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ABSTRACT

Meadows, Guy Allen, Ph.D., Purdue University, December 1977.
A Field Investigation of the Spatial and Temporal Structure
of Longshore Currents. Major Professor: William L. Wood.

Longshore currents are generated by wind waves appro-
aching a coastline at an angle and are strong narrow cur-
rents flowing parallel to the beach through the surf zone.
Knowledge of the spatial and temporal character of this
flow field has been markedly lacking. The horizontal and
vertical distribution of the longshore current flow field
has not previously been measured on a natural beach.

This field invéstigation was conducted to obtain
simultaneous and continuous measurements of the horizontal,
vertical and temporal variability of the longshore current
flow field. The present study has resulted in a two-dim-
ensional mapping, across the surf zone and with depth, of
the longshore current flow field. The vertical structure
of the mean longshore current flow field ‘is nearly uni-
form with depth, with a narrow bottom boundary layer and
sharp velocity gradients at the water-sediment interface.
This investigation has also shown that the total longshore
current velocity vector, at any point across the surf zone,
is composed of three distinct velocity components. These
components are: i) a steady longshore current velocity
component; ii) a long-period fluctuating velocity component
which tends to be out-of-phase with the incident wave

field and; iii) a short-period fluctuating longshore cur-
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rent velocity component which tends to be in-phase with
the incident wave field.

The results of this study have further indicated
that neither the deterministic radiation stress approach
to the prediction of longshore currents, nor a probabilis-
tic formulation, provide adequate prediction of the mag-
nitude or distribution of the longshore current velocity
across the surf zone. In addition, the existence of a low
velocity zone in the longshore current flow field has been
isolated over the submarine bar. It appears that existing
analytical formulations for longshore current flow pre-
diction must be re-evaluated in light of the findings of

this study.




CHAPTER I

INTRODUCTION

Longshore currents are generated by wind waves
approaching a coastline at an angle. These obliquely
incident surface water waves, provide energy and impart
‘momentum to the fluid of the surf zone producing a net
flow in the longshore direction. Longshcre currents are
strong, narrow currents flowing parallel to the beach and
are bounded by the water surface, the sub-aqueous beach
and the somewhat arbitrary limit of the breaker zone on
the seaward side. Knowledge of the spatial and temporal
character of this flow field is markedly lacking. The
horizontal distribution of the mean longshore current
velocity across the surf zone has not previously been
measured on a natural beach. In addition, the vertical
structure of the longshore current flow field, as well as
its temporal dependency, have received no previous experi-
mental or theoretical attention. Yet, it is this fluid
flow which is responsible for the transport of beach sedi-
ment, resulting in areas of severe coastal erosion.

The first documented observations of longshore cur-
rents were made by Shepard, Emery and LaFord (1941) who

noted floats released in the surf zone exhibited a net
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drift parallel to the beach. They also noted that the mag-
nitude of this current correlated with the heights of the
incomming waves. Since these initial observations, both
theoretical development on and experimental observation of
longshore currents have improved greatly. However, to date
neither theories, nor experimental observations provide an
adequate understanding of the generation and maintenance
of longshore currents.

Steady state longshore current theory has been devel-
oped in an Eulerian reference frame; however, most existing
field data are the result of Lagrangian measurements.
Hence, little basis exists for comparison of theory with
existing experimental data. It is, therefore, apparent
that existing field are lacking in several respects. Specific-
ally, no complete one-dimensional mapping exists of the
mean longshore current flow field across the surf zone.
Likewise, the vertical structure of the longshore flow
field has not been experimentally measured, nor theoretic-
ally analyzed. Furthermore, insight into the time depen-
dent vertical structure of the longshore current velocity
field is perhapse the most important aspect necessary to
provide a better understanding of nearshore physical
processes.

A comprehensive field investigation of longshore
currents is clearly needed. Such a study should be con-
ducted in an Eulerian frame-of-reference to provide for
the best comparisons with existing Eteady state longshore
current theory. Since longshore currents are wind wave
induced, measurements of surface gravity wave transfor-

mations through the surf zone must be made simultaneously




with longshore current measurements. This investigation
must provide physically sound expectations of the driving
forces of longshore currents. Likewise, interactions be~
tween waves and wave groups should be considered, to more
fully understand the complex nature of the total, time-
dependent, longshore current flow vector at a given
location in the surf 2zone.

To analytically predict the total two-dimensional
longshore current velocity field from the non-linear, time
dependent, Navier-Stokes equations is untenable. Solutions
to this system of equations using the prescribed boundary
conditions for shallow-water wave-induced motions only
exist under very restrictive, linearizing assumptions. These
solutions were first set forth by Longuet-Higgins
and Stewart (1960, 1962, 1963, 1964), Whitham (1962) and
Longuet-Higgins (1970 a and b), subject to. the following
boundary conditions. The incident wave field is required
to be two-dimensional and statistically steady in its mean.
This restriction eliminates the existence of significant
long period fluctuations in the longshore current velocity
field which are induced by either growth or decay of the
wave field incident at the outer surf zone. This restriction,
however, does not necessarily preclude either wave trans-
formations within the surf zone or periodic variation of
wave characteristics due to the presence of wave groups.
The total longshore current velocity vector is constrained
to vanish at both the maximum wetted extent of the swash
on the beach and at a sufficient distance beyond the region
of wave breaking in the surf zone. The bottom boundary

is assumed rigid and impermeable, and its offshore variation
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is represented by a smoothly varying continuous funccion
of x, the offshore variable. Subject to these conditions,
a total analytical solution for two-dimensional, time-
dependent, longshore current flow is still untenable.
Therefore, a field study was undertaken, in order to eval-
uate longshore currents and their driving forces.

The purpose of this study was to provide a compre-
hensive and well-documented set of observations of longshore
current velocities in a natural but selected situation and
to develop a physical understanding of the behavior of
longshore currents. The first objective of this study was
to obtain a comprehensive, integrated, time synchronous,
base of wave and current data which could be used to pro-
duce a two-dimensional mapping of the longshore current
flow field. The second objective of this investigation
was to identify and isolate driving forces of longshore
currents within the surf zone. The third objective was to
obtain field observations of the vertical structure of the
longshore current flow field.

Field investigations were conducted along a relatively
straight section of Lake Michigan shoreline characterized
by a multiple barred configuration (Figure 1.1). The field
site was centrally located along an unrestricted thirteen
kilometer section of beach between the cities of Ludington
and Pentwater, Michigan. Synoptic scale atmospheric dis-
turbances pass through this site on three- to five-day
intervals during the spring and fall seasons. Generally,
these disturbances generate surf of approximately one
meter in height arriving at the shoreline at low incidence

angles.
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Figure 1.1 Location map showing site of field investigations.
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It is anticipated that results from this investigation
will provide a better physical understanding of longshore
current structure and its time-dependent variability.
Furthermore, the relationship between longshore current
behavior and incident wave conditions will be more fully
understood. These results may, in turn, provide the neces-
sary insight to re-examine the analytic treatments of
longshore current prediction. Most importantly, the results
of this study will provide a better conceptualization of
longshore currents which can be applied to the solutions
of problems of sediment transport rate estimation and

dangerous surf condition prediction.
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CHAPTER 1II

REVIEW OF PERTINENT LITERATURE

Classically, longshore current velocity has been .
modeled as a function of wave height, period, celerity
and angle of approach at breaking as well as the local
water depth (Galvin, 1967). Theoretical approaches to the
prediction of longshore current velocity can generally
be grouped into one of four categories: i) conservation
of energy (or momentum) (Putnam, Munk and fraylor, 1949;
Galvin and Eagleson, 1965; Eagleson, 1965); ii) conser -
vation of mass (Bruun, 1963; Inman and Bagnold, 1963;
Galvin and Eagleson, 1965); iii) empirical correlation

(Inman and Quinn, 1951; Brebner and Kamphuis, 1963;

Harrison and Krumbein, 1964; Harrison, 1968) and iv) radiation

stress forcing (Longuet-Higgins and Stewart, 1963; Bowen,
Longuet-Higgins, 1970a ; James, 1974 a and b). The latter
of these four approaches is perhaps most successful. The

approaches themselves are exact with respect to physical

arguments, however, weaknesses in the solutions are

introduced in the form of simplifying assumptions which

8
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3llow exact solutions to an approximation of the actual
physical problem, rather than an approximate solution to the
exact problem.

Conservation of momentum and energy approaches to the
analytical solution of the longshore current flow field were
first set forth by Putnam, Munk and Traylor (1949). The
basic approach encompassed by these methods was to consider
momentum and energy fluxes into and out of a unit control
volume of surf zone. The use of solitary wave theory in
conjunction with the assumption of constant partitioning of
the energy flux in the surf zone formed the basis for the
development of an energy equation for the mean longshore
current velocity. A second equation for the mean longshore
current velocity was also obtained from a conservation of
momentum approach within the surf zone. These two expres-
sions, containing three unknowns; the longshore current vel-
ocity, the fraction of incoming energy flux available to

drive the longshore current and the Darcy-Weisbach friction

factor, provide no means for an independent solution. Hence,

an implicit solution for one of the independent variables
is necessary. Furthermore, bathymetry is restricted to

straight and parallel contours with constant slope and the
angle of wave approach is held constant with no provisions
for shoaling induced refraction of wave crests through the
surf zone. Therefore, the derived expressions are indepen-

dent of local water depth and distance from the shoreline.
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This formulation predicts no variation of the longshore cur-
rent velocity either across the surf zone or with depth and
hence, does not require the velocity to vanish at the boun-
daries. The breaking wave height is assumed to be a mani-
festation of the magnitude of the longshore component of

the breaking wave horizontal particle velocity resolved in

the longshore direction c, sin GB. It is further assumed

B
that this truly oscillatory component, when time averaged,
was the primary driving force in the surf zone responsible
for producing a mean longshore current. It is assumed that

in shallow water the wave celerity at breaking can be

adequately repres: ed by

cy = YglHg + z)
which leads to an ambiguous conclusion. Accepting the pre-
mise that energy losses, not accounted for by this approxi-
mation exist, the driving component associated with the
horizontal component of the wave particle velocity must be

of greater magnitude than the resulting longshore current

velocity,

v2

f(cB sin 68 - V)

sin eB > v

or
C

B
This result is not usually observed in nature, implying other
mechanisms, not accounted for by a simple time averaged mom-
entum balance, must be associated with the generation of

longshore currents.

Longshore current prediction formula set forth by Galvin




1

and Eagleson (1965) and Eagelson (1965) represent additional
attempts to incorporate the contribution of the longshore
component of the breaking wave horizontal particle velocity
into theory. However, both of these formulations only agree
with early Lagrangian velocity observations of longshore
currents and do not agree with data now available.

Early conservation of momentum and energy approaches
have led to the investigation of longshore currents based
on continuity considerations (Bruun, 1963). The conserva-
tion of mass formulation attempts to recognize the existence
of driving forces, within the surf zone, other than the
longshore horizontal momentum component of breaking waves.
An attempt to establish a more realistic representation of
the nearshore sea surface is exemplified by the use of the
significant wave height. This approach discriminates those
waves most likely to make significant contributions to the
longshore current dynarics from the total spectrum of waves
that enter the surf zone. This approximation, however,
only represents about one-sixth of the total waves passing
the break point. The basic assumption in the conservation
of mass approach is that a wave breaking at an angle to
the beach contributes mass to the surf zone and raises the
local mean water level. This creates a slope in the water
surface which generates a longshore current. Variation of
still water level at different locations along the beach
imparts a longshore slope to the free water surface. The

differential pressure head associated with this slope
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initiates flow from areas of high to low pressure. Hence,
the velocity of the longshore current is controlled by the
frictional pressure head loss within the current itself.
The non-uniformity of these conditions implies variation

of the longshore current flow field in the longshore direc-
tion and forms the basis for theoretical treatments of rip-
cell generation (Bruun, 1963; Bowen, 1967). Rip-channels
are formed at low areas of wave and slope water set-up

and flow perpendicular to the beach. This is a necessary
and sufficient condition to satisfy conservation of mass

in the surf zone since the continuity constraint can not
justifiably be met by imposing return flow, with depth
throughout the surf zone.

Modifications of the conservation of mass formulation,
set forth by Bruun (1963), have been suggested by Inman and
Bagnold (1963), and Galvin (1967). These.alterations, how-
ever, vary only slightly from the expressions developed by
Bruun. Although accounting for return flow of nearshore
water through rip cell circulations, they aiso predict no
variation of the longshore current profile with distance
‘offshore or with depth.

The empirical correlations of Inman and Quinn (1951),
Brebner and Kamphuis (1963) and Harrison and Krumbein (1964)
are perhaps the best predictors of longshore current velocity.
"Because of the inadequacies of physical theory, empirical
correlation offers the most promise (Brebner and Kamphuis,

1963) , but as yet such correlations have not been developed
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from usefui data" (Galvin 1967). 1In general, the dependence
of these correlations on deep water wave parameters has made
them difficult to evaluate with existing nearshore measure-
ments. Harrison and Krumbein (1964) performed multiple
linear regression on eleven field variables and found that
the greatest variance was accounted for by the wave period,
deep water wave height, beach slope, onshore wind speed,
offshore wind speed and deep water wave direction.

All the above mentioned theories, as well as empirical
correlations, are greatly compromised by over simplifications
and the lack of reliable field data (Galvin, 1967). These
theories employ only theoretical relations for wave charac-
teristics, energy dissipation within the surf zone and cur-
rent flow regimes and also fail to distinguish between
breaker type and the method of energy dissipation within
the wave itself.

Perhaps the most sophisticated and least restrictive

-approach to the study of longshore currents has been set

forth in terms of the radiation stress associated with water

.waves (Lonquet-Higgins and Steward 1960, 1962, 1963, 1964;

Whitham 1962; Bowen 1969; Lonquet-Higgins, 1970 a & b, and
James, 1974b). The methodology of this approach implies
that the magnitude of the longshore current velocity is pro-

portional to the incoming wave energy and that the momentum

of the imcoming waves is proportional to the radiation stress.

This local stress due to momentum fluxes in the longshore
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direction can also be shown to be proportional to the rate
of dissipation of wave energy, where dissipation is distrib-
uted between bottom fricticn and internal losses within
the breaking waves themselves. The applicability of this
approach is limited by the lack of an adequate understand-
ing of the complex interactions within the surf zone. Also,
no satisfactory theory of breaking waves, under natural
conditions, exists. The extensive use of small amplitude
wave theory in the shallow water regions where the neglect-
ed non-linear effects are of critical importance, must be
questioned. "The remarkable fact that these theories often
give results in reasonable agreement with observation may
be due partly to good luck, and partly to the fact that
they may be dimensionally correct", Lonquet-Higgins (1972).
Utilization of the radiation stress concept allows
the local energy density, associated with surface water
waves, to be expressed as a function of the wave height
squared (per unit horizontal area of the surf zone). This
expression,‘although correct to second order in small ampli-
tude wave theory, is not broad enough to fully represent
both the laminar and turbulent regimes of surf zone dynamics.
The energy flux toward the shoreline is represented as a
function of the wave energy density incident at the outer
surf zone and the rate of energy propagation of the wave
train, the group velocity. The existence of energy dissipa-

tion mechanisms within the surf zone such as bottom friction,
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wave breaking and the generation of turbulence insure that
the energy flux through the surf zone is not constant.
Hence, the longshore current velocity which is directly re-
lated to the rate of energy dissipation, becomes a function
of the distance offshore and surf zone width.

