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PREFACE

This volume evolved from a symposium held at the Eleventh International
Congress on Sedimentology which met at Hamilton, Ontario in August 1982
under the auspices of the International Association of Sedimentologists.
The symposium entitled “Coastal Environments Dominated by Waves”
was convened jointly by Brian Greenwood (representing the primary sponsors,
the Geological Association of Canada and Canadian Society of Petroleum
Geologists) and Skip Davis (representing the Society of Economic Paleontol-
ogists and Mineralogists, the co-sponsor).

The objective of the symposium was to provide a forum for discussion of
the links between hydrodynamics and sedimentation in both modern and
ancient wave-dominated coastal environments. Of the 35 original papers 23
are presented in this volume: they range in content from theory and experi-
ment on recent sedimentation under waves (papers 2—9), to. the interpreta-
tion of bed forms and sedimentary structures under a range of environmental
constraints (papers 10—15), to macro-scale sedimentation, morphodynamics
and the stratigraphic record (papers 16—21) and finally to explicit recon-
struction of ancient environmental constraints on sedimentation revealed in
the rock record (papers 22 and 23). Each paper is an original research con-
tribution and has been selected to indicate the current levels and directions
of research on sedimentation in wave-dominated coastal environments.

We would like to thank the authors for their patience during the produc-
tion of this volume and the many referees who gave their time freely to rigor-
ously review the manuscripts.

BRIAN GREENWOOD and RICHARD A. DAVIS, Jr. (Editors)
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WAVES, LONG WAVES AND NEARSHORE MORPHOLOGY

A.J. BOWEN and D.A. HUNTLEY
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ABSTRACT

Bowen, AJ. and Huntley, D.A., 1984, Waves, long waves and nearshore morphology. In:
B. Greenwood and R.A. Davis, Jr. (Editors), Hydrodynamics and Sedimentation in
Wave-Dominated Coastal Environments. Mar. Geol., 60: 1—13.

Recent field measurements on beaches of different slopes have established that wave
motion at periods substantially longer than the incident waves dominates the velocity
field close to the shore. Analysis of a number of extensive data sets shows that much of
this long wave motion is in the form of progessive edge waves, though forced wave
motion, standing edge waves and free waves propagating away from the shore may also
contribute to the energy.

Theoretically, the drift velocities in bottom boundary layers due to edge waves show
spatial patterns of convergence and divergence which may move sediment to form either
regular crescentic or cuspate features when only one edge wave mode dominates, or a
bewildering array of bars, bumps and holes when several phase-locked modes exist to-
gether.

Convincing field demonstration of the link between nearshore topography and edge
waves only exists for the special case of small-scale beach cusps on steep beaches, formed
by edge waves at the subharmonic (twice the period) of the incident waves. At longer
periods the link is proving more difficult to establish, due to the longer time-scales of
topographic changes, the interaction between pre-existing topography and the water
motion, and the observation of broad-banded edge wave motion which is not readily
linked to topography with a well-defined scale.

These ideas are, however, central to the study of nearshore processes, as most of the
plausible alternate hypotheses do not seem to lead to quantitative predictions. Clearly,
further theoretical and observational work is essential.

INTRODUCTION

It is clear from the most superficial examination that the nearshore zone
is a very active area of sediment transport. This activity is observed on both
long time scales, seasonal changes in beach profiles being evident in many
parts of the world, and on time scales of a few hours, during a major storm
for example. It was natural that the early attempts to explain these pro-
cesses focussed on the obvious driving mechanism, the waves moving in from
deep water. The belief that these incident waves are the only important
Mmechanism was not often explicitly stated, perhaps because it was already
known that the strong, wave-driven currents occurred in and just outside the

0025-3227/84/$03.00 © 1984 Elsevier Science Publishers B.V.



surf zone. Shepard et al. (1941) had pointed to the possible geological
importance of rip currents. However, an expectation that the waves them-
selves, not the nearshore currents, are the dominant process was implicit
in the large number of laboratory experiments in long, narrow wave flumes
that sought to explain the shape of the beach (Rector, 1954) or the exist-
ence of longshore bars (Johnson, 1949; Iwagaki and Noda, 1963).

An interesting consequence of the assumption that the incoming waves are
the dominant process was the very limited set of parameters that seemed to
be involved in determining characteristics of the beach such as the beach
profile. In the idealized laboratory experiment, a single wave frequency o
(or wavelength L) and height H characterized the waves, while the sand was
apparently adequately described by a density and a typical grain size d. Any
further property of the system was then only dependent on a very few non-
dimensional numbers, H/L and H/d particularly. The criteria for the forma-
tion of a longshore bar given by Iwagaki and Noda (1963) are typical of this
approach.

An interesting question is why these very sensible ideas did not lead to a
satisfactory model for on-offshore processes on a beach. One way of focus-
sing on this question is to look at conditions well inside the surf zone. To a
very good approximation, breakers inside the surf zone are ‘“‘saturated”, that
is, the wave height at any point is limited by the local depth (Fig.1). This is
what might be expected on dimensional grounds (Longuet-Higgins, 1972)
and what is found both in laboratory experiments using monochromatic
waves and in detailed field measurements in conditions of both broad and
narrow spectral distributions of wave energy (Thornton and Guza, 1982).
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Fig.1. Saturation: the limitation of wa#ve height H in the surf zone by the local depth, h
(after Thornton and Guza, 1982).



If breakers are saturated, the local wave height is proportional to the depth,
regardless of conditions offshore. How then does the beach face ‘“know”’
that there are large waves offshore? To address this question it is useful to
look more closely at the nature of the wave motion very close to the shore,
in the run-up for example.

WAVES AND LONG WAVES

There has recently been considerable interest in the direct measurement
of the swash movement, the run-up, at the shoreline using both run-up
meters, essentially wave staffs laid parallel to the beach, and time-lapse
photography (Holman and Guza, 1984). The observations show that in the
region very close to the shore the dominant wave motion is not normally at
frequencies typical of the incident waves. On steep beaches the run-up shows
significant energy at the subharmonic frequency of the incident waves
(Huntley and Bowen, 1973). On gently sloping beaches the frequencies are
generally much lower and not obviously related to those of the incoming
waves. However, the amplitude of the low-frequency motion is very clearly
related to size of the incident waves. Figure 2 shows that the amplitude of
the movement at the shoreline at low frequencies increases linearly with
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Fig. 2. The horizontal excursion in the swash at the shoreline Rf as a function of the
significant waveheight offshore H;. The open numbers show the magnitude of the signifi-
cant excursