mag-
nitude of A, determined, representing the turbulent
stresses generated by breaking waves, will control the
modeled flow magnitude and vertical shear. As noted
by reviewers, this is very similar to an alternative choice
of the shear stress at an interior level as the free parame-
ter. As A, is vertically uniform, the elevated turbulence
levels associated with breaking waves will extend across
the entire water column. This will result in near-bed
turbulence levels which are greater than those associ-
ated with boundary layer processes in the absence of
wave breaking. Thus the externally imposed turbulence
due to breaking may be expected to extend the influence
of the bottom boundary well into the water column. In
order to calculate a solution for U we need to specify
the form for the time mean wave—induced setup, which
is a necessary input to both the mean current model
and the wave transformation model (to be described).

Setup Model

The mean elevation of the sea surface is modified by
the presence of waves. The setup gradient is an impor-
tant forcing for the cross—shore mean flow. No data is
available to verify setup models under field conditions.
Thus we follow, in a manner consistent with the veloc-
ity model, the formulation of Bowen et al. [1968], which
has been verified under laboratory conditions.

Modeling the time mean setup, 7, requires a depth-
averaged form of the momentum equation. Again dis-
carding the horizontal Reynold’s stresses and nonlinear
terms in U, we vertically average equation (1). The
vertical integral is approximated by

7o 7
[ tes=[ Lo+ @-nl 1y ©

Setting ([ 1) = %f_ﬁh[ 16z, where d = 7+ h, gives

ES I N T | o
+  [uowo]|,, — [wowo]|_,
= —g(no+ h)(mo)= — [d(u)]:
= (n—1)(us) - (10)

Equation (10) is further modified by noting that w =
—uh, at 2/ = 0, and uw) is approximately equal to
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un at z = 7. The above yield
e~ el + alely
+ [w'v] lne [w'v]|_,
= —g(no + h)(m0)s — [d{u)]:
) (11)

Time—-averaging equation (11) gives the constituent form
of the setup equation

[d(u_z)]a: -

[Fu?)e]fy + al(w?)a]fy + W), — o],

n’ -
= —o() - gam, (12
z
Equation (12) gives the general form of our solution.
The turbulent stresses, u/w’, are equated to the en-
ergy loss from the wave field, !/2g(a?);. The terms in
(12) are calculated from the depth independent veloc-
ity (5). In this treatment we have neglected the details
of the bottom boundary, because most of the dissipa-
tion occurs outside that region. The stress condition
applied here does not incorporate a contribution due to
the mean cross—shore flow, which is not a priori known.
This is inconsistent with the no—slip condition applied
in the mean current solution. While a more compli-
cated iterative treatment of the stress is possible, this
is inappropriate given the simplified form of A, cho-
sen and the presumed dominance of the wave—induced
stresses. Further discussion will show that, while the
setup driven flow dominates the mean current solution,
the general conclusions reached are insensitive to the
setup model applied. Our setup solution is thus given
by

_hk

A2 1 A2
na: - (
gd* 2

3 3
e = (e = (@D (13)
This formulation differs from that of Bowen et al. [1968]
in three respects. First, it includes the term arising
from the turbulent stresses. Second, it includes a term
of the form 7, [u?] 5 A. Bowen (personal communica-

tion, 1992) has identified this term as arising from the
dynamic effect of the setup, resulting in an additional
pressure on the bed. Finally, Bowen et al. [1968] ap-
plied the simple surf zone parameterization, H = ~h,
to reduce their equation to a linear function of the local
bed slope. We will utilize a more complete wave trans-
formation model to describe the local forcing. Compar-
isons of our model and Bowen et al. [1968], recast in
terms of the wave transformation model, were carried
out. The two models display virtually identical cross-—
shore behavior, with our model describing a slightly
larger magnitude to the setup. As will be shown, the
setup term is a critical forcing term for the generation
of mean flows. Lack of field verification of setup models
is a clear weakness in modeling efforts within the surf
zone.
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Experiment

The data herein discussed resulted from an Qcto-
ber 1982 field experiment at the Field Research Facility
(FRF) of the U.S. Army Corps of Engineers’ Waterways
Experiment Station in Duck, North Carolina. The FRF
is located on a long straight beach of a barrier island.
A single, well-developed, shore-parallel bar was present
throughout the data collection period.

The data discussed in this investigation were col-
lected with the U.S. Geological Survey sled system,
which consists of an instrumented sled towed along
the bed, both offshore and onshore, with a double-
drum winch and triangular line arrangement [Sallenger
et al,, 1983]. On the sled, 4-¢cm-diameter electromag-
netic current meters (Marsh-McBirney model 512) were
mounted in a vertical array at 0.5, 1.0, and 1.75 m above
the bed. Also mounted on the sled was a pressure sensor
used to measure local depths. Data were telemetered
to a shore receiving station where they were digitally
recorded at a rate of 2 Hz. All record lengths were
34.1 min. As the sled moved along the shore-normal
transect, the nearshore profile was measured using an
infrared range finder on the beach, sighting on optical
prisms mounted on top of the sled’s mast. The sled sys-
tem was set up 500 m north of the FRF pier to avoid the

effects the pier has on local flows and sediment trans port.

Mounting the current meters on a movable platform
has both advantages and drawbacks. The primary ad-
vantage is the increased horizontal resolution allowed by
a mobile instrument platform. Two significant draw-
backs have been noted. First, the movement of the
instrument platform results in nonsynoptic coverage.
While we believe the wave field was relatively station-
ary over the course of a single sled transect, tidal lev-
els fluctuated significantly. Second, the sled provides
poor control over current meter orientation. Vigourous
alongshore currents certainly skewed the sled from a
shore-normal orientation. A digital compass mounted
on the sled failed to provide reliable orientation data.
We have discarded those data runs where sled orienta-
tion appears to be unreliable. In order to minimize flow
disturbance, the current meters were cantilevered away
from the sled. The current meter closest to the bed was
1.5 m upstream of the sled, into the alongshore current.
This should minimize flow disturbance effects but, the
potential for turbulence generation by flow around the
sled cannot be dismissed.

While the vertical resolution provided by 3 current
meters is somewhat limited, the cross—shore coverage
provides a rich data set. Conditions observed included
strong mean currents, a necessary condition for use of
Marsh-McBirney current meters, which require mean
flows in excess of approximately 5cms~! for reliable
measurement of the mean in a vigourous surf zone.
Shepard and LaFond [1939] have suggested that ener-
getic two—dimensional circulation may become unstable
to three-dimensional perturbations and break up into a
horizontal circulation associated with rip currents. No
three—dimensional flows were noted in the field.
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Data

The data discussed here were obtained during a 3-
day storm spanning October 10-12, 1982. During this
period of high energy, the wave period, steepness, and
spectral width of the incident spectrum varied consid-
erably (Figure 2a). On October 10, strong northeast
winds, which reached 13ms~!, generated steep waves
with a broad incident spectrum. The observed spectra
for October 10 (Figure 2b) were highly variable, clearly
documenting the buildup of storm conditions. By Oc-
tober 12 the storm had moved offshore and local winds
were light; waves were principally of the swell type and,
relative to October 10, the incident spectrum had signif-
icantly decreased in width. Throughout the 3-day pe-
riod, the sled transects were within the inner 50% of the
surf zone. On October 12, significant breaker heights
of nearly 4m resulted in a surf zone width of roughly
900 m, and the breaker zone occured 600 m seaward of
the outermost data station. Spectra for October 11 and
12 (Figures 2¢ and 2d) are much more stable than those
of October 10, although some variation is noted.

The data for October 10 were, as previously men-
tioned, marked by a rapidly varying incident wave field.
In addition, alongshore currents were vigourous, ap-
proaching 1ms~! at most of the observation stations.
The data clearly suggest that the instumented sled was
subject to significant rotation by these currents. As the
absolute orientation of the waves is unknown, the data
from October 10 is ignored in the subsequent discussion
of mean flows.

In the following the mean flows are calculated over
the entire 34.1 min of each data run. Incident wave
heights are calculated from the velocity spectra across
the frequency range 0.05 to 0.33 H z, thus removing the
effects of infragravity and turbulent motions respec-
tively. While the upper cutoff is somewhat arbitrary,
results are insensitive to the particular choice of the
cutoff frequency.