Outside the breaker line the flux of energy is approxi-
mately constant. Dissipative stresses are assumed small,
therefore, to an order of approximation, no driving forces
for the longshore current are operative. However, the mean
velocity of the longshore current is directly proportional
to the local water depth, hence, the maximum flow can be
anticipated to exist at the break point. Conversely, long-
shore current velocity, under the assumption of no lateral
mixing, should theoretically vanish at the break point.
However, under either condition no flow is expected to be
generated beyond the breaking depth of the incident waves.
Therefore, a discontinuity in the velocity profile exists
at the breaker line.

The addition of horizontal mixing to the formulation
of longshore current theory has marked affects on the appli-
cability of the method (Lonquet-Higgins 1970b). This addi-
tion causes a shoreward shift in the maximum of the long-
shore current velocity profile. The profile also loses its
linearity and expands offshore, outside the break point.
Estimates of horizontal eddy viscosity based on mixing

length theory, eliminate the momentum discontinuity and the
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associated velocity discontinuity across the breaker line.
This "averaging" across the breaker line results in a
smooth velocity profile and a more conservative longshore
current velocity estimate. These modifications bring the
radiation stress predictions of longshore current velocity
closer to observed current velocities.

Variations, on the radiation stress approach to the
study of longshore currents, have been suggested by several
authors (Bowen, 1969; Komar, 1971; Thornton, 1971; Earl,
1974; James, 1974b) . These modifications incorporate the
effects of wave induced set-up and set-down within the surf
zone and wave shoaling transformations to generate longshore
current flow. However, longshore current velocities pre-
dicted from these radiation stress formulations agree only
with experimental results under idealized conditions.

Komar and Inman (1970) formulated a relationship be-
tween the average longshore current velocity and the maxi-
mum horizontal particle velocity under waves in the surf
zone. From the simultaneous solution of two independent
estimates of longshore sediment transport, a direct compar-
ison was made between the average longshore current velocity
and the longshore component of the breaking wave particle
velocity. However, it was assumed that the stress exerted
on the beach by the incident wave field was a constant
fraction of the radiation stress in the onshore direction.

As stated by Lonquet-Higgins (1972), "experimental evidence

PROSISES R
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shows that the onshore component of the radiation stress is
largely balanced by the wave set-up (Lonquet-Higgins and
Stewart, 1963; Bowen, Inman and Simmons 1968)".

The assumptions employed in all of these solutions,
especially the use of linear wave theory in shallow water,
still remain far too restrictive to produce physically real-
istic predictions under natural conditons. In an effort to
provide a more realistic representation of the surf zone

driving forces, a treatment of surface wave climates by

statistical means has been employed, (Lonquet-Higgins, 1957).

Application of this approach to nearshore wave induced cir-
culation has been the subject of recent work by Collins (
1972) . Utilizing probability distributions of wave charac-
teristics across the surf zone, in contrast to a monochrom-
atic wave assumption, provides a much better approximation
of observed shallow water wave conditions. The modification
on the dynamics of nearshore processes results from waves
no‘longer being forced, by wave height to depth limitations,
to break at one fixed point. Instead, the breaker line
becomes a breaker zone aﬁd the region of the surf zone over
which energy dissipation due to wave breaking is the
primary dissipative force, becomes broad. Hence, the unre-
solved question of the validity of the assignment of a

wide range of values of horizontal eddy viscosity across

the breaker line (Thornton, 1971) is eliminated. This re-

laxation in the rigidity of the basic formulation greatly

p—
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increases the intuitive validity of the physical arguments
for the generation of longshore current flow, from the fluid
dynamics standpoint.

Employing this computational approach suggested by
Collins (1972), both barred and unbarred subagueous bench
topography can be easily evaluated. Variation of bottom
configuration produces marked alterations in the prediction
of both longshore current velocities and the surface current
profile across the surf zone. Addition of a subaqueous
sand bar in the nearshore bathymetry results in the predic-
tion of a double maximum in the longshore current velocity
profile across the surf zone (Collins, 1972). Maxima
are located on the offshore side of the subaqueous bar and
between the bar and the shoreline. Undeﬁ variable sea state
conditions the flow field becomes more sensitive to beach
steepness. As beach slope increases, strong and more con-
centrated longshore currents are expected. However, under
these conditions wave set-up tends to decrease in magnitude.
In general, the non-monochromatic sea tends to generate
less variation in both set-up and set-down across the surf
zone.

The initiation of probability distributions to charac-
terize shoaling surface gravity waves is perhaps a step
forward from the monochrmoatic assumption. However, caution
must be exercised in their use. Although the probability
distribution may adequately represent the ensemble of waves

present over a given time period, those waves did not
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necessarily arrive in a random manner. In addition, the
subsequent use of linear wave theory through the surf zone
in the computational procedure detracts from this approach.
The recognition of complex interactions between waves and
currents and their associated non-linearities cannot be
adequately expressed within the context of linear wave
theory or with probability distributions derived from

this approach.

The results of this approach may be summarized as
follows: The maximum of the mean longshore current velocity
profile is shifted shoreward from its position under mono-
chromatic wave incidence. The mean longshpre current vel-
ocity profile across the surf zone becomes somewhat flat-
tened, suggesting a more gradual dissipation of wave energy
through the surf zone, thereby decreasing the maximum ex-
pected velocity. The tail of the longshore current velocity
profile extending beyond the breaker zone in the offshore
region is more pronounced than in the mogochromatic case,
suggesting a greater contribution to thé net horizontal mix-
ing across the surf zone. Variations in wave induced set-
up and set-down through the surf zone tend to be more subtle
thus, suggesting that the slope water contribution to the
longshore current flow field may be of less significance
than originally anticipated. Dependence of the longshore
current on incident wave angle is also modified from pre-

vious theoretical developments, suggesting the current

-
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should achieve its maximum velocity at incident wave angles
of sixty degrees.

Other variations of longshore current theories have
been suggested which employ specific forms of probability
distributions of the incident wave field. The use of a
Rayleigh distributed sea surface, a good approximation for
fully developed sea, provides a reasonable prediction of
wave conditions outside the surf zone. However, the exten-
sion of this assumption through the surf zone is of margin-
al value. Non-linearities associated with shoaling waves
produce skewness in the distribution of wave characteristics
through the surf zone (Wood, 1977).

Power spectra derived from a Rayleigh distribution of
wave heights has been applied to the theoretical development
of the longshore current flow field (Earl, 1974). The in-
clusion of a horizontal eddy viscosity that is dependent on
position within the surf zone, under the assumption that
surf conditions are restricted to only spilling breakers,
has been set forth in a theoretical development by Thornton
(1971). Results obtained from these approaches are similar
to those discussed earlier. The maximum longshore current
velocity is decreased and shifted shoreward from the mono-
chromatic case. The addition of lateral diffusion of momen-
tum across the surf zone results in the longshore current
velocity profile extending beyond the zone of active waveA

breaking.
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Under conditions of obliquely incident sea waves,
topographically controlled meanders of the longshore cur-
rent flow field have been predicted by numerical solutions
(Noda, 1974). By forcing a zerc velocity streamline into
the flow field perpendicular to the beach, these meanders
can be transformed into longshore current flow and rip
cell circulation. A similar flow condition has been ob-
served by Sonu (1972) under field conditions.

One observation appears to stand out before all others,
modeling of longshore current flow is lacking both experi-
mental observations and reasonable modeling criteria. 1In
a thorough evaluation of published longshore current studies,
Galvin (1967), also states that "the two principal unkowns
responsible for uncertainty in field data are: the effect
of variations in nearshore hydrography (Sonu, et al., 1967)
and the effect of substituting a mean value for the distri-
bution of values of each measured variable."

The effect of variations in nearshére hydrography has
since been investigated in some detail (Harrison, 1968;
Sonu, 1973; Noda, 1974). However, the practice of using
mean values for the distribution of variables has continued
and as a consequence has reinforced the development of
steady and quasi-steady longshore current theory (Bowen,
1969; Thornton, 1971, Lonquet~Higgins, 1970a and b, 1972).
S}gnificant temporal variations have been observed in long-

shore current velocity measurements. Putnam, Munk, and
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Traylor (1949) observed velocity variations as large as
¥ 2% percent of the mean during their Lagrangian field
measurements of longshore currents. These observed varia-
tions were determined to be time dependent with a period
from three to five minutes. Inman and Quinn (1951) noted

a large variability, 300 to 500 percent, in successive
thirty second time averaged Lagrangian measurements of
longshore currents. They attributed these large variations
to variability of wave height with time and to the "cell-
like" circulation along the shore. It was their conclusion
that at least 5 successive thirty second observations must
be made in order to obtain a mean longshore current with an
average coefficient of variation comparable to the standard
error obtained from their prediction formula. Harrison
(1968) observed variations in longshore current velocities
measured along successive adjacent segments of the beach
using Lagrangian techniques. Deviations in longshore cur-
rent velocity between two adjacent 30.5 meter lengths was
determined to be within ¥ 10 percent of the "true" velocity
under similar conditions. The general conclusion of these
and other field and laboratory studies is that temporal
variations in longshore currents are relatively unimportant
to the determination of longshore current velocity.

Recently, an investigation by Dette (1974), using a two

component electromagnetic current meter, showed temporal

variations in longshore current velocities of ¥ 100 percent

s
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with as many as nine fluctuations per wave period. Dette
(1974) observed changes in the instantaneous longshore

speed from 0 m/sec to 2.0 m/sec within a fraction of a
wave period. These field measurements by Dette as well as
similar observations by Huntley and Bowen (1974) and field
measurements of the vertical, time dependent, longshore cur-
rent structure made by Wood and Meadows (1975) strongly
support the concept that significant unsteady motion does
occur in longshore currents over relatively short periods

of time and that time averaging is a physically inappropri-

ate procedure.
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CHAPTER III

SPATIAL AND TEMPORAL CHARACTERISTICS OF

LONGSHORE CURRENTS

Introduction

Classically, the generation of wave-induced longshore
currents has been analytically treated as a steady flow
parallel to the shoreline. Longshore current theory has
subsequently been developed in an attempt to predict the
one-dimensional, steady-state surface distribution of long-
shore current velocity, across the surf zone.

It has long been recognized that the general flow
distribution of the longshore current velocity field is
non-uniform across the surf zone. Assumptions in the
theoretical formulation, that the flow velocities must
vanish at both the onshore and offshore limits of the long-
shore current, give rise to the expectation of a velocity
distribution across the surf zone which contains a single
maximum. The location of this velocity maximum is de-
pendent upon several factors, yet, its location is generally
hypothesized to be near the incident wave break point. It
is at this point in the surf zone that both the wave height
and wave horizontal particle velocity reach their maximum

values. Hence, it is in this region that surf zone forcing
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functions of longshore currents are also theorized to attain
their greatest values. This expectation is supported by
longshore current velocity profiles observed during the
model studies of Galvin and Eagleson (1965). However, prior
to this present investigation no field verification of this
hypothesis existed.

Longshore current theory has been derived under the
assumption that vertical uniformity exists in the flow
field. This assumption is applied by vertically integrating
the continuity equation from the bottom to the free surface.
Hence, any vertical variation in the flow field has been
eliminated and the longshore current can be treated analyt-
ically as a vertically uniform one-dimensional flow.

Existing semi-theoretical longshore current formula-
tions restrict the longshore dependence of the flow field
to one of two general cases. First, the longshore flow
field is presumed to be uniform and invariant in the long-
shore direction. Second, it is considered to be an integral
component of a closed nearshore cellular circulation. Both
cases have received little theoretical attention, hence, few
theoretical formulations are available to predict the two-
dimensional, surface circulation of the surf zone.

Perhaps the most restrictive assumption employed in
the development of classical longshore current theory re-
sults from time averaging of the equations of motion. This

steady state approach is employed in all existing longshore
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current theories. Hence, the mean velocity of the flow
field is assumed to be an adequate representation of the flow
at any instant of time. This approach has been employed

in an attempt to create an analytically tractable formula-
tion. However, inclusion of the temporal variability of
longshore currents may be necessary to the understanding of
surf zone dynamics and sediment transport.

It is, therefore, apparent that present theory related
to the structure of the longshore current flow field has re-
sulted in an expectation for a steady one-dimensional sur-
face flow. However, field observations and basic physical
principles concerning shallow water wave induced motions
indicate that this flow field should be three-dimensional
and time-dependent. Therefore, one of the phrposes of
thié investigation is to extend the understanding of long-
shore current flow fields into two—dimensioﬁal space and

time.

Initial Conditions

In order to evaluate the wave-induced longshore cur-
rent flow field, it is necessary to specify the initial
conditions of the wave field, incident at the outer surf
zone. It is advantageous to remove from the
analysis all long period transient variations of the veloc-
ity field not directly related to the incident breaking
waves. Thus, the wave field must be required to be sta-

tistically steady in its mean, with respect to these




variations (dn/at = 0, where n is the free surface evalua-
tion). This restriction precludes fluctuations in the
longshore current velocity field induced by either growth
or decay of the wave field. This restriction does not
preclude individual wave transformations within the surf
zone, hence, 9n/dx # 0. The approximation 3n/3y = 0,
requires that the incident waves remain long crested and
two-dimensional as they move through the surf zone.

An alternative assumption on the nearshore wave
field is that a non-uniform sea surface exists in the
longshore direction, 9n/dy # 0. Under this initial con-
dition, additional driving forces may be expected in the
longshore current velocity field. This condition may arise
due to either an interactive short-crested sea surface or
long period edge waves. These types of alongshore wave
motions may result in an additional release of energy to
the longshore current. With a twe-dimensional analysis,
these secondary alongshore velocity components would not
be anticipated, although when analyzing field data, their
magnitudes may appear as a residual after all other two-
dimensional components are accounted for.

Once the initial conditions describing the incident
wave field have been established, the nature of the long-
shore current flow may be specified. As with the case of
the incident wave field, the resulting longshore current

flow field may be either uniform or non-uniform in the
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longshore direction. The restriction of the incident wave
field to a two-dimensional, long-crested sea surface re-
quires that the longshore current be treated as uniform

in the y-direction. In summary, Table 3.1 shows the
various analytic assumptions which can be applied to the
incident wave field and related longshore current. Exist-
ing longshore current theory is formulated on the assumption
that only one of the eight possible combinations shown is
observed in the surf zone (wave field steady and uniform,
longshore current steady and uniform).

Bowen (1969) and Longuet-Higgins (1970 a and h) have
suggested a uniform monochromatic wave approach to the
analytic description of the longshore current flow field.
Under this assumption, each wave of a given amplitude is
constrained to break at the same, depth controlled, loca-
tion in the surf zone. As a result, a sharp discontinuity
exists in the longshore curren% profile acioss the surf
zone, at the break point (Figure 3.1).

Since the absence of variations in wave height
generally precludes differential wave breaking, a mechanism
by which observed longshore current velocities outside the
breaker line can be matched to those inside is necessary.
Lateral mixing across the surf zone has been explained by
two methods. Bowen (1969) and Longuet-Higgins (1970 a and
b) have incorporated a horizontal eddy viscosity into long-

shore current formulation to eliminate the abrupt truncation




28

0 *——
ﬂﬂm

X
0 4M|m
ne

3
Oi.ﬂ.lm
neg
Kpeaisup

e

0=x—

3
ﬁsm

Kpeais

(@a0ys8uoTy) UOTIOAAT([~X UT WIOFTUN-UON

(210ys8uoTy) UOTIVIAITC~X UF WIOITUN-UON PT3TJ SAEBM

juaian) aioys3uo]

uedy Uur Apeals PISTJ °ABM

£
0 nmlm
ne
X
0 ﬂmlm
ne
3
0 +mlm
ne

Kpeaisup

hal

0=

hal

Zpeas

(@10ys8uoTy) UOTIOLIT(Q-X UF mIojrun

juazan) 3zoys3uo]

(210ys3uoTy) WOTIVBAT([-X UT WIOITU(] PTOTJ SABM

ueay Ut Apea1S PISTJ 2ABM

SUOTITPUO) PTSFJ ABM JUSPFIUL

aTdId JIAYM LNIAIONI JHL NO d3SVd SATYOTHIL INIYEND FYOHSONOT JO0 ILNIWJOTIAIA

HHI Y04 SNOILYYAAISNOD TITVYDILATUNY TIHISSOd ONINIJIIA SNOILIANOD TVILINI
1°€ 919elL




29

in the longshore current velocity distribution, across the
surf zone. However, Collins (1972) has.shown that mixing
resulting from differential wave breaking due to a non-
monochromatic sea surface incident at the outer surf zone

is a more frequently observed condition in the field (Figure

3.2).

Boundary Conditions

Longshore currents result in a net translation of
fluid particles parallel to the shoreline, which are bounded
by the beach, surf zone, bottom and free surface. With the
exception of the free surface, flow velocities are con-
strained to vanish at or near each of these boundaries.
There can be no wave-generated longshore current flow be-
yond the maximum wetted portion of the swash zone on the
beach. The longshore current flow field must vanish at
some point outside the surf zone as wellas at the lower
boundary of the longshore current flow field. The last
remaining boundary is that of the free surface. It is at
this boundary that the flow velocity is anticipated to be
a maximum. Hence, theoretically the maximum velocity of
the longshore current is expected to lie between the
breaker zone and the shoreline and at the surface of the
£fluid column.

As a result of these imposed conditions at the sur-
face and bottom boundaries, the longshore current velocity

is constrained to vanish as: x + », far offshore; as x + 0,
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Figure 3.1 Longshore current profiles across the surf zone for values

of mixing parameter P.
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at the shoreline and as z * -h at the bottom boundary.

Therefore, V must approach Vm at 0 < x < x_ and as

ax
z > z|o, at the surface.

The configuration of the offshore bottom must be
specified in order to completely formulate the longshore
current flow field. In general, the sea bed may be
treated as one of three cases: horizontal, sloping or
barred. Wave motion over a horizontal shallow bottom
has been described by several authors, among them, Phillips
(1960) , Longuet-Higgins and Stewart (1962) and Whitham
(1962). However, these developments have not been ex-
tended to include the generation of longshore currents.
The case of waves encroaching on a planar sloping beach
forms the context within which all existing longshore
current theory has been developed. The case of an off-
shore bar present in the nearshore bathymetry is the most
frequently observed condition on natural beaches. This
condition, however, has not been theoretically treated
in relation to the generation of longshore currents.
Collins (1972) suggests that wave height statistics in
the surf zone do not appear to be greatly altered by the
presence of an offshore bar. However, the response of
the longshore current flow field to a submarine bar has

not been observed prior to this investigation.




Existing Theoretical Approaches

Velocities associated with the longshore current flow
field are generally small compared to wave particle veloci-
ties in the surf zone. Longshore current circulation, how-
ever, has long been recognized as the result of a dynamic
balance within the nearshore region. But, the generation,
maintenance and structure of the longshore current flow
field is poorly understood.

Analytic formulations of longshore current theory
have been derived using one of three basic approaches:
conservation of mass, energy or momentum. Investigations
of the longshore current flow field based on continuity
considerations employ the assumption that wgves breaking
at an angle to the beach contribute massvto the surf zone
(Bruun, 1963). However, an accurate determination of the
mass contributed to the surf zone by each breaking wave
is extremely difficult on natural beaches. This approach
has met with limited success. The recognition that the
driving forces necessary to create and sustain the long-
shore current are most directly related to the breaking
wave height has led to the development of the conserva-
tion of energy approach to the treatment of the longshore
current flow field (Putnam, Munk and Traylor, 1949). 1In-
herent in this formulation is the concept that water sur-
face waves contain energy proportional to their wave

height squared. As the wave breaks and moves through
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the surf zone incident wave energy is strongly dissipated
and converted to heat. However, a small portion of this
incident wave energy is available to drive nearshore physi-
cal processes. Hence, the total energy content of the
longshore current flow field is small compared to that of
the incident wave field. Perhaps the most satisfactory
and least restrictive approach to the prediction of ldng-
shore current velocity has been set forth in terms of con-
servation of momentum (Longuet-Higgins, 1970 a and b). This
approach utilizes the concept of radiation stress (excess
flow of momentum due to the presence of wave motion), as
developed by Longuet-Higgins and Stewart (1960, 1962, 1963
and 1964) and Whitham (1962), to relate the magnitude of
the longshore current velocity to the incoming wave energy
flux. From this approach, a theoretical, one-dimensional
profile of longshore current velocity across the surf zone
may be calculated.

In general, as suggested by Longuet-Higgins and Stew-
art (1960), for a non-viscous,irrotational fluid, the mean
energy density per unit wave length of the incident waves,

correct to second order, is given by
2
E = %pga {3:1)

where a is the wave amplitude. This wave energy is propa-
gated at the group velocity, cg. The product Ecg is the
energy transferred into the nearshore region by the inci-

dent wave field and is directed in the direction of wave

N
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propagation. When the wave height, length and speed of
propagation are altered as the wave shoals, a net force
is exerted on the fluid medium. This force is equal to
the rate of change of wave momentum and is given by the
radiation stress.

As suggested by Longuet-Higgins and Stewart (1964),
the expression for the principal radiation stess may be

separated into three components.

(1) (2) (3)
lexl = lexl -+ lex' + sx|x| (3.2)
where )
' R LS
SX'X' = pu dz
-h
0
2 . %
lexl o j (p po)dz ) (3.3)
( n
2 i
sx'x' = [ pdz
. /

where x' is normal to and y' parallel to the wave front.

(1)

The first term, Sx'x'

, represents the vertically inte-
grated, time averaged contribution to the momentum flux of
the wave particle velocity in the direction of wave propa-
gation. This term is analogous to the Reynolds stress

integrated from the bottom to the free surface. sx;x'(Z)

represents the momentum flux contribution arising from

the change in mean pressure within the fluid. The final
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S (3)

5 hag) , is the potential energy density of the

term,

wave, or half the total energy density:
’ = MP. (3.4)

The total principal stress, correct to second order, in

deep water is

2kh

Sx'x' = E(STnn 2km * % e

However, for shallow water it reduces to

Sy iyt = 3/2(E) (3.6)

In an analogous manner, Longuet-Higgins and Stewart (1964)

show the transverse component of the radiation stress to be

S = ;EEI

¥y
in shallow water. The radiation stress can produce both
variations in the water surface elevation and give rise to
wave-induced currents (Longuet-Higgins and Stewart, 1963,
1964; Bowen, 1967).

The radiation stress for an incident wave field which
is monochromatic results in an identical contribution to
the longshore current from each successive wave. Hence,
the calculated magnitude of the radiation stress, which is
time averaged over the wave period, becomes a constant,
static stress acting on the nearshore fluid at any point

in the surf zone.
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The radiation stress approach to specifying the long-
shore current flow field, suggested by Longuet-Higgins
(1970 a and b) utilizes a modified radiation stress
treatment to relate the magnitude of the longshore current

velocity to the incoming wave energy flux, given by

F. = B ¢c_ sin 8 (3.8)
X 9

outside the surf zone and

—_ = = D (3.9)

inside the surf zone, where D is the rate of energy dissipa-
tion per unit time and horizontal area, and where X 1s perpen-
dicular and y parallel to shore. The flux of y-momentum
across a line x = constant, parallel to the shoreline is

given by the radiation stress component

s—li‘—e-] (3.10)

S = F [

Xy X &
where § is the angle the incoming wave makes with the shore-
line and ¢ is the wave phase speed. From balance of momen-
tum flux considerations it can be shown that the waves exert

a local stress

g —3—:! (3.11)

parallel to the shoreline. Substituting (3.10), where sin

6/c is independent of x, gives

e e Tl U
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R an sin 6
y X e (3.12)
or from (3.9)
T D[§ig—9]. (3.13)

A simple momentum balance for steady state conditions on a

straight coastline can be expressed as

T —~ R =0 (3.14)

where B is bottom friction and lateral friction is neglected.
Applying linear theory of waves in shallow water to (3.8)
under the assumption that 6 in the breaker zone is small

enough so that cos 6 can be approximated by unity gives

2
Fx =% pg a gz = 4 qz 093/2 25/2 (3. 195)

)

where p is density, g acceleration of gravity, a wave ampli-
tude, z water depth, and a = a/z. Longuet-Higgins (1970 a,

b) assumed the Chezy Law
B = Ceplulu (3.16)

where u is the horizontal velocity, having both a steady

and oscillatory component, and C_. is the drag coefficient

%
on the bottom. Combining eguations (3.12), (3.15), and the
time-averaged expression of (3.16) and substituting into

(3.14) gives a longshore velocity

S — s em— R e
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5T as sin 9§
— gz s (3.T7)
8 Cf c

v =

The extension of shallow-water theory out to the breaker
line and the inclusion of lateral mixing across the breaker

line result in

_5TT o o
Ve = o E;“ng (s sin GB) (3.18)
and
_ S5un a.sf -
VB =5 EE ng (s sin GB) (3.19)

respectively, where s 1s the beach slope.

As a result of this formulation, a family of semi-
theoretical profiles of expected longshore current velocity
across the surf zone can be established. These profiles
(Figure 3.1) contain a single maximum located between the
breaker line and the shore. Both the location of the maxi-
mum velocity as well as the shape of the longshore current
velocity profile across the surf zone are dependent upon
the lateral mixing parameter, P (Figure 3.1) where P =
(r/2) (sN/ qu). P is directly proportional to beach slope and
to N, a dimensionless constant, and inversely proportional to
a, the ratio of wave amplitude to breaker depth, and Cf,
the coefficient of drag on the bottom. Hence, for similar

wave and bottom roughness conditions, an increase in beach
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slope should produce a decrease in the maximum longshore
current velocity and broaden the distribution of current
velocities across the surf zone. A decrease in the coef-
ficient of bottom friction should produce a similar response
of the expected longshore current. The horizontal eddy

viscosity takes the form

ug = Nojx|/gh

and is dependent upon position across the surf zone. The
adoption of this form of horizontal eddy viscosity provides
solutions to the longshore current flow field, based on
linear wave theory. These solutions are given in terms
of the parameter, P. As P increases the expected one-
dimensional longshore current mean velocity distribution
across the surf zone broadens and the maximum velocity moves
shoreward.

The need for the inclusion of a lateral.mixing term
in steady longshore current theory has been eliminated by the
probability approach of Collins (1972). The monochromatic
wave field is replaced by a random sea incident at the
outer surf zone and a result is obtained which is similar
in form, but different in absolute valve, to that of mono-
chromatic mixing theory. The effect of a sea surface com-
posed of waves of varying wave heights and lengths results
in waves breaking at different locations and at slightly

different angles across the surf zone. The result of this
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process 1is to generate a well-mixed surf zone (Figure 3.2).

The probabilistic formulation of Collins (1972) pre-
dicts that longshore current velocity will generally in-
crease with increases in wave height, length and angle of
approach. However, in contrast to monochromatic mixing
theory, this probabilistic formulation predicts an intensi-
fication and narrowing of the longshore current flow field
with increases in beach slope. Although both the mono-
chromatic mixing theory and the probabilistic sea surface
approach, to the prediction of the distribution of longshore
current velocity, are attempting to eliminate a discontinuous
velocity profile across the breaker line, the physical prin-
ciples employed in these formulations appear to be signifi-
cantly different.

As a result of these considerations, it is hypothe-
sized that the horizontal distribution of longshore current
velocity across the surf zone should depehd upon both the
degree and type of mixing. Mixing across the surf zone
appears to be the result of horizontal eddy viscosity as
well as mixing resulting from differential wave breaking.
The physical realization of these two processes should pro-
duce a mean longshore current velocity distribuiion across
the surf zone which is exemplary of a very well-mixed

zone near the breaker line.
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Vertical Current Structure

The general practice of vertically integrating the
equations of motion (Bowen, 1969; Thornton, 1969; Longuet-
Higgins, 1970; Collins, 1972) eliminates any vertical
variation in the longshore current flow field. The verti-
cal vélocity profile must be known, in order to provide estimates
of velocity gradients which, in turn, are necessary for the under-
standing of surf zone processes and sediment transport.

. The vertical structure of the longshore current flow field
has not been theoretically treated or experimentally ob-
served, prior to this investigation.

The vertical structure of the longshore current flow
field may possibly be characterized as an oscillating turbu-
lent boundary layer. However, for conditions of this field
investigation and from the formulation of Teleki (1970),
the thickness of the oscillating turbulent boundary layer
was approximately 0.81 x 10—2m. Based on these calculations
it, therefore, appears that the expected thickness of the
oscillating turbulent boundary layer is far too small to
produce significant vertical structure in the longshore

flow field.

Time Dependent Structure

In the presence of an oscillatory wave field incident
on a beach, it is somewhat unrealistic to expect a steady or

slowly varying longshore current. Unsteadiness of longshore

currents has been noted for quite some time. However, the




magnitude and dominance of the unsteadiness in the flow
field has only recently been fully appreciated (Dette, 1974;
Wood and Meadows, 1975). As Galvin (1967) states, one of
the principal unknowns responsible for uncertainty in field
data is: "The effect of substituting a mean value for the
distribution of values of each measuréd variable." 1It,
therefore, appears that a time-dependent analysis of the
shallow water wave and current flow field is needed.

It should be anticipated that at a fixed point in
the surf zone, variations in the mean longshore current
would occur over relatively short time periods as a result
of incident waves. This time dependent‘character of
longshore currents should be expected to persist hori-
zontally across the surf zone and vertically from the
surface to the bottom. From theoretical considerations
the primary period of these fluctuations should be antici-
pated to correspond to the incident wave period at each
particular location in the surf zone.