Observed mean currents for October 11 and 12 are
energetic and exhibit a classic “undertow” form (Fig-
ures 3 and 4). The bulk of the mean flows are offshore
directed. Omshore-directed flows are observed high in
the water column at the inshore stations. On both days,
maximum velocities are observed well above the bed, in
contrast to the laboratory data discussed by Deigaard
et al. [1991]. The lab data show a strong near-bed
shear and flow maxima within the bottom 30% of the
water column. This leads us to question whether the
stress distribution in laboratory experiments is gener-
ally applicable to field conditions. Run numbers are
annotated in Figures 3 and 4. Numbers indicate the
sequential order in which the stations were occupied.
Water depths for the individual runs are indicated by
the height of the vertical “mast.” The profiles shown
in Figures 3 and 4 are the daily profiles taken prior to
the data collection by the sled. There is a substantial
offshore migration of the bar between October 11 and
October 12 [Sallenger et al., 1985]. As an aside, the
alongshore velocities for October 12 (Figure 4b) show
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Figure 2. (a) Deepwater wave spectra from Field Research Facility wave rider. Wave spectra
at the beginning and end of data collection for (b) October 10, (c¢) October 11, and (d) October

(12).

a marked vertical shear. Simullaneous investigation of
the alongshore and cross—shore flows may better con-
strain the flow models but, in the absence of reliable
measures of incident wave angles, is not possible here.
The mean flow model requires specification of both
the wave heights (observed) and the gradients due to
breaking and shoaling. The wave transformation across
the surf zone is calculated following Thornton and Guza
[1983]. Their model for wave height and dissipation
across the surf zone is based on a probabilistic breaking
wave model. The model of Thornion and Guza [1983]
has been shown to work quite well across simple to-
pography. The wave transformation model has one free
parameter, B, nominally the percentage of foam on the
breaker face. B is not a measurable parameter; nor is it
widely known for a variety of conditions. For this case,
B will be fit to the observed wave heights recorded by
the instrumented sled. The difficulty in estimating B
limits the model’s reliability where adequate observa-

tions for the determination of B are unavailable. It is
clear that a reliable parameterization of B is a desirable
aim for future studies.

A description of the shoaling wave model and its
application is deferred to Appendix 2. Equation (28)
(Appendix 2), describing the wave evolution, is solved
for the values of B that best model the observed val-
ues of Hpy,, for the 3 days. The solution is calculated
across the profile beginning with an input condition of
Hppms = vh and 77 = 0 at a position offshore of the out-
ermost data position. Because of the nonsynoptic na-
ture of the observations, each data run (i.e., each sled
location) was separately modeled and a best-fit value
of B determined for each day. Figure 5 shows the re-
sults for all days. The solid line represents the wave
heights given by the value of B that provides the best
overall fit for the day in question. Asterisks indicate
the observed wave height at each sled location. Ob-
served wave heights in Figure 5 have been normalized
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Figure 3. Velocity data for October 11. (a) Cross—shore mean velocities. Numbers beneath
profile indicate data run. (b) Alongshore mean velacities; sensors increase in height above the

bed going offshore.

to reflect the model error while providing a synoptic pic-
ture. The values underneath the model curve show the
best—fit value of B for each separate data run. For all
days, B increases shoreward across the surf zone, sug-
gesting increasing dissipation in shallower water (for a
given wave height). Inputs into the mean current model
will be based on the value of B determined to be best
for the entire day’s data. This choice was made, rather
than using a separate value of B for each run, to main-
tain the simplicity of the model. Although the variation
in B is marked, the wave heights predicted, assuming
a constant value of B, are good estimators of the ob-
served wave heights. Figure 5 also shows (dashed line)
the predicted wave heights for H,,,; = yh. As sug-
gested by the regression in Figure 15 (Appendix 2) this
simple model differs significantly from observations over
the bar.