If the wave particle velocity is conservative over
one wave period, then the net contribution to the longshore
current over that time interval is zero. Conventioral long-
shore current theory suggests the contribution to the long-
shore current flow field resulting from the wave horizontal

particle velocity is c¢_ sin OB' This implies that the wave

B
is totally translational and hence, the particle velocity

is not conservative. When time averaged, this translational




43

particle velocity component is assumed to generate a mean
longshore current, V = f(ch sin BB). A shoaling wave field
is composed of both translational and oscillatory wave com-
ponents; thus, a combination of conservative and non-
conservation contributions to the longshore current velocity
field should be expected. It should further be anticipated
that as the characteristics of the breaking waves change
from spilling to plunging, the translational components
should dominate.

It, therefore, appears that the total longshore cur-
rent velocity resulting trom a breaking wave field should
be composed of both a steady and a fluctuating velocity

component, expressed as

vVv=V+ Vw.

The steady component V is proportional to the translational
component of incident waves and the fluctuating component

vw is directly proportional to the magnitude and periodicity
of the first order horizontal particle velocity.

Long-period velocity fluctuations should also be an-
ticipated to be present in the longshore current flow field.
If a wave field incident at the outer surf zone is composed
of more than one frequency, interactive wave phenomena may
be anticipated. This type of wave field should result in
periodic amplitude modulation of the wave heights to produce

beats.
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If the incident wave amplitude is periodically growing
and decaying as a result of a beat, it should also be antic-

ipated that the radiation stress will vary in magnitude at

the beat frequency, f(l1/Ac). In a group of high waves, both
Sx'x' and E will be large, causing n to be depressed (becomes
negative). A relative depression should, therefore, be an-

ticipated in the mean surface level, forcing a mean flow
away from the region of high waves. However, beneath groups
of small waves the opposite situation should be anticipated.
Specifically, the mean surface level n is raised (becomes
positive) and a mean flow occurs toward the region at low
waves.

Longuet-Higgins and Stewart (1962) explain the
balance of forces for this response of the free surface
in the following way. Associated with a group of large
waves, the radiation stress Sxx is large;f:The applied force
to the surrounding fluid - asxx/ax is posi;ive in advance
of the group of large waves and negative behind the wave
group. The applied force, therefore, tends to act in
opposition to the restoring force resulting from the free
surface deformation. The sign of the restoring force
should be anticipated to be negative in advance of the
large wave group and positive behind the group. Preceed-
ing the arrival of the wave group the mean surface should
acquire an upward tilt, and should acquire a corresponding

downward tilt following the wave group (Figure 33 ).
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Figure 3.3

The theoretical expectation of the radiation stress

to depress the mean surface beneath a group of high

waves and to elevate the mean surface beneath a

group of low waves (after Longuet-Higgins and Stewart,

1962) .
Therefore, long-period fluctuations in the longshore current
velocity field should be anticipated as a result of short-
period wave interactions independent from any long-period
swell present in the incident wave field.

As a result of these considerations, it is hypothe-
sized that the total longshore current velocity is composed
of at least three major components that.are the direct re-
sult of the incident wave field. This.total longshore cur-
rent velocity vector should be compo;eq of a mean longshore
current velocity component and two fluctuating components,
which are directly related to the incident breaking wave
horizontal particle velocity and the long-period fluctua-

tions resulting from wave interaction. Hence, the total

longshore current velocity vector can be expressed as

V=V‘VW+VL

where V is the contribution by the steady longshore current

it - A RS e o W 4
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flow field and Vw and V. are the breaking-wave period and

L

long-period beat contributions, respectively.

Summarx

From theoretical considerations and existing field
and laboratory data, it should be anticipated that the
total longshore current flow field should be composed of
both a steady and a time-dependent component. Semi-
theoretical considerations suggest that the steady com-
ponent of the longshore current vector should vanish at
both the shoreline and far offshore and contain a maximum
between the breaker line and shore. Thg statistical
representation of a random wave field éppears to be the
most reasonable representation of the nearshore environ-
ment. Use of the random sea concept appears to eliminate
the need for inclusion of a horizontal mixing term in the

.

momentum balance.

The practice of vertical integration of the conserva-

tion équations has precluded a theoretical expectation for

vertical longshore current variability. Furthermore, prior

to this investigation, no published observations of the
vertical longshore current structure existed.

Application of the temporal dependency of longshore
currents had previously received little theoretical atten-
tion and no experimental verification existed with regard
to the time-dependent nature of the longshore current flow

field. From physical considerations, it seems reasonable
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to expect that significant time-dependent contributions to
the longshore current flow field may arise from both direct
velocity contributions associated with the longshore com-
ponent of the wave horizontal particle velocity and from
variations of the velocity field induced by interactive

wave phenomena.
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CHAPTER IV

FIELD EXPERIMENTS AND RESULTS

Introduction

Numerous semi-empirical and semi-theoretical formula-
tions have been proposed for steady longshore current flow,
however, experimental verification of these formulations are
extremely limited. The model studies of Galvin and Eagleson
(1965) and Eagleson (1965) provide the primary data by Which
these formulations have been tested. Alfhough longshore
currents have been generated and their velocities recorded
in model basins, artificial barrier and basin constraints
must be considered integral factors affecting the generation
of these flow fields. Likewise, observations of longshore
currents under field conditions have been extremely sparse
and have lacked adequate experimental control. The employ-
ment of Lagrangian velocity measurements in early field
studies as well as little or no simultaneous measurement
of the incident wave field, have rendered these studies of
little value to the theoretician. Recent Eulerian field

investigations of longshore currents (Dette, 1974; Huntley

2o
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and Bowen, 1974) have also failed to provide simultaneous
measurements of both the total longshore current velo-
city and incident wave fields. The dominant approach of
these studies has been to install flow meters and wave
probes on a tidal beach at low tide and allow the instal-
lation to become inundated with the rising tide. Longshore
current velocities and water surface elevations were re-
corded over a tidal cycle. It is then argued that the dis-
tribution of measured current velocities across the
surf zone, is not only representative of an instan-
taneous velocity profile obtained at fixed positions and
known constant depths but is, in fact, eqﬁivalent to such
measurements., Hence, it is apparent that comprehensive
and well-documented sets of observations 6f longshore cur-
rents and wave conditions across the surf zone do not
exist.

In order to avoid the restrictive néture and unavoid-
able boundary effects of model studies and to eliminate the
ambiguity of previous field observations of longshore cur-

rents, two field investigations were conducted

on an essentially tideless coast of Lake Michigan. The purpose

of these investigations was to provide a complete and
well-controlled set of observations of the horizontal and
vertical distribution of longshore current, An Eulerian
frame of reference .was chosen for these observations to

allow the best possible comparison with existing theoretical

formulations.
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The site of the field experimentation was chosen
along the eastern shore of Lake Michigan, centrally located
between the cities of Ludington and Pentwater, Michigan.
This thirteen kilometer section of shoreline, extending
approximately north-south is characterized by a multiple
barred bathymetry with nearly straight and parallel
contours. The beach in this region is composed of medium
quartz sand with a mean diameter of 0.25 mm. The average
tidal range is from 0 to 4.3 cm,

Monitoring of longshore current velocities and
wave characteristics for both field experiments was only
conducted when specific selected conditions existed.
Specifically, a straight coastline, with parallel bathy-
metry, resulting in long-crested waves was required,

In addition, only meteorological conditions which gen-
erated waves from either the west-southwest or west-
northwest directions were acceptable for experimental
monitoring.

These meteorological conditions generally produced
waves with incident angles of twenty-five degrees or

less. These wind wave fields consisted primarilly of
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spilling breakers, hence, the complication of dealing
with surf conditions composed of both spilling and
plunging breakers was eliminated, It was also found
that waves greater than approximately one meter in
height may break at multiple locations offshore,
Hence, a wave height limitation was imposed such that
only conditions of waves breaking on the inner bar

were considered for this investigation,

1974 Field Experiment

The first longshore current experiment, conducted on
September 21, 1974, utilized three ducted impeller flow
meters which were oriented parallel to the shoreline and
were positioned at equally spaced vertical intervals
(Figure 4,1). The upper meter was placed below the level
of the lowest wave trough so that it was continuously sub-
merged. The lower meter was placed adjacent to the bottom and
the middle meter was placed half way between the upper and lower
meters, Sequential measurements were made with this ver-
tical current meter array at three locations across the surf

zone, The outermost current monitoring station, was located

b ol o,
‘ A FRNGSIAL- oy DA




uoT3®ys 2

*I 3usutaasdxy

FUTIOZTUOW SABM DU UoT” I1998W JU3IJ 1 ys ]
T TUOo A®M PUB SUOT3BOOT I938W 3uU3IInd Juimoys ayrjoxd otxyswAyzeg T 4 aanfryg

L

(W) 3JYOHSH40 3JONVISIO
0} G/

o1

GO

III NOILVLS
O
O
\
(W) H1d3Q

I1 NOILYLS
B

I NOILVLS
C

ELER *
Y3IVM TLS 0

R A B R R B R M

36044 3Avm ()
Y3LIN INFZENO O

Pl Lt A

B




53

within the zone of active breaking. The inner stations,
were located five and ten meters, respectively, shoreward
of the deep water station. Maximum wave breaking occurred
at the center station, hence, all three meter arrays were
within the breaker zone. The total distance from the outer
limit of the breaker zone to the shore was approximately
forty-five meters.

Wave characteristics were monitored simultaneously
at eight wave monitoring stations spaced approximately
five meters apart from deep water to the shore.
Incident wave period and celerity measurements

were made with a series of surface piercing

point gauges positioned at each wave monitoring station,
oriented on a line perpendicular to the shoreline (Wood,
1973). The passage of a wave crest was recorded as an
event for each sensor on an analog recorder. From the ar-
rival times of an individual wave crest at two successive
wave monitoring stations, mean wave celerity over that spa-
tial interval can be calculated. These célculations were
performed at wave monitoring station F, where visual break-
ing wave height observations were made. Breaking wave
heights were recorded visually from shore with tripod
mounted ten power binoculars focused on a survey level rod
mounted on wave monitoring station F. Between ninety-two
to cne hundred fifty observations of breaking wave heights

were made for each data run
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During constant sea state conditions, longshore current
velocities and wave characteristics were simultaneously mon-
itored, continuously for fifteen minute periods separated by
fifteen minute intervals. During these interval periods,
the array of three current meters was relocated at a pre-
determined position within the surf zone. These longshore
current monitoring positions were chosen in an effort to in-
vestigate the anticipated maximum longshore current velocity
near breaking. Before and after each monitoring period the
sensors were inspected and their operation checked. Fol-
lowiqg relocation of the longshore current sensing array,
the vertical spacing of the meters was re-established such
that the vertical water column was equally partitioned.

Wave and longshore current data were recorded on analog
recorders as discrete on-off signals. These recorders
were housed in a mobile shore bésed installation.

Hydrographic surveys were condﬁcted, at close spatial
intervals, offshore to a position outside the surf zone and
alongshore to a distance of one surf zone width. The mean
beach slope in the nearshore region was approximately one
to forty. Slopes in the offshore region decrease to as

shallow as one to one hundred.

Data Results

Experiment I resulted in the simultaneous acquisition

of longshore current velocity data at three vertical

— T N
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positions through the surf zone water column. Four succes-
sive fifteen-minute runs using this experimental configura-
tion were conducted at three current meter array locations
through the breaker zone. 1In addition, concurrent observa-
tions of wave period and wave height were made during each
fifteen-minute longshore current monitoring period.

These data showed that significant temporal variabil-
ity existed in the longshore current flow field. Hence, a
second field investigation, designed to provide a complete
time synchronous documentation of time-dependent longshore
current velocities and surface wave time histories through-

out the surf zone was initiated.

1976 Field Experiment

The second longshore current experiment, conducted
November 1, 1976, along the same section of Laké'Michigan
shoreline used in the 1974 experiment, consisted of the
simultaneous monitoring of the outputs of eight step resist-
ance wave probes and twelve ducted impeller flow meters
(Figure 4.2).

Simultaneous measurements of wave height and period
were made with surface piercing wave staffs on a line per-
pendicular to the shoreline. Six wave monitoring stations
were placed at ten meter intervals from the outer surf zone
to the shore. Two additional wave probes were oriented at
right angles to the continuous line of wave probes to deter-

mine the incident wave angle at breaking (Figure 4.3).
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EXPERIMENT 1]

FIELD STATION ORIENTATIONS

250

O

220 S 220 220 N

O O O
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Figure 4.3 Plan view of field station orientation for Experiment II.
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Two ducted impeller flow meters oriented parallel to
the shoreline, and one oriented parallel to the direction
of incident wave approach were placed at equally-spaced
vertical positions at four monitoring stations (Figure 4.2).
Again, the upper meter was placed below the level of the
lowest wave trough so that it was continuously submerged.
The lower meter was placed adjacent to the bottom and the
middle meter was placed orthogonal to the wave crests and
half way between the upper and lower meters. Simultaneous
measurements were made with four similar vertical current
meter arrays located at different locations across the surf
zone (Figure 4.2). The inner most current monitoring sta-
tion was located at approximately 0.4 of the surf zone
width from the shore. The outer two current monitoring
stations were located at 0.7 and 1.0 of the surf zone
width from the shore. A fourth meter array was placed
beyond the breaker line, to measure.the extent of lateral

‘mixing across the surf zone. These four positions were
chosen to provide‘a systematic measurement of the distri-
butinon of longshore current velocity across the surf zone.

During constant sea state conditions longshore cur-
rent velocities and wave characteristics were simultaneously
monitored continuously for one sixteen-minute period. Ad-
ditional sixteen-minute monitoring periods were planned for
this experiment; however, they were not conducted due to
severe storm conditions which destroyed the instrument ar-

rays.
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Hydrographic surveys were conducted, at close spatial
intervals, offshore to a position outside the surf zone and
alongshore to a distance of one surf zone width. The mean
beach slope in the nearshore region was approximately one
to forty. Slopes in the offshore region decrease to as
shallow as one to one hundred.

Although the mean nearshore beach slopes were similar
for both experiment I and II, the relative importance of the
offshore bar is markedly different. The subaqueous bar
present during experiment I, appears as a minor inflection
in the offshore profile. 1In contrast, the bar present
during experiment II was a major feature'éf the nearshore
bathymetry. It should, therefore, be anticipated that re-
sults obtained from experiment I may be more likely related
to conditions of a planer beach. Bathymetric conditions
existing during experiment II were typical of a well-

developed barred beach.

Data Results

During the course of experiment II the step resist-
ance wave probe at station 220 became inoperative. 1In
addition to the loss of the surface time history at station
220, this failure resulted in the loss of the ability to
resolve the angle of approach of each individual wave as
it passed through the sensor grid. Incident wave angles
were measured relative to the known positions of the sta-

tion grid.
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The continuous observations of the onshore component
of wave horizontal particle velocity obtained from the four
meters oriented parallel to the direction of wave approach
could not be used. The sampling interval of these meters
was not sufficient to adequately resolve Contjnﬁous breaking
wave horizontal particle velocity. However, these meters did
provide a measure of the maximum onshore component of the
breaking wave horizontal particle velocity.

Experiment II resulted in the simultaneous acquisition
of: longshore current velocities at two elevations at each
of four stations across the surf zone; the maximum onshore
component of breaking wave horizontal particle velocity at
four locations across the surf zone; and water surface ele-
vation time histories at seven locations across the surf
zone. All data were recorded simultaneously and contin-
uously for sixteen minutes. A summary of all data collected
during both field experiments is presented in Tables 4.1 and

4.2,

Instrumentation and Calibration

Longshore current velocity and breaking wave horizon-
tal particle velocity measurements were obtained with ducted
impeller flowmeters (Wood, 1968). Modifications of these
meters to sense impeller rotation utilizing a light emitting
diode system was employed to remove any magnetic coupling
between impeller and meter housing. These unidirectional
flowmeters provide a rapid response time (0.1 second) and
an excellent resolution of velocities from 0.04 m/sec. to

2.8 m/sec. The response of this flow meter is linear to

i it i o e o, TR

L




e

61

Table 4.1
DATA COLLECTED, EXPERIMENT I
Experiment I 21 September, 1974

Run I Run II Run III Run 1V

Surface longshore currents

measured * X X X X
Mid-depth longshore currents i
measured * X X X X
Bottom longshore currents : '
measured * X X X . X
Visual breaking wave height
observations X X X X
Incident breaking wave
period measured * X X X X ]
Incident breaking wave
celerity measured X X X X
Incident breaking wave angle
visually observed X X X X ]

* Fifteen minute time histories

Table 4.2
DATA COLLECTED, EXPERIMENT II

Experiment II 1 November, 1976

Run I A

ST ST “SiE. o8P « & o R i ST
100 130 160 190 220S 220 220N 250

Surface longshore currents

measured * X X X X
Bottom longshore currents
measured * X X X X

Maximum incident wave
horizontal particle

velocity * X X X X
Free surface elevation
(height and period) * X X X X X X X

Incident breaking wave
angle visually
observed X X X X

* gixteen minute time histories
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axial flow. These flow meters also have a cosine response

to off-axis flow, satisfying the relationship

ve = v cos 9

where v is the free stream velocity and 6 is the angle
between the axis of the sensor and the axis of the flow
(Wood, 1968). Cosine response to off-axis flow is a neces-
sary requirement for any investigation in which the princi-
pal flow axes of interest do not eithér coincide or form
right angles with each other.

The output signal from the impeller sensors are dis-
crete on-off signals which are recorded as an event on an
analog recorder. The resulting data record is composed of
a series of full scale deflections and zero level intervals.
The interval between pulses represents the time average
velocity of the flow field for a discrete time interval.

Each flow meter used in this investigation was cali-
brated both before and after the field experiments. Static
calibration tests were carried out to determine the response
of each flow meter to axial flow. The tow tank facilities
of the Department of Civil Engineering, Purdue University,
were utilized for these calibrations. Each meter was towed
at sixteen constant speeds ranging from 0.12 to 1.82 m/sec.
for the total 45 m length of the facility. The time re-
quired to travel the last 33 m was recorded with an elec-
tronic timer. From this calibration test data a velocity

calibration curve was constructed for each current meter.

R
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A least squares polynomial regression was pre-

formed on each calibration curve to determine the "best

fit" equation for the response of that meter. These regres-

sion equations were then utilized to convert the recorded
impeller rotation rate of the meter to an average velocity
over that interval. These calibration curves were com-
pared before and after the field experimentation to insure
the response of each meter did not vary.

Surface time histories throughout the surf 2zone were
obtained by utilizing conventional step resistance wave
probes (e.g., Caldwell, 1956; Russell, 1963; and Wood,
1970). These wave probes consist of a series of equally
spaced sensing electrodes and a ground electrode. Each
electrode is individually wired to a circuit of known re-
sistance. Hence, a voltage drop across the circuit occurs
as each successive electrode is immersed in water. The
output signal from these wave probes is then recorded on
an eight-channel analog recorder. Hence, a nearly contin-
uous, synchronous time history of the water surface eleva-

tions at each wave probe location is available.

Summarx

As a result of these field investigations, an inte-
grated time synchronous, set of water surface elevations
and longshore current velocity measurements exist under

natural controlled conditions. Velocity profiles of the

— -
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mean longshore current across the surf zone as well as
vertically through the water column have now been measured.
The current monitoring system employed in this investiga-
tion allowed acquisition of data on a sufficiently short
time interval to document the time dependent character of
the flow field at each sensing location. To supplement the
longshore current velocity data, characteristics of the
shallow water surface wave field were synchronously meas-
ured, thus, allowing direct comparison between longshcre

current velocity and incident wave characteristics.
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CHAPTER V

ANALYSIS AND RESULTS

Introduction

Previous field and laboratory observations of long-
shore currents have provided good, qualitative descriptions
of nearshore circulation. These observations have aided in
determining those processes important to the surf zone as
well as in development of theoretical models of the long-
shore current flow field. However, few of these observa-
tions were accompanied by simultaneous observations of the
incident wave field throughout the surf zone. Obviously,
determination of driving forces of longshore currents, in-
dependent of a detailed knowledge of the surf zone wave
field, is difficult.

In addition, the horizontal and vertical distribution
of the longshore current flow field has not been observed
in the field. No complete two-dimensional mapping of this
nearshore flow structure is available. Yet, a detailed
knowledge of this flow structure is necessary in order to
predict sediment transport rates and coastal response to
severe storms.

This investigation was conducted to obtain simultaneous

and continuous measurements of longshore current velocity
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and incident wave parameters, necessary to determine hori-
zontal and vertical longshore current velocity distributions
and their variability with time. These measurements were
also designed to provide information about the total long-
shore current flow field and its relationship to surf zone

driving forces, initiated by the incident wave field.

Preliminary Data Reduction and Analysis

Data obtained in both experiments from the ducted im-
peller flow meter arrays were recorded on analog recorders.
The time intervals between discrete on-off signals of the
meters were digitized and converted to an average velocity
over each interval. These continuous velocity data were
then smoothed and interpolated on 0.25 second time intervals.
Data from surface piercing wave sensors were also recorded
on an analog recorder. These records were digitized and
interpolated to equal, 0.25 second, time intervals.

A preliminary analysis of both the wave and longshore
current data was performed to aetermine the mean, range and
standard deviation of each measured variable. This analysis
was necessary to identify those data which met the criteria
of a constant sea state. Conditions acceptable for further
data analysis precluded growth or decay of either the mean
incident wave height or the mean longshore current velocity.

The mean, range and standard deviation of incident
wave height fields for both experiments are presented in

Tables 5.1 and 5.2.
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Table 5.1

BREAKING WAVE HEIGHT STATISTICS

Experiment I ﬁ(M) Range (M) S (M)
Run I 0.59 G.34 = 0.75 0.07
Run II 0.58 0.42 - 0,77 0.06
Run IIIX 0.58 0.45 - 0.77 0.06
Run IV 0.52 0.29 - 0.80 6.11

Table 5.2
WAVE HEIGHT STATISTICS ACROSS THE SURF ZONE

Experiment II H (M) Range (M)* S (M)

Station 250 0.23 0.10 = 0.65 0.12

Station 220 = Inoperative ==

Station 220N 0.23 0.10 = 0.54 0.14

Station 220S 0.24 0.10 - 0.74 0.16

Station 190 0.18 0.10 - 0.42 .11

Station 160 0.12 0.10 - 0.40 0.07

Station 130 0.12 0.10 - ©0.38 0.05

Station 100 @211 010 =~ 6.34 0.06

*Lower limit of range represents actual smallest wave

height used

in analysis

Probability distributions of incident breaking wave

height were constructed for data obtained during each run

of Experiment I

incident wave height distributions were statistically

(Figures 5.1 - 5.4

o

The means of these
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Figure 5.1 Observed breaking wave height probability
distribution of Run I, Experiment TI.

Figure 5.2 Observed breaking wave height probability
distribution of Run II, Experiment I.
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Figure 5.3 Observed breaking wave height probability
distribution of Run III, Experiment I.

Figure 5.4 Observed breaking wave height probability
distribution of Run IV, Experiment I.
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compared to test the hypotheses that each pair of samples
could be members of the same population. The t-test was
used for this comparison of the mean breaking wave heights
of Runs I - IV. The results of this comparison suggested
that there was no basis to suggest the mean wave heights

of Runs I, II and III are different ( y= 0.05). However,
at this confidence level, the hypotheses of equality of

the means of all Runs compared to Run IV was rejected. It
appears that the mean breaking wave height decayed signifi-
cantly during Run IV of Experiment I.

The equality of the variances of these incident wave
height probability distributions was tested using the F-
distribution. The results of this comparison suggest that
samples obtained during RunsI, II and III were drawn from
populations having equal variances (y= 0.05). This hypoth-
esis was rejected for the wave height distribution obtained
during Run IV.

Results of these statistical tests indicate that the
desired condition of a statistically stéady incident wave
field was met for Runs I, II, and III of Experiment I. The
decrease in mean breaking wave height during Run IV of Ex-
periment I, from 0.58m to 0.52m, represents a decay of the
incident wave field of approximately 10%. This decrease
must be considered in interpreting the resuiting mean long-

shore current velocities obtained during Experiment I, Run

IV.
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Probability distributions of observed incident wave
height were also constructed for data obtained at Station
250 during the one sixteen-minute run of Experiment II.

In order to evaluate the hypothesis that the incident

wave field remained statistically steady in its mean dur-
ing Experiment II, a probability distribution constructed
from the first eight minutes of the experiment was compared
with a distribution from the last eight minutes (Figures
5.5 and 5.6). The t-test was used for this comparison of
the mean breaking wave heights at Station 250. The results
of this comparison indicated that there was no basis to sug-
gest the mean wave heights of the first eight minutes dif-
fered from the mean wave heights of the last eight minutes
at all values of y. The equality of the variances of these
incident wave height probability distributions was also
tested using the F-distribution. The results of this com-
parison suggest that samples obtained from both distribu-
tions were drawn from populations having equal variances,
at all values of y. An additional statistical comparison
of these distributions was made using the Kolmogorov-
Smirnov Test. The purpose of this test is to determine

the equality of two sample distributions and is considered
a more severe test than the t-test (Chapman 1959). Results
of this analysis suggest that the hypothesis that the two
samples came from the same distribution may be rejected with

probability of 99.999 of being incorrect. Hence, there is
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Figure 5.5 Observed incident wave height probability
distribution at Station 250, Experiment II,
first 480 seconds.

Figure 5.6 Observed incident wave height probability
distribution at Station 250, Experiment II,
last 480 seconds.
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no basis to suggest that the mean wave height and distri-
bution of wave heights were not statistically steady during
Experiment II.

The mean wave heights, significant wave periods and
range of wave angles of approach within the zone of study

for both experiments, are given in Table 5. 3.

Table 5.3

WAVE CHARACTERISTICS

Mean Wave Height Significant Range of
at Breaking (M) Wave Period Wave Angles
(Sec.)
Experiment I 0.58 4.2 21° ¥ 50
Experiment II 0.23 3.45, 3.73 15> T 5»

The mean, range and standard deviation of the four
sequential fifteen-minute longshore current velocity records
from the three surf zone monitoring stations of Experiment I
are given in Table 5.4. The outer most station (Station III)
was located within the zone of active wave breaking. The
inner stations (Stations II and I) were located five and ten
meters shoreward of Station III, respectively. The total
surf zone width was approximately twenty-five meters. The
mean, range and standard deviation of observed longshore
current velocities for the eight current meters oriented

parallel to the incident wave field during Experiment II

are given in Table 5.5. The range of observed maximum

T—— .
- T ———
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Table 5. 4

LONGSHORE CURRENT DATA,
EXPERIMENT I

(m/sec)
Station II Station I Station II
Run I Run II Run  EIE Run IV
SURFACE METER
mean velocity 0.66 0.63 0.69 0.64
range of velocities 2.08-0.30 1.92-0.30 1.28 - 0.30 1.43-0.30
standard deviation 0.22 0.25 0. 21 Q.22
MIDDLE METER
mean velocity 0.64 0.60 0.62 0.61
range of velocities -1.94-0.31 1.,13-0.30 1.13-0.31 1.24-0.31
standard deviation 0.26 0.20 0.18 0.20
BOTTOM METER
mean velocity 0.60 0.61 0.54 0.63
range of velocities 1.36 -0.31 Lols — 0. 31 1.05-0.31 115 =031
standard deviation 0.20 0.19 0.18 0.26
Table 5.5
LONGSHORE CURRENT DATA,
EXPERIMENT II
(m/sec)
Station Station Station Station
100 160 220 250
SURFACE METER
mean velocity 0. 21 0.30 0.19 Q.33
range of velocities 1.13-0.0 0.75=0.15 0.34-0,12 1.646=0:18
standard deviation 0.12 0.08 0.03 0.18

MIDDLE METER
range of velocities 1.69-0.0 1.77 =00 1.62-0.0 1.63-0.0

BOTTOM METER

mean velocity 0.25 0. 30 0.19 0.26
range of velocities 1.23-0.0 1.18-0.16 0.44-0.14 1.05-0.14
standard deviation 0.16 0.09 0.03 0.12

5 T,
b Hh aiR oSS B oh SR
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horizontal particle velocities for each of the four flow
meters oriented into the incident wave field, during Experi-
ment II, are also shown in Table 5.5.

A summary of all analyses performed on data collected
during this investigation is presented in Tables 5.6 and 5.7.
Longshore current and incident wave data analyzed from Ex-
periment I is summarized in Table 5.6. Longshore current
velocities, wave particle velocities and incident wave data

analyzed from Experiment II are summarized in Table 5.7.

Longshore Currents Across the Surf Zone

Time averaged, steady state, longshore current veloci-
ties, calculated from the total longshore current velocity
series, provide the only direct means of comparing observa-
tions with existing longshore current theory. Theoretically
derived, one-dimensional, steady state, longshore current
velocity profiles across the surf zone have been suggested
by several authors. However, the theory of Longuet-Higgins
(1970 a and b) remains the most widely accepted formulation
to date. Alternative formulations have been suggested by:
Collins (1972), to represent the incident wave field sta-
tistically; Thornton (1971), to incorporate a variable
horizontal eddy viscosity into the longshore current formu-
lation; and James (1974 a&b), to include a slightly non-linear
hyperbolic free surface expression. The formulation of
Collins (1972) provides an alternative approach to Longuet-

Higgins (1970 a and b) longshore current prediction while
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Table 5.6
DATA ANALYZED EXPERIMENT I (9/21/74)
Range
Mean of Standard Time
Total Values Values Deviation Spectra Series
Available Calcu- Calcu- Calcu- Calcu- Decom-
Data lated lated lated lated posed
Run I
Wave Data X X X X -
Surface Meter (V) X X X X X
Middle Meter (V) X X X X X
Bottom Meter (V) X X X X X
Run II
Wave Data X X X X =
Surface Meter (V) X X X X X
Middle Meter (V) X X X X X
Bottom Meter (V) X X X X X
Run III
Wave Data X X X X e
Surface Meter (V) X X X X X
Middle Meter (V) X X X X X
Bottom Meter (V) X X X X X
Run IV
Wave Data X % X X -
Surface Meter (V) X % X X X
Middle Meter (V) X X X X X
Bottom Meter (V) X X X X X
(=) Indicates data analysis not available.
T

e O
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Table 5.7
DATA ANALYZED EXPERIMENT II (11/1/76)
Range
Mean of Standard Time
Total Values Values Deviation Spectra Series
Available Calcu- Calcu- Calcu- Calcu- Decom-
Data lated lated lated lated posed
Station 250
Wave Data X X X X X
Surface Meter (V) X X X X X
Middle Meter (U) X X X X -
Bottom Meter (V) X X X X X
Station 220
Wave Data = = = - -
Surface Meter (V) X X X X X
Middle Meter (U) X X X X -
Bottom Meter (V) X X X X X
Station 190
Wave Data X X X X X
Station 160
Wave Data X X X X X
Surface Meter (V) X X X X X
Middle Meter (U) X X X X -
Bottom Meter (V) X X X X X
Station 130
Wave Data X X X X .4
Station 100
Wave Data X X X X X
Surface Meter (V) X X X X X
Middle Meter (U) X X X X -
Bottom Meter (V) X X % X X
(=) Indicates data analysis not available.
NN T T R TR~ Rl o= T .
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the theories of Thornton and James simply modify it.