Figure 6 shows the regression of B against the surf
similarity parameter for this data set and the data pre-

sented in Thornton and Guza [1983]. The surf similarity
parameter is given by

t
g0 = 208

= (Ho/Lo)

where Hg and Ly are the deepwater wave height and
wavelength respectively. The beach slope, §, is esti-
mated by the rms slope across the profile for the Duck
data modeled here. The results of the wave height mod-
eling carried out here suggest that B, as it functions in
the model of Thornton and Guza [1983], is not constant
across the surf zone. Nonetheless, we have chosen a
constant value of B across the entire surf zone. Insofar
as B should be related to breaker type, the surf similar-
ity parameter ma'y be a plausible parameter to explore.
What is clear is that B varies by a factor of two across
the limited parameter space shown. Such variation re-
sults in large changes in the predicted wave heights and
dissipation across the surf zone. As B significantly im-

(14)
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Figure 4. Velocity data for October 12. (a) Cross—shore mean velocities. Numbers beneath
profile indicate data run. (b) Alongshore mean velocities: sensors increase in height above the

bed going offshore.

pacts prediction of the breaking wave transformation,
it may be viewed as an important parameter in subse-
quent model fitting. The sensitivity of the model results
to variability in the input wave heights will be addressed
in a subsequent section.

Results

Utilizing the results of the wave transformation model,
velocity profiles were calculated for each sled station
from October 11 and 12. At each station, A, was
determined as that value which yielded the best least
squares fit to the three observed velocities. This yielded
a clearly superior fit of model to data in contrast to
choosing a constant A, across the surf zone.

The resulting model fits are shown in Figure 7. The
model clearly reproduces the “undertow” characteris-
tics of the flow, with interior flows directed offshore. It

must be noted that the model fits presented for stations
17 and 27 are misleading. The value of A, required to
produce the fits shown are extremely large relative to
adjacent stations. The value of A, necessary to fit the
observed flow is at least a factor of 2 greater than any
adjacent location. As both stations are located on the
bar flank, this may reflect the energetic conditions pre-
vailing as waves enter rapidly shoaling depths. In both
cases the model substantially overpredicts velocities in
the lower portion of the water column. In this region of
sharp gradients the local balance approach of the model
may be inappropriate. An alternative explanation may
derive from flow disturbance by the upstream bar. The
near bed velocity is particularly reduced at station 27,
occupied during low tide conditions. In this case the
bar, occupying a significant fraction of the water depth,
may significantly disturb the flow.

Extremely strong onshore currents with large shears
are predicted near the free surface. Where near—surface
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Figure 5. H,n, observed gasterisk) and resulting from Thornton and Guza, [1983] model solu-
tion. Solid line is model solution, dashed line is H,,,, = vh. Values beneath model curve give
value of B which results in best prediction for each data run.

observations are available, onshore flows consistent with
the predictions are seen. The data, with limited obser-
vations near the free surface, do not adequately con-
strain the model in this region. Observations in this
region are critical to investigating possible alternative
models for the eddy viscosity.

Figure 8a shows the complete data set. In general,
the observed velocities are well reproduced by those pre-
dicted by the model. Figure 8b illustrates some of the
systematic failures of the model. The error (observed
minus predicted) is plotted against the nondimensional
depth for each sensor. In the center of the water column
the model tends to overpredict the offshore flow. Near
the bed the model tends to underpredict the offshore
flow. The most plausible explanation for these failures
is that the parameterization of A, as z independent is
incorrect. A reduced A, near the bed, as suggested by
Svendsen et al. [1987], would allow a stronger near-bed
shear to exist, thus resulting in larger near-bed flows.

Discussion

This model, in general, predicts a velocity profile
marked by offshore flows over the lower portion of the
water column with an offshore velocity maximum near
the center of the water column. Onshore flows, marked
by strong vertical shear, are predicted for the upper por-
tion of the water column. The detailed flow structure is
strongly controlled by the value of A, chosen. If A, is
not a well defined parameter, this model is of limited, if
any, usefulness. As previously noted, the model’s fail-
ures may suggest that a depth—dependent form for the
eddy viscosity is appropriate. Our data set, limited in
vertical resolution, does not allow explicit investigation
of this question. The fitted values of A, should reflect
the horizontal structure of the eddy viscosity, especially
since the bulk of the observations are well removed from
the boundaries of the flow.
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Figure 9 shows the regression of A,, as determined
by the model fitting, against four “candidates” for pa-
rameterization. Figure 9a shows the regression of A,
against a?c, a mixing parameter suggested by Thorn-
ton [1970]. In this discussion the two points from the
outer flank of the bar (runs 17 and 27) have been dis-
carded because they resulted in values of A, which
clearly deviate from any trend. 'The parameter a?o pro-
vides some predictive skill across the factor of 6 range
observed. Predictive skill is somewhat increased by
the choice of akd(ey/p)'/3, incorporating the bore dis-
sipation from the model of Thornton end Guza [1983],
as the independent variable of the regression. Phys-
ically, it seems clear that A,, representing turbulent
fluctuations associated with wave breaking, should be
related to €;. As previously discussed, A, may be ex-
pected to control the internal shear stress, which has
been shown to be strongly related to dissipation [De-
Vriend and Stive, 1987]. Parameters incorporating ¢
have been chosen as those dimensionally consistent pa-
rameters which best describe the variability in fitted
values of A,. Marginally greater skill is exhibited by
regression of A, versus (dk)%c~(es/p)*/3. Both param-
eters, which are functions of ¢;, have behavior which is
largely depth controlled, suggesting that mixing length
arguments may be important.

The final parameter investigated is dv/gd, a parame-
ter suggested by the lab data of Svendsen et al. [1987]

HAINES AND SALLENGER: VERTICAL STRUCTURE OF MEAN CURRENTS

and Stive and Wind [1986]. Predictive skill is lowest for
this choice. More importantly, the regression slope is an
order of magnitude lower than that found by Svendsen
et al. [1987]. This again suggests that laboratory in-
vestigations of wave—induced stresses may be of limited
application to field conditions.

Some additional points may be highlighted by fur-
ther examination of the regression plots. Stations 19
and 21 display the highest fitted values of A,. These
points represent the offshore limits of the data collection
on the two days. To assure that these points are not
controlling the fitted relation, a separate regression was
calculated after removal of station 21. Regression re-
sults are shown by the dotted line and by the regression
parameters within brackets in Figures 9b and 9¢c. The
regression is not markedly impacted by removal of this
point, and the fitted slope is not significantly changed.
Stations 16 and 23 also consistently deviate from the
fitted relations. These points both lie at the base of
the steep inner beach face. This clustering of values
from similar locations, along with the model’s failure to
describe bar flank observations, suggests that the data
exhibit consistent behavior across the two days; and
model shortcomings are similarly consistent.

The values of A, fitted vary by a factor of approx-
imately 10 (from 0.0055 to 0.075 m? s~!). Thus field
measurements of turbulent stresses should resolve the

150
distance offshore (m)

b) Oct. 12

depth (m)

100 150 200
distance offshore (m)

Figure 7. Best fit velocity (U) solution for (a) October
11 and (b) October 12. A, chosen at each station to
best reproduce the observations.



HAINES AND SALLENGER: VERTICAL STRUCTURE OF MEAN CURRENTS

14,233

0.4

02—

U (ms™) predicted

0.0

-0.2 X 1 1 . A .
-0.2 0.0 0.2 0.4
U (ms™) measured
20 T 1 ——— .
F b) ]
- % 3
0.10— -
[ * ]
[ 9§ * % * i
[ wK * % * % ]
5 N * * * N
£ o.00f s .
® - * % % * E
C * * .
C o X ]
i £ * ]
-0.10 * 3
o * ]
-o.20L R R T T T .
0.0 0.2 0.4 0.6 0.8 1.0

z/d
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observed variability if, in fact, the model predictions
reflect real world variability.

The values of A, fitted are clearly dependent on the
input parameters resulting from the wave transforma-
tion and setup modeling. The “error bars” in Figure
9 are an attempt to quantify the sensitivity of the re-
sults to the model inputs. The vertical error bars repre-
sent model results allowing H,n,,,H, and 9, to vary by
420%. The extreme values of A, resulting from all pos-
sible values of the input parameters are shown as error
bars. Horizontal error bars in Figures 9b and 9c repre-
sent a £20% error in estimates of ¢;. Clearly, the trends
exhibited in Figure 9 remain significant. The predictive
skill of the model is not greatly degraded given this
level of variability in the input terms. Model fitting
was also carried out using the setup model of Bowen
et al. [1968]. The general functional form of A, was
maintained. As will be shown later, the setup is the
dominant forcing term for mean currents, and changes
in the input setup gradient are largely balanced by rel-
atively modest changes in A4,.