Solutions suggested by Thornton (1971) rely on an es-
timation of magnitude and distribution of horizontal eddy
viscosity across the surf zone. Thornton shows solutioné
in which the magnitude of the kinematic eddy viscosity
varies by three orders of magnitude across the surf zéne.
This variation across the surf zone is very influential in
determining the resulting velocity distribution.

The slightly non-linear solutions of James produce two
effects on the profiles generated by Longuet-Higgins (1970).
First, the predicted maximum longshore current velocity is
reduced as much as eighty percent from the values suggested
by Longuet-Higgins (1970), for the same input wave and bathy-
metric conditions. Second, the location at which the maxi-
rmum velocity occurs is shifted toward the breaker line thus,
producing slightly higher predicted longshore current veloc-
ities seaward of the break point.

The probabilistic formulation of Collins (1972), for
the distribution of the mean surface longshore current ve-
locity across the surf zone, represents an attempt to in- |
clude the random properties of natural wave fields into
longshore current prediction. In this formulation, the
need for inclusion of a horizontal eddy viscosity to account
for lateral mixing across the surf zone has been removed.
Mixing is accounted for by differential breaking of the

random incident wave field. Figure 5.7 shows a generalized
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comparison of the predicted distribution of mean longsihore
current velocity across the surf zone generated for a mono-
chromatic, one-dimensional (wave height) and two-dimensional
(wave height and length) probabilistic incident wave field
with the same total energy content.

A further advantage of Collins' probabilistic formula-
tion is the ability to incorporate variations in nearshore
bathymetry into the calculation of longshore current veloc-
ity distributions. Furthermore, this numerical solution
is not necessarily restricted to conditions of gently
sloping bathymetry. Bathymetric conditions prevailing
during Experiment I are best approximated by a planar
beach topography. However, Experiment II was conducted
under conditions where an offshore bar was a major feature
of the nearshore bathymetry. This latter bathymetric con-
figuration is the more commonly occurring form of natural
sandy coastlines.

During Experiment I the mean breaking wave height was
determined to be 0.58 meters at a period of 4.2 seconds
(Table 5.3). The cumulative incident breaking wave height
probability distribution for Runs I - IV of Experiment I
is given by Figure 5.8. This distribution possesses the
nearly symetrical shape, characteristic of surf zone wave
height probability distributions (Wood and Meadows, 1975).

This observed breaking wave height probability distri-
bution was used as input to the probabilistic longshore

current prediction model of Collins (1972). Due to the
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sensitivity of this numerical technique to irregular bottom [ 1
topography, the beach configuration was assumed equivalent
to the mean offshore planer slope of 1:40. The mean wave
length of the incident wave field was calculated from the
observed significant wave period and was found to be 25.0
meters. A family of predicted mean longshore current veloc-
ity profiles was generated for the range of observed inci-
dent wave angles within the surf zone, 21° ¥ 5°, fThese
predicted profiles are shown in Figure 5.9. The observed |
mean surface longshore current velocities, from Experiment
I, are also plotted on Figure 5.9, as vectors with vertical
marks indicating one standard deviation from the mean long-
shore velocity.

Best agreement between observed and predicted mean
iongshore current velocities was achieved by setting the
coefficient of bottom friction, Cf, equal to 0.032. This
value lies between the values suggested by both Longuet-
Higgins (1970) and Miller (1968). Longuet Higgins suggested
a value of 0.01 for a beach of constant slope while Miller
suggested a value of 0.04. Bretschneider (1954) has found
that the observed damping of swell which is propagated over
a smooth, level, sea bed is consistent with a bottom fric-
tion coefficient between 0.034 and 0.097. 1It, therefore,
appears that the value of derived friction coefficient
(0.032) obtained from data collected during Experiment I

is well within the expected range of values.




Figure 5.9
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Comparison of observed mean surface longshore
current velocities from Experiment I with the
formulation of Collins (1972), for the range
of observed wave angles.
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Calculations made using this numerical technique and
the observed field conditions of Experiment I provide good
agreement with observed surface mean longshore current ve-
locities. The location and magnitude of the observed maxi-
mum longshore current velocity is well predicted. Since,
for Experiment I, only the region of surf zone near break-
ing was investigated, the reliability of this prediction
formulation outside the breaker zone cannot be commented
upon further.

Results of a similar analysis for the wave conditions
of Experiment II, where the mean observed breaking wave
height was 0.23m with a significant period of 3.7 seconds
(Table 5.3) are given in Figure 5.10. The observed wave
height distribution incident at the outer surf zone was
again used as input to the computational scheme of Collins
(1972). When the actual barred beach configuration was
used, the solution of Collins' was found to blow up as the
bottom slope changed sign over the bar. Hence, as in Ex-
periment I for computational purposes, the actual offshore
bathymetry was replaced by the mean beach profile through
the study area of slope 1:40. The mean wave length of the
incident wave field was calculated from the observed signif-
icant wave period and was found to be 18.6m. A family of
predicted mean longshore current velocity profiles were
generated for the range of observed wave angles within the
surf zone, 15° ¥ 5°, These predicted probabilistic solu-

tions are presented on Figure 5.10. Observed mean surface




89

longshore current velocities, from Experiment II, are also
plotted on Figure 5.10, as vectors with vertical marks in-
dicating one standard deviation from the mean longshore
velocity.

Comparisons between the predicted profiles and the
observed longshore current velocities of Experiment II
could only be made by altering the wave breaking criteria
to allow a match between the observed and predicted loca-
tion of the highest frequency of wave breaking. Calcula-
tions made using Collins' (1972) numerical technique, with
and without the altered breaking criteria, and with the
observed field data of Experiment II do not produce as good
an agreement between observed and predicted mean longshore
current velocity as was achieved for Experiment I. The
magnitude of predicted mean longshore current velocity com-
pares favorably with observed mean velocities. Once again
the best agreement between observed and predicted longshore
current velocities was obtained with a bottom friction coef-
ficient of 0,032. However, the location of the velocity
maximum as well as the distribution of predicted mean long-
shore current velocity across the surf zone is not well
predicted. As was previously stated, Experiment II was
conducted in the presence of an offshore bar which was a
major feature of the nearshore bathymetry. Good agreement
between predicted values for a planar beach and observed

longshore current velocities was not anticipated.

— ™
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Comparison of observed mean surface longshore
current velocities from Experiment II with
the formulation of Collins (1972), for the
range of observed wave angles.
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Th '+ shape of predicted longshore current velocity dis-
tributions across the surf zone calculated from data of
Experiments I and II, truncate more rapidly, in the offshore
region, than the profiles calculated by Collins (1972).

This variation results from an assumption, made by Collins,
that the incident wave field is Rayleigh distributed. Ob-
served incident wave height distributions, from this inves-
tigation, do not show a significant occurrence of large wave
heights, characteristic of a Rayleigh distributed sea sur-
face. Hence, large waves which would, in Collins' model,
be responsible for generating longshore currents in the
offshore region do not exist in the observed wave height
distributions from this investigation. It is evident that
the shape of the assumed incident wave height distribution
is critical to the prediction of longshore current velocity
and hence, governs the degree of wave-induced mixing across
the surf zone.

Collins (1972) carried out a series of additional
computations using two and three-dimensional probability
distributions of wave height, lenyth and angle and included
a barred bottom topography. The effect of using an incdident
two-dimensional distribution, in place of mean values, of
both wave height and length is to produce a slight increase
of the predicted longshore current velocity shoreward of
the breaker line. The offshore portion of the predicted
velocity profile remains unchanged. The effect of a three-

dimensional probability distribution, in place of mean
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values, of wave height, length and angle is to depress the
predicted longshore current velocity throughout the surf
zone.

Longshore current velocity for a barred beach con-
figuration results in a double maximum in the current pro-
file. However, this double maximum is an artifact of the
computational procedure employed. A discontinuity is
introduced into the predicted longshore current velocity
profile as a result of the bottom slope changing sign at
the crest of the bar. Therefore, the predicted velocity
minimum, over the bar, is not the result of actual modeling
of physical processes within the surf zone. The existence
of a low velocity zone over the offshore bar in the observed
longshore current flow field is well documented by data
collected during Experiment II (Table 5.4). Each mean Qalue
presented in Table 5.4 was calculated from the output of an
independent current meter. The extremely reproducible esti-
mates of mean longshore current velocity between the surface
and the bottom current meters at each station (Table 5.4) is
attributable to two factors. First, the longshore current
structure appears to be uniform with depth throughout the
surf zone. Hence, the observed low velocity zone over the
offshore bar is a real feature of the longshore current flow
field. Second, the number of estimates of mean velocity was
sufficiently great to have eliminated most temporal varia-
bility. Hence, the estimates of mean longshore current

velocity are stable and reproducible. The existence of the
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low velocity zone in the longshore current flow field associ-
ated with the offshore bar is documented by mean longshore
current velocities calculated from the outputs of six adja-
cent current meters operating independently and simultane-

ously.

In addition, the existence of a low velocity zone
over the longshore bar has been previously observed by
Wood and Meadows (unpublished data). Along the same sec-
tion of Lake Michigan shoreline, they observed a reduction
of 32% of the maximum longshore current velocity in the

region over the submarine bar.

A second comparison of observed mean surface longshore
current velocities from this investigation with the predicted
longshore current velocities from Longuet-Higgins (1970 a
and b) was also made. A generalized set of mean longshore
current velocity distributions, across the surf zone, from
Longuet-Higgins (1970 a and b) are plotted in Figure 5.11.
These representative steady state longshore current distri-
butions correspond to three values of the horizontal mixing
parameter, P. P = 0, corresponds to the case of monochro-
matic waves incident at a breaker line, with no lateral
mixing. An increase in the parameter, P, corresponds to in-
creased lateral mixing across the breaker line.

The mixing parameter, P, is dependent upon several

factors,

o
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where s is the beach slope, Cf the bottom friction and a and
N are dimensionless constants. Longuet-Higgins (1970 b) sug-
gests that turbulent velocities responsible for mixing with-
in the surf zone are not likely to exceed 0.1 of the maximum

wave horizontal particle velocity (Umax) where

max a(gh)%.

Hence, the simplest form for the variation of eddy viscosity

across the surf zone is

ue = pr(gh);!,

which has dimensions pLU. Hence,

¥ _ ’

No x (gh) e = PLU £ p(Kx)O.la(gh)%.

Where K is von Karman's constant, 0.40, and the probable

limits for N, the eddy coefficient, are set at
0 < N < 0.016.

The last remaining parameter, Cf, represents the drag coef-
ficient for the bottom. Galvin and Eagleson (1965) calcu-
lated from laboratory observations over an impermeable bed,
that the bottom friction coefficient was a constant, 0.01l.

Komar and Inman (1970) suggest that a simple relation
should exist between the beach slope and the drag coefficient.
Specifically,

" -
= constant = 0.15.
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Using the average beach slope for the study area of 1:40,

C,. is calculated to be 0.0038.

£
Results of fitting the numerical calculation scheme

of Collins (1972) to the observed field data of the investi-

gation resulted in two independent estimates of the bottom

friction coefficient. Both estimates placed the coefficient

at, Cf = 0.032. Using the two extreme values for C_ and the

f
values of a = 0.41 and N = 0.016 suggested by Longuet-

Higgins (1970 b), P was calculated to be

0.05 (C 0.032)

0.41 (C

0.0038)

It, therefore, appears that P should lie between 0.05 and
0.4, for the field conditions of this investigation. This
result is satisfying considering that Longuet-Higgins
(1970 b) states that P 2 0.4; the velocity gradient at the
shoreline becomes infinite.

Mean longshore current velocities and their respective
standard deviations, obtained from Experiment I of this in-
vestigation, are plotted on Figure 5.12. For comparison,
the mean longshore current velocity distributions, calcu-
lated from field data of this investigation, utilizing the
formulation of Longuet-Higgins (1970 b) for mixing parameter
values of P = 0.05 and P = 0.4 are also plotted on Figure
5.12.

The comparison of theoretical longshore current ve-

locity profiles from Longuet-Higgins (1970 a and b) with
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Comparison of observed mean surface longshore
current velocities from Experiment I with the

formulation of Longuet-Higgins (1970), for
the expected range of values of lateral mixing.
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mean surface longéhore current velocities from Experiment I
(Figure 5.12) shows reasonable agreement, from the breaker
1ine shoreward, for a P = 0.05. 1In this region of the surf
zone, the best match between these observed mean longshore
current velocities and predicted values were obtained for

p = 0.1. However, the observed mean velocity on the sea-
ward side of the breaker line exceeds the predicted veloci-
ties for both values of P. Thisdifferencen&ghtixscorrected
by using a larger value for the mixing parameter. However,
this modification would decrease the magnitude of the ex-
pected velocities shoreward of the breaker line. Compari-
son between theory and observation for P = 0.4 (Figure 5.12)
shows that predicted velocities are too low throughout the
surf zone when compared with the observations of mean long-
shore current velocity from Experiment I.

These calculations were performed using the value of
the bottom friction coefficient suggested by Longuet-ﬂiggins
(1970), Cf - 0.01. The linear dependencg of this formula-
tion upon the coefficient of bottom friction results in a
reduction of the predicted mean longshore current velocities
py a factor of 3.2 when C¢ = 0.032 is used. gimilarly, if
the value of Cf = 0.0038 is used, the predicted magnitude of
current velocity is increased by a factor of 2.6. Both of
these parameterizations result in very poor comparisons be=
tween observed and predicted mean longshore current veloci-

ties.
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A similar comparison between predicted and observed
mean surface longshore current velocities using data from
Experiment II resulted in poor agreement. However, under
these conditions of a barred bathymetry, agreement between
the formulation of Longuet-Higgins (1970) for a planer beach
and results of Experiment II was not anticipated. 1In fact,
a comparison of this nature is not applicable.

Mean longshore current data from this investigation
has suggested that the formulation of Longuet-Higgins (1970)
tends to best predict the distribution of current velocities
across the surf zone if the mixing parameter, P, is speci-
fied near its maximum reasonable value (* 0.4). However,
best agreement between predicted and observed
velocity magnitudes was obtained for P = 0.1. The magnitude
of the observed mean current velocity is not well predicted
by this formulation for a P = 0.4 unless the bottom friction
coefficient is allowed to be 0.0038 < Cf < 0.01. A coef-
ficient of bottom friction within this range does not appear

to be reasonable.