The implications of the parameterizations of A, as a
function of €} are shown in Figures 10 and 11. These
figures show the predicted currents across the bar for

the the parameterization 4, = f(e:/ 3) and a constant
Ay # f(z) at varying tidal stages. These results dif-
fer only slightly from applying the parameterization
A, = f(c;/ %). Figure 10 shows the results for a tidal
stage 25 cm below MWL. The cross-shore variability in
A, is shown in Figure 10c. The low values of A,(z) in-
shore of the bar allow strong vertical shears to exist in
the current structure. In contrast, across the bar crest
and offshore, the variable A, (z) greatly reduces the flow
velocities compared to the constant A, case. While the
data does not incorporate sufficient cases (low tide or
sensors near the bar crest) directly comparable to this
case, the constant A, results are clearly unrealistic.
Figure 11 shows a high—tide scenario with still wa-
ter levels of 1 m above MWL. Clearly, the values of A,
are enhanced relative to the low—water scenario. The
model results are similar to those shown previously, al-
though the impact of allowing .4, to vary is somewhat
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reduced. Investigation of nearshore stresses should con-
firm, or contradict, the predicted horizontal and tidal
level variation. The elevated values of A, () seen across
the bar in both scenarios may contribute to the reduced
velocities observed on the outer bar flank.

The uniformly greater velocities and larger shears
exhibited at lower water levels have significant impli-
cations for sediment transport modeling. The model
suggests that tidal level may have a rather large influ-
ence on beach response to storm events. This model
prediction is certainly amenable to evaluation by fur-
ther data collection on natural beaches.

In none of the scenarios presented were near-bed on-
shore flows predicted. The reason for this result can
be seen by examination of the dominant terms within
the velocity model (equation (11)). The model predic-
tion across the nearshore (for the high-tide scenario)
is again shown in Figure 12. The “image” shown in
Figure 12b identifies the dominant term contributing

to the model solution. Contours show the ratio of the
dominant term to the second largest term in magnitude
(shown in Figure 12a, along with the underlying pro-
file). Figure 12, and Figure 13 (the low-tide scenario),
are virtually identical for either of the eddy viscosity
parameterizations incorporating €;. The left-hand side
of Figure 13 (blacked out) represents a region which is
subaerial at the specified tidal level.

It is clear that in both tidal scenarios, the modeled
flow is dominated by the contribution from the mean
setup gradient. Away from the bed (z/d > 0.4) the sec-
ondary input is primarily from the continuity term, an
estimate of the mass transport above the trough level.
The contour values suggest that across much of the wa-
ter column, the setup term is a factor of 2 or more larger
than the lesser contributors. Neither the setup term
nor the mass transport term are well defined by obser-
vations. Further field work constraining these terms is
clearly indicated.
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(dk)20~1(ep/p)?/® for low-tide conditions. (c) The spatial structure of

Ay (= f(es/p)*3) (dotted line).

Near the bed the secondary terms are primarily the
boundary layer streaming term (A2k), with the radi-
ation stress term ((A42%),) encompassing significant re-
gions of the low tide scenario. Negative contour values
suggest that these terms are acting in a contrary sense
to the setup term which dominates. Thus while the
near-bed flow remains offshore, it is somewhat reduced
by the influence of these secondary terms. A. Bowen
(personal communication, 1992) has observed onshore
near-bed flows over a barred nearshore. QOur model
uniformly predicts offghore flows. Moderate variation
of the input parameters (H,,,s, H, and n,) did not re-
sult in onshore flows. Further model runs across a wider
parameter space including 8 and o may be warranted.

Figure 14 shows the contributing terms to the mean
velocity (equation (11)) for the low-tide scenario. The
right—hand panels show the cross-shore structure; Fig-

ure 14b also shows the underlying beach profile and
sensor locations for October 12. The left-hand panels
show the vertical structure for the the two stations in-
dicated by the asterisks. Figure 14 shows that the wave
induced forcing exhibits steep gradients across the bar
and in the vicinity of the steep inshore beach face. As
suggested by the previous figure, the setup term dom-
inates the solution, uniformly forcing offshore flow in
the lower portion of the water column. The continuity
term, increasing rapidly toward the surface, becomes
increasingly important high in the water column. The
radiation stress term (A?), largely acts contrary to the
setup term (as suggested by the contour values in Figure
13). While the boundary layer streaming term (Figure
14d) exhibits strong near bed gradients, the coefficient
describing the horizontal variation is everywhere small.
Thus the near-bed flows are everywhere offshore.
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dotted line).

The topmost panels in Figure 14 show the behavior
of the term incorporating ;. This term, as previously
suggested, is everywhere small, validating its omission
from the model fitting.

Conclusions

Overall, the model predicts the observed velocities
quite well. Model results depend critically on the cho-
sen value of A,. The parameterizations presented,
A, = f(es), describe the bulk of the data. Results
clearly suggest that A, varies substantially across the
surf zone. Deviations from these parameterizations
show systematic behavior across the 2 days investigated.
This may provide useful information in modifying the
model and determining an improved parameterization
of A,. Model errors may suggest that a vertically vary-

ing A, is appropriate, particularly near the boundaries.
Obviously, improved observations of mean flows adja-
cent to the surface and bottom boundaries are needed,
as are direct observations of turbulent stresses.

The predicted mean flows are one crucial component
in development of a reliable model of sediment trans-
port and beach evolution within the surf zone. Without
simultaneous investigation of the wave-induced trans-
port, it is difficult to evaluate the impact of any mean
flow model. The mean flows predicted are consistent
with the noted offshore migration of the bar [Sallenger
et al., 1985]. Quantitative prediction of profile evoulu-
tion would require careful evaluation of the near-bed
flows and stresses, a task inconsistent with the simple
model we have presented.

The model depends heavily on knowledge of the in-
cident wave field and the mean setup of the sea surface.
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The parameterizations of A, investigated appear robust
to errors in the inputs describing the wave field and the
mean setup. Predictive models of the mean flow require
reliable models of wave transformation and setup, with
well-defined model parameters. The model of Thornton
and Guza [1983] is found to adequately model the wave
field. Application of this model requires specification
of B and 7. The parameterization of 7 has been in-

vestigated by Sallenger and Holman [1985] and may be
estimated with only limited confidence. The parame-
terization of B is largely unknown. The form presented
here, B = f(&), is based on very restricted data and
warrants further investigation.

Similarly, the model for wave setup is poorly con-

strained by field data. Figure 12 shows the importance
of setup as a driving term for nearshore circulation.
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Figure 13. (a) Secondary (in magnitude) term in the velocity solution for low-tide conditions,
with superimposed beach profile. (b) Dominant term in the velocity solution. Contours in Figure
13b describe the ratio of the primary to secondary terms.

Setup is clearly the dominant forcing for the flows ob- mixing and assumes A, # f(z,t). Both these assump-
served. Field verification of setup models are critical to  tions demand further field investigation, and the exist-
further evaluation of modeling efforts. ing data may suggest that these assumptions are wrong.

The model is simplistic in that it neglects horizontal Nonetheless, the current effort is largely consistent with
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the data available. The model is largely successful in w = 1 P, (interior of fluid)
describing the interior mean flows across a complicated L p
nearshore. 1

U — Ayu,, = —;P,, (boundary layer) (15)

Appendix 1: Wave—induced Velocities . ,
following Russell and Osorio [1967]. The turbulent

The turbulent boundary layer is modeled by the sim- boundary layer results from the imposition of a no-slip
plified equations of motion condition at the bed in the presence of waves. This
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boundary layer, forced by waves, is not to be confused
with the mean current boundary layer, which occupies
the entire water column. By equating the pressure
terms, P, in (15), we arrive at an equation for the
velocity given by

U = ('u-')loo + 14,,‘“3,,, (16)
where |,, denotes values in the fluid interior due to

waves. This equation is subject to the boundary condi-
tions

0 at z=0

u =

(17)

u =y at z = oo,
where u|_ is given by equation (9). Assuming Av #
f(z,1), the solution for u is given by

u = Alcos(kz + ot) — e~ ? cos(kz + ot — 4)], (18)
where ¢ = 2'/6 and § = (24,/0)"/2. The eddy viscos-
ity in the boundary layer solution is the same as that in
equation (4). Svendsen et al. [1987] and Deigaard et al.
[1991], on the basis of laboratory observations, would
suggest that the boundary layer eddy viscosity is greatly
reduced relative to that seen in the fluid interior be-
cause of turbulence generated by breaking waves. Sim-
ilar observations are not available for field conditions.
We note that the vertical structure of the mean flow
seen in the lab is different in character from the data
discussed herein. In the absence of relevant field obser-
vations of the near-bed stress distribution, we choose to
impose a constant eddy viscosity throughout the water
column. We stress that this choice is probably incor-
rect. Without direct turbulence measurements, or sub-
stantially increased vertical resolution in the mean flow
observations, we have insufficient data to define and
verify more “realistic” models of the eddy viscosity.