Vertical Mean Longshore Current Structure

The vertical structure of the mean longshore current
velocity field has not been theoretically investigated, nor
experimentally dgtermined prior to this investigation. How-
ever, the assumption that the longshore current is uniform
with depth throughout the surf zone has been applied to all

existing longshore current formulations. Time averaged

—— ol
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longshore current velocities from this investigation tend

to support this assumption of vertical uniformity of the
longshore current flow field, outside the bottom boundary
layer. These longshore current observations (Figures 5.13
and 5.14) indicate that at each current monitoring station,
for both Experiments I and II, variation of the mean long-
shore current velocity with depth is relatively small. These
average'velocities were calculated from the total (fifteen
minutes for Experiment I and sixteen minutes for Experiment
II) longshore current velocity series at each meter location
This result implies that large velocity gradients and hence,
correspondingly large shear stresses should be anticipated
in the region of the water-sediment interface.

Continuous, overlapping thirty-sécond time averages
were calculated from the total longshore current velocity
series for each of the three vertically positioned current
meters for all data sets of Experiment I. A typical example
of these calculations is presented fdr Run I, in Appendix A.
For each successive averaging period the current meter
nearest the sea bed recorded mean longshore current veloci-
ties from 18 to 50 percent less than the upper current
meter.

In addition, the vertical profile of the thirty-second
time averaged longshore current velocity oscillates about
its long-term mean value. Thirty-second time averaged ve-
locities oscillate approximately *0.1 m/second about the

long-term mean values (see Appendix A). The period for one
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complete cycle of this oscillation is approximately seventy-
five seconds. Results of this analysis, applied to all runs
of Experiment I, indicated a similar long-period oscillation
As the vertical longshore current profile responds to this
oscillation, the vertical structure of the flow field is
preserved, but this thirty-second time averaged vertical
longshore current velocity structure is not stationary in

time.

Summarx

Thé two-dimensional mean longshore current profile
across the surf zone and with depth has now been documented
under field conditions. The distribution of observed mean
surface longshore current velocity across the surf zone
from both Experiments I and II are not well predicted by
either a probabilistic description of surf zone processes
or by a deterministic theory which considérs only lateral
mixing. It appears that the degree of mixing across the
surf zone is more intense than is predicted by either ap-
proach. As a result of this investigation, further veri-
fication of the magnitude of the bottom friction coefficient
on natural beaches was supplied. It was empirically de-
termined that the bottom friction coefficient should lie
between 0.03 and 0.04. Best agreement with theory was
achieved for both Experiments with Cf = 0.032.

The vertical structure of the mean longshore current

flow field has been observed for the first time. The
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vertical flow structure was found to remain nearly uniform
through most of the surf zone water column which implies
that steep velocity gradients must exist near the sediment-
water interface. A two-dimensional schematic mapping of
the horizontal and vertical profiles of the mean longshore
current velocity across the surf zone is presented in Figure
S

Analysis of mean velocity data, averaged over thirty-
second intervals, has shown that temporal variability is
present in the longshore current flow field. This observa-
tion has important dynamic implications to the classical
concept of steady uniform longshore current flow. There-
fore, the time dependent characteristics of the longshore

current flow field will be analyzed in: more detail.

Time Dependent Longshore Current Flow Field

Existing longshore current theories assume that veloc-
ity is uniform and steady with respect to time. However,
it is physically inappropriate to expéct a steady or slowly
varying longshore current flow field in the presence of a
broad banded, oscillatory, breaking wave field. Therefore,
one purpose of this investigation was to make a detailed
set of time dependent measurements of the two-dimensional
longshore current flow field, across the surf zone, in
order to substantiate the expectation that significant un-

steadiness should exist in the flow field.
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Figure 5.15 Two-dimensional schematic mapping of the mean longshore

current velocity from Experiment I.
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Aralysis of field measurements, from this study, show
that, at a fixed point in the surf zone, variations in ex-
cess of 150 percent of the mean longshore current velocity
occur over relatively short time periods (Figure 5.16).
These three simultaneous time histories of fluctuating
longshore current velocities are representative of the
twelve series taken during Experiment I. These three long-
shore current velocity series, Figure 5.16, were taken at
three depth locations within the surf zone water column
during Run I of Experiment I.

Spectral analysis was performed on these longshore

~current velocity series to isolate their .-periodic compo-

nents. A representative spectra calculated from the
fifteen-minute longshore current velocity series of the
upper current meter of Run I, Experiment.I is shown in
Figure 5.17. Results of this analysis indicate that sig-
nificant variance exists in the range from 4 to 6 seconds
as well as at longer periods (the maximum being 78.8
seconds). The short-periods fluctuations fall within

the anticipated range of incident breaking wave periods.

A continuous time history of water surface elevation
was not available for Experiment I, however, a simultaneous
record of incident wave period was made concurrent with
these longshore current velocity observations. It was,
therefore, necessary to employ an approximate technique

to estimate the incident wave spectra. A spectra
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calculated using the technique suggested by Collins (1967)
is shown in Figure 5.18. The peak in the spectra is in a
range between 4.0 and 6.0 seconds. 1It, therefore, appears
that the mean period of the incident breaking waves, 4.2
seconds, is resolved, as anticipated, in the spectral
analysis of the concurrent longshore current velocity
series. Similar results were obtained for all longshore
current series for Runs II, III and IV of Experiment I.
In all cases, the existence of fluctuations at the mean
incident breaking wave period was evident from the
spectral analysis of the longshore current time histories.

Data collected during Experiment II provides time
synchronous information on both the longshore current
velocity and the incident wave field. Spectra calculated
from these time synchtonous records of water surface ele-
vation and longshore current velocity, mea;ured at three
positions across the surf zone, are shown in Figures 5.19
through 5.21. Each pair of incident wave and longshore
current spectra exhibits several similar peaks within the
range of incident wave periods; It appears that throughout
the surf zone short-period fluctuations in the longshore
current flow field occur at periods corresponding to the
incident breaking waves. This‘ranqe of incident wave
periods is approximately 3.0 to 6.2 seconds.

It is reasonable to assume that if the incident wave
particle velocity is conservative over one'wave period, then

the net contribution to the longshore current over that




Figure 5,16

12

Three representative simultaneous time
histories of fluctuating longshore current
velocities taken at three depth locations
through the surf zone column.
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Figure 5.17 Spectra calculated from the upper current
meter fifteen minute longshore current
velocity series of Experiment I.
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Figure 5.19

lle

Spectra calculated from time synchronous
records of water surface elevation and
longshore current velocity at Station 250,
Experiment II .
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Spectra calculated from time synchronous
records of water surface elevation and
longshore current velocity at Station 160,
Experiment II.
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Figure 5.21 Spectra calculated from time synchronous
records of water surface elevation and
longshore current velocity at Station 100,
Experiment ITI.
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interval is zero. Hence, the resulting longshore component
of a conservative horizontal particle velocity should pro-
duce a symmetric velocity oscillation about an abssissa of
zero mean and its magnitude should be related to the inci-
dent wave height.

Histograms of incident wave heights at Stations 250,
160 and 100 are presented in Figures 5.22 - 5.24. These
histograms were constructed from the total continuous
sixteen-minute time histories of water level elevation,
obtained simultaneously at each station. This resulted
in the consideration of from 319 to 459 waves at each
monitoring station.

In order to evaluate only the contfibution to the
time dependent longshore current velocity in the range
of the incident breaking wave periods, fl@ctuations ot
all other periods were eliminated from the velocity record.
The total sixteen-minute longshore current velocity records
from all longshore current meters were demeaned and band
passed filtered to remove the effect of Any long-period
fluctuation in the observed series. An example of the
original data series and its resulting decomposition is
shown in Figure 5.25 for the surface current meter at Sta-
tion 160 of Experiment II. Figure 5.25C shows the filtered,
demeaned series containing only fluctuations whose periods
encompass the range of periods associated with the incident
wave field. This series should contain the observed long-

shore current velocity component resulting from the oscillatory
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Figure 5.22 Observed incident wave height probability distribution

at Station 250, Experiment II.
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Figure 5.23 Observed incident wave height probability
distribution at Station 160, Experiment II.

Figure 5.24 Observed incident wave height probability
distribution at Station 100, Experiment II.
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portion of the breaking wave horizontal particle velocity.

Histograms of this short-period fluctuating longshore
current velocity component were constructed from the de-
meaned, short-period, band passed filtered, velocity series
from each of the surface longshore current meters. Only
velocities greater than 0.04 m/sec. were considered in this
analysis. This lower limit corresponds to the minimum ve-
locity that can be sensed by the flow meters. Both positive
and negative velocities were plotted, resulting in a bimodal
distribution of short-period longshore current velocity max-~
imums (Figures 5.26 -~ 5.28).

A comparison was made between these resulting short-
period longshore current velocity fluctuation distributions
and the predicted longshore component of incident wave max-
imum horizontal particle velocity, calculated-from solitary
wave theory. For each incident wave height range, and its
associated probability of occurrence, a corresponding long-
shore component of the maximum horizontal particle velocity
was calculated. This velocity and probability of occurrence
was then plotted on the histogram of observed short-period
longshore current fluctuations (Figures 5.26 -~ 5.28).

The agreement between the calculated magnitude and
distribution of the longshore component of incident wave
particle velocity and the observed short-period longshore
current fluctuations is remarkably good for each surf zone
monitoring station. 1It, therefore, appears that short-

period fluctuations in the longshore current flow field
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Figure 5,26 Histogram of observed short period fluctuating
longshore current velocity component and
predicted velocity distributions from solitary
wave theory, Station 250, Experiment II.
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Figure 5.27

Figure 5,28
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Histogram of obseived short period fluctuating
longshore current velocity component and
predicted velocity distributions from solitary
wave theory, Station 160, Experiment II.

Histogram of observed short period fluctuating
longshore current velocity component and
predicted velocity distributions from solitary
wave theory, Station 100, Experiment II.
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can be predicted from the incident wave height probability
distribution at that location. Hence, these short-period
longshore current fluctuations appear to be the anticipated
result of the conservative portion of the incident wave
particle velocity.

Conventional longshore current theory suggests, how-
ever, that the contribution to the longshore current flow
field resulting from the wave horizontal particle velocity
is chineB. This implies that the wave is translational
and hence, the particle velocity is not conservative. Since
a shoaling wave field on a natural beach is composed of both
translational and oscillatory wave components, a combination
of conservative and non-conservative contributions to the
longshore current velocity field should be expected. For
the case of pure two-dimensional motion the existence of a
mean longshore current velocity component is required if
non-conservative wave particle velocities exist. It, there-
fore, appears that the total current velocity vector result-
ing from a breaking wave field is composed of both a steady
and a wave period fluctuating velocity component, which can

be expressed as

Long Period Fluctuations

Results of spectral analysis of the total longshore
current velocity series from both Experiments I and II, as

well as the analysis of thirty-second running mean longshore

SN DA e iy ¥ S SERETY
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current velocities suggests that significant long-period
fluctuations are present in the longshore current flow field.
To evaluate the contribution to the time dependent longshore
current velocity at periods longer than those associated
with the incident wave field, the total longshore current
velocity records from each current monitoring station of
both experiments were demeaned and decomposed to remove any
steady or wave period fluctuations from the observed series.
An example of this decomposition is shown in Figure 5.25
which is a representative portion of the total sixteen-
minute longshore current velocity record from the surface
current meter at Station 160 of Experiment II. The Ciltered,
demeaned series (Figure 5.25 D) contains only fluctuations
whose periods are between 25 and 100 seconds. This series
represents the long-period component of the longshore cur-

rent flow field.

To further evaluate the long-period velocity com-
ponents spectra were calculated from the total, simul-
taneously measured, longshore current velocity records
from the upper and lower current meters at Stations 250,
160 and 100 of Experiment II (Figures 5.29 - 5.31). All
spectra show well defined high and low frequency peaks

which can be associated with surf zone driving forces.

There are several possible explanations for the ex-

istence of low frequency variance in the longshore current

spectra. Among these is the possibility of long-period
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Figure 5.29 Spectra calculated from total, simultaneously
measured, longshore current velocity records
from the upper and lower current meters at
Station 250, Experiment II.
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Figure 5.30 Spectra calculated from total, simultaneously -
measured, longshore current velocity records
from the upper and lower current meters at
Station 160, Experiment II.
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Spectra calculated from total, simultaneously
measured, longshore current velocity records
from the upper and lower current meters at
Station 100, Experiment IIX.
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swell being a component of the incident wave field. During
Experiment I the wave and wind fields were approaching the
field site from the west-north-west, providing a maximum
fetch length of 110 km. During Experiment II the wave and
wind fields were approaching from the west-south-west; for
this case the maximum fetch length was 104 km. For these
fetch lengths and the moderate wind conditions necessary to
run these experiments, the wave field did not reach the
state of a fully developed sea. Wave fields observed during
this investigation were primarily locally generated. There-
fore, it is not probable that long-period swell (8-17 sec.)
was a component of the incident wave field for either exper-
iment.

Another possible cause of long-peériod wave motion in-
cident at the surf zone is seiches. However, the minimum
anticipated period for the iowest made transverse oscilla-
tion of the Lake Michigan basin is approximately five hour:.
The range of pgriods characteristic of seiches is much
longer than the observed longshore current fluctuations.

If the incident wave field.is composed of more than
one frequency, another source of long-period wave motion
exists. A non-monochromatic sea surface can produce inter-
actions between individual wave components. This interaction
will produce a beat phenomena at a period f(1/A0).

Spectra calculated from the outer surf zone wave

record at Station 250 of Experiment II shows several spectral
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peaks in the wind wave range (Figure 5.32). These peaks
correspond to periods of 3.02, 3.45, 3.73, 4.74, 5.26 and
7.58 seconds. This incident wave field is clearly non-
monochromatic in the wind wave range.

The linear addition of two wave trains of similar
period will produce a beat phenomena. As an example of
the generation of beat frequencies, wave components of fre-
quencies corresponding to those resolved by the spectral
analysis of wave Station 250, in the wind wave range, were
combined to produce their respective beat frequencies (see
Table 5.8). It can be seen from Table 5.8 that appropriate
combinations of incident wave periods can produce long-
period fluctuations of periods resolved by’the spectral
analysis. A similar analysis was performed for the inci-
dent wave periods resolved by spectral analysis of wave
records from Stations 160 and 100 of Experiment II (Tables
5.9 and 5.10, respectively). The results of this‘analysis
also suggest wave ihteractions are occurring within the
surf zone.