The vertical velocity w is given from continuity by

w, =

(19)

_um
’

Z
— / uy07.
0

w

Thus w is given by

_A6 [¢ cos(kz + ot)
—% cos(kz + ot)(sin ¢ — cos ¢)
+£5° sin(kz + ot)(sin ¢ + cos ¢)
—-;-{cos(k:l: + ot) + sin(kz + 01)}]
+4kS  [gsin(kz + ot)

—% sin(kz + ot)(sin ¢ — cos ¢)

- e? cos(kz + ot)(sin ¢ + cos ¢)

—+{sin(kz + ot) - cos(kz + a't)}]
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+Ah, [e’¢ cos(kz + ot) cos ¢
+e~?sin(kz + ot) sin ¢ — cos(kz + a’t)]
—Ab; [¢e'¢ cos(kz + ot) cos ¢

+¢e~?sin(kz + ot)sin ¢

—£22 cos(kz + ot)(sin ¢ — cos @)

+5% sin(kz + ot)(sin ¢ + cos ¢)
—1{cos(kz + ot) + sin(kz + at)}] - (20)

Appendix 2: Wave Transformation
Model

The wave height transformation model is based on
an energy flux balance. Energy losses associated with
wave breaking are modeled using observed breaking
wave heights coupled with a periodic bore dissipation
model. The model is given by

8EC,,
azg ={e),

where E is the energy density, Cy, is the £ component
of the group velocity and (e;) is the bore dissipation.
The energy density is given, to lowest order, by

(21)

1
E= gngrzms’ (22)
and the group velocity is
C 2kh -
== _— [
Coe =3 (1 + Snn 2Ich) cos?, (23)

where 8 is the mean wave direction (here assumed to be
0) associated with the average frequency corresponding
to the peak of the spectrum. The root mean square
wave height, H,,,, is calculated from observed veloci-
ties as

Hyms = 2V2{ /0

0.33 ]

[H(H)IPIGu(f) + Go (A},
(24)

where Gy(f) is the cross—shore flow spectrum, G,(f)

is the alongshore flow spectrum, and H(f) is the linear
transformation function given by

sinh |k|h
o cosh(|k|(h+ 2))’

.05

H(f)= (25)

Describing the probability function of breaking wave
heights, p,(H), as a weighting of the Rayleigh distribu-
tion for all waves, p(H), such that

po(H) = W(H)p(H), (26)

where
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wo = (Zz) [1-ew-0] <1 @0

and n = 2, results in a form for the dissipation of

3/ —H? 1
(@) = Ié—praf ohs |1 —5
Hym,
1+ ()
(28)

In equation (28), f is the average frequency correspond-
ing to the peak of the spectrum and ¥ is an adjustable
coefficient given by

Hyms = 7vh. (29)

Values for v are determined from the sled data, follow-

ing Sallenger and Holman [1985]. Best fit values are-

shown in Figure 15 for all runs. The data clusters into
two groups. Data on the outer flank of the bar are de-
scribed by a larger value of 4. This is suggestive of a
zone where breaking waves, propagating over rapidly
varying topography, cannot achieve the saturated con-
ditions prescribed by a simple model, H = yh. A value
of ¥ = 0.34 will be used in subsequent application of
the wave transformation model.
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Figure 15. Regression of H against h for all data.
Separate regressions are shown for runs on the outer
bar flank (denoted by [ ]) and all other data runs.
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Sallenger and Holman [1985] also suggested (using
the same data set examined here) that v was a function
of the local beach slope 8. A. Bowen (personal commu-
nication, 1992) has found that incorporating v = f()
in the model of Thornton and Guza [1983] reduces the
variability in B required to reproduce observed wave
heights. This approach, applied to this data set, did
not result in more stable estimates of B.
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