The linear addition of two sinusoidal wave components
of periods 3.45 and 3.73 seconds, resolved by the spectral
analysis of the wave record from Station 250, Experiment II,
produce a wave envelope with a beat period of 45.9 seconds.
Spectral analysis was then preformed on this synthetic two-
component times series. The results of this spectral anal-

ysis resolved the two-input sinusoidal components, however,

e B il

e e ame ol .
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Figure 5.32 Spectra calculated from the total sixteen
minute water surface elevation record at
Station 250, Experiment II.
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Table 5.8

CALCULATED BEAT PERIODS, STATION 250

Resolved

Periods
(sec.) 3.02 3.45 3. 73 4.74 526 1.58
3.02 % 24.2 . 15.9 9.3 73 5.0
3.45 © 45.9 ¥2.7 10.0 6.3
3,73 o 17.5 12.8 3
4.74 © 48.0 127
5.26 © 1752
7.58 ©

Table 5.9
CALCULATED BEAT PERIODS, STATION 160

Resolved

Periods
(sec.) 3.00 3.56 B3 4.76 - 5435 7.319
3.00 © 19.1 15.3 8.1 6.8 5is2
3.56 © 78.1 14.1 10.6 7 5 |
373 © X¥.2 12.3 7.8
4.76 © 43.2 14.1
9595 : © 20.9
7.19 o

Table 5.10
CALCULATED BEAT PERICDS, STATION 100

Resolved

Periods
(sec.) 2.99 3:23 3457 4.00 5.26 6.05
2.99 © 40.2 18.4 11.8 6.9 5.9
3.23 ® 33.9 16.8 8.4 6.9
3e 57 o 332 h o 5% | 8.7
4.00 © 16.7 1.8
5.26 © 40.3
6.05 o
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no variance was resolved at the beat frequency. This result
should be expected, since no wave phenomena exist at the
beat frequency.

An examination of the original time series from
Station 250, Experiment II, reveals very well defined wave
groups (Figure 5.33). This periodic amplitude modulation of
the incident wave field appears to be the result of the for-
mation of a beat from at least two incident wave components.
The period of the beat tends to correspond with the calcu-
lated period of 45.9 seconds. However, this observed inci-
dent wave field is not simply the result of a two-component
interaction. As additional wave components ‘are included in
the analysis, beats are generated at multiple frequencies
and are not stationary in time.

However, the spectra calculated from the water sur-
face elevation record at Station 250 does resolve variance
at this theoretical beat pericd, 45.9 seconds. For a
spectral response at this period to exist, wave motion at
that frequency must be present since periodic amplitude
modulation of the time series is known not to result in
a spectral response at that period. 1It, therefore, appears
that this long period fluctuation in the free surface ele-
vation is driven by a locally generated beat.

As has been suggested by Longuet-Higgins and Stewart
(1962), for a non-monochromatic sea, that the effect of an

increase in the radiation stress associated with a group of
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high waves tends to create a depression in the mean water
level. Conversely, beneath groups of small waves an ele-
vation in the mean free surface should be anticipated
(Figure 3.3). Hence, a mechanism appears to be in opera-
tion which generates a forced long-period wave from a
periodic amplitude modulated sea surface composed of at
least two distinct wind wave components.

The longshore flow field must respond to this low
frequency periodic forcing at the outer surf zone. Com-
parison of spectra calculated from concurrent water sur-
face elevation and time dependent surface longshore
current velocity records at the outer surf zone (Station
250, Experiment II) shows significant variance at particu-
lar low frequencies. An analysis of the phase lag between
the water surface time series and the surface longshore
current time series has revealed that these two series tend
to be in-phase at low frequencies and out of phase at high
frequencies (Figure 5.34). Thus, at low frequencies, a
maximum in the surface longshore current velocity is asso-
ciated with a depression in the mean water surface, and vice
versa. This relationship is exactly what should be antici-
pated from the radiation stress concept of Longuet-Higgins
and Stewart (1962). Beneath a group of high waves the mean
free surface level should be depressed causing fluid to be
expelled from that region. Hence, at periods corresponding
to the beat period the longshore current velocity should

reflect this pulsation. Therefore, maxima in long-period

2o
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longshore current velocity fluctuations should be associated
with the arrival of groups of large waves. These large
waves have been shown to produce large magnitude fluctua-
tions in the longshore current flow field at periods
associated with the incident wave field. 1It, therefore,
appears that fluctuations in the longshore current flow
field can be induced by successive wave groups (beats)

which can drive observed long-period oscillations in the
nearshore zone.

Results of similar phase comparisons between the
surface longshore current velocity and concurrent water
surface elevation records at Stations 160 and 100 are
presented in Figures 5.35 and 5.36, respectively. Once
wave breaking has occurred, the pattern of forced oscil-
lations in the longshore current flow field is not as
clear as it was prior to breaking. Non-linearities associ-
ated with wave breaking, wave transformations, and wave
interactions through the surf zone appear to alter the

expected phase relationships.

Summarz

As a result of this investigation, three primary
longshore current velocity components have been isolated

which contribute to the total instantaneous longshore
current flow vector,
= -
v V + Vw VL
V, is the steady longshore current velocity component
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resulting from the translational component of the incident
waves. The fluctuating component, V., is directly propor-
tional to the magnitude and periodicity of the incident
wave horizontal particle velocity. The long-period
fluctuating component, VL, results from periodic loading

of the nearshore zone induced by wave interactions. This
investigation has resulted in the identification of com-
ponents that contribute to mean longshore current velocity
as well as components which contribute to the time dependent
portions of the flow field. The net result is a longshore
current flow field more complex than previously considered.
Recognition of this complexity, however, may lead to a bet-
ter understanding of the factors involved in nearshore

physical processes and sediment transport.
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CHAPTER VI

CONCLUSIONS AND DISCUSSION

This investigation has made several essential contri-
butions to the understanding of longshore current dynamics
and may lead to a greater understanding of nearshore physi-
cal processes on natural beaches. Specifically, a two-
dimensional mapping, across the surf zone and with depth, of
the longshore current flow field has now been established
under field conditions. This mapping has also been estab-
lished for two types of commonly occurring natural bathy-
metries; one inwhich the offshore bar isa major feature and
another in which the bar is a minor feature of the nearshore
bathymetry. This investigation has estabilshed a temporal
structure for the longshore current flow field, which should
aid in the understanding of sediment transport as well as
circulation within the coastal zone. It is anticipated that,
as a result of this study, the response of both engineer-
ing and natural structures within the nearshore region to
wave-induced current motions may be better understood.

It can be concluded from this study that the vertical
structure of the mean longshore current flow field is uni-

form with depth except for a narrow bottom boundary layer.

i
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This observation is in agreement with previous theoretical
assumptions on the vertical structure of the longshore
current flow field. Vertical uniformity of the flow field
throughout most of the surf zone water column implies shérp
velocity gradients, and hence large shear stresses at the
sediment-water interface. Likewise, the magnitude of these
shear stresses varies widely in response to longshore
current velocity fluctuations.

From this investigation it can also be concluded that
the total, instantaneous longshore curreﬁt velocity vector
at any point across the surf zone is composed of three
primary components. These components are: i) a steady long-
shore current velocity component; ii) a long-period fluct-~
uating velocity component which tends to be out-of-phase
with the incident wave field; and iii) a short-period
fluctuating longshore current velocity coyponent which
tends to be in-phase with the incident wave field.

The mean longshore current velocity component has been
attributed, in a two-dimensional context, to the non-
conservative portion of breaking wave horizontal particle
velocity. However, three-dimensional flow on a natural
beach may result in additional driving forces of longshore
currents. Lake Michigan was chosen as the field site for
these experiments to eliminate the contribution to the mean
longshore current velocity resulting from the tide. How-
ever, variations of the incident wave field in the along-

shore direction can be expected to result in a slope of the
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nearshore water surface, causing a mean longshore flow.
This effect cannot be evaluated because of the two-dimen-
sional nature of this study, but the resulting flow may
still have been measured.

: The long-period fluctuating longshore current velocity
component results from the beat produced by interaction of a
non-monochromatic incident wave field. Beneath groups of
high waves the mean sea surface is depressed resulting in a
filow of fluid from that region. The opposite situation
should be anticipated beneath groups of small waves. Hence,
the long-period fluctuating longshore current velocity com-
ponent should be out of phase with the induced long period
component of the incident wave field. Ina three-dimensional
framework, an incident short-crested sea surface as well as
the existance of edge waves may also contribute to the long-
shore current velocity vector. These contributions, however,
cannot be evaluated within the two-dimensional context of
this study.

Short-period longshore current fluctuations have been
shown to result from the conservative portion of the inci-
dent breaking wave horizontal particle velocity. The surt
zone, however, is a region of transition from nearly con-
servative wave particle velocities outside the surf zone to
totally translational wave particle velocities near the
shore. Hence, each wave-induced component of the total
longshore current velocity vector should not necessarily

contribute, in the same relative proportion, to the longshore
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current flow field at any point across the surf zone. Any
one of the three components contributing to the longshore
current flew field could be dominant, depending upon
position across the surf zone.

The results of this study have further indicated that
neither the deterministic radiation stress approach to the
prediction of longshore currents, Longuet-Higgins (1970),
nor the probabilistic formulation of Collins (1972), pro-
vide adequate prediction of the magnitude and distribution
of longshore current velocity across the surf zone. The
probabilistic formulation of Collins (1972) appears to pro-
vide the most satisfying formulation in terms of observed
incident wave fields; however, in order to provide good
quantitative predictions of longshore current flow fields,

a close examination of both the mixing parameter (P) and

the coefficient of bottom friction (Lf) must be undertaken.
In addition, the assumed incicdent wave height probability
distribution at the outer surf zone must be in better agree-
ment with actual observed distributions. For only in this
way can an accurate parameterization of bottom friction and
lateral mixing be obtained. Furthermore, it seems unrealis-
tic to expect mixing across the surf zone to occur from only
lateral mixing or from only the random breaking of a proba-
bilistic incident wave field. On a natural beach both
processes should be occurring simultaneously.

This investigation has also isolated the existence of

a low velocity zone in the longshore current flow field over the
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submarine bar, which is not present on a planer beach.
This low velocity zone was not observed during Experiment
1 for several reasons. First, the bar was a minor feature
of the surf zone bathymetry. Second, the surf zone was
much broader during Experiment I with the zone of active
breaking shifted further offshore. Third, only a limited !
portion of the surf zone was investigated during this
preliminary experiment. It should, therefore, be antici-
pated that for waves breaking over a bar and experiencing 1
an exponential decay of wave height shoreward. The long-
shore current should also monotonically decay shoreward, i
but this is not seen. 1Instead, the bar appears to produce }
a frictional retardation of the longshore current flow
field directly over its crest.

The results of this investigation suggest several
areas of future work. Observations of the total longshore
current flow vector should be extended into the third di- 5
mension. This would provide a complete understanding of
the spatial and temporal character of nearshore circula-
tion and related physical processes. Specifically, it
would assist in the evaluation of forcing functions which
have a longshore dependency. It appears thaﬁ existing
analytic formulations for longshore current flow prediction
should be re-evaluated in light of the findings of this
study. Specifically, time dependent formulations should
be derived and evaluated on the temporal scales suggested

by this study.
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As a result of this study, the two-dimensional spatial
and temporal structure of the longshore current flow field
has been measured on a natural beach. This achievement,
however, only represents an initial step toward complete
understanding of nearshore physical processes. Many more
field investigations of this type are necessary before
total undérstanding of beach processes is attained. Until
that time, man will not be able to use this natural resource,

the beach, without altering its natural processes and beauty.
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APPENDIX A

CONTINUOUS OVERLAPING 30 SECOND TIME AVERAGES OF THE
VERTICAL DISTRIBUTION OF LONGSHORE CURRENT VELOCITY

Time (Sec.) 0-30 15-45 30-60 45-75 60-90 75-105 90~120

Upper Meter:

Mean (v) 0.49 0.54 0.46 0.39 0.39 0.40 0.42

Std. Dev. (s) 0.21 0.123 0. kS 0.09 0. 07 0.07 0.09

Mid. Meter:

Mean (v) 0.48 0..5L 0.43 0.:35 0. 37 0.41 0.41

Std. Dev. (s) 0.08 0.08 0.11 0l.107 0.06 0.05 0.08

Bottom Meter:

Mean (v) Qa3 0.41 0.36 023 0. 21 0.25 0.2l

Std. Dev. (s) 012 012 0.17 0.14 0.06 0.08 (o |

Time (Sec.) 105-135 120-150 135-165 150-180 165-195 180-210 195-225

Upper Meter:

Mean (v) 0.51 0.55 0.46 0.45 0.46 0.48 0.54

Std. Dev. (s) (0050 1 Q15 -1l 0.11 .12 0.16 Q.17

Mid. Meter:

Mean (v) 0.48 052 0.46 0.45 0.43 0.48 0.52

Std. Dev. (s) O.L6 03 0.10 0.13 0.14 PR 0.14

Bottom Meter:

Mean (v) Q32 0.39 0.31 037 0.39 0.39 0.44

Std. Dev. (s) 0.20 0.16 0.20 0.16 0.20 0.18 017

Time (Sec.) 210-240 225-255 240-270 255-285 270-300 285-315 300-330

Upper Meter:

Mean (v) 0.56 Q.52 0.47 0.56 0.67 0.44 0.38

Std. Dev. (s) 0. L5 O 12 0.10 0.14 0:47 0.14 .11

Mid. Meter: 3

Mean (v) @51 0.47 0.45 Ole 5l 0.66 0.44 0.43

Std. Dev. (s) 0.13 0.11 0.10 8.13 0.16 0.12 0.11

Bottom Meter:

Mean (v) 0.45 0.34 0.26 0.48 0.54 0.41 0.34

Std. Dev. (s) 0.15 o0.14 0.14 0.18 0.21 0.18 0.14

Time (Sec.) 315-345 330-360 345-375 360-390 375-405 390-420 405-435

Upper Meter:

Mean (v) 0.42 0.38 0.44 0.54 0.48 0.41 0.40

Std. Dev. (s) 0.13 0.10 0.14 0.16 0.14 0.12 0.12

Mid. Meter:

bs'lﬁgn ISZ\)/ (s) 0.40 0.40 0.42 0.48 0.46 0.40 0.41
Q.10 0.10 U.1¢e 0.13 Q.13 0.12 0.12

Bottom Meter:

Mean (v) o

std. Dev. (s) 0.34 0.33 0.35 0.31 0.29 0.22 0.23

0.10 0.18 Q.12 0.20 0.18 0.13 : 0,13
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Time (Sec.)

Upper Meter:

420-450 435-465 450-480 465-495 480-510 495-525 510-540

Mean (V) 0.42 0.46 .53 0.52 Q.51 0.55 0.53
std. Dev. (s) g. 13 0.14 .16 0.14 0.13 0.16 0.14
Mid. Meter: k

Mean (v) 0.42 0.46 .51 0.52 0.52 0.54 0.52
Std. Dev. (s) 612 0.14 s 0 .L5 9. 13 0.5 g1
Bottom Meter:

Mean (V) 0.23 0.39 .42 0.42  @9.35 0.40 0.40
Std. Dev. (s) 0,15 0.16 + 16 0.15 0.14 Q.15 0. 15
Time (Sec.) 525~555 540-570

Upper Meter:

Mean (v) 0.54 0.:55

std. Dev. (s) 0.11 0.11

Mid. Meter:

Mean (v) 0:.55 0.56

Std. Dev. (s) 0.14 Q.14

Bottom Meter:

Mean (v) Q.39 0.34

Std. Dev. (s) QX5 015
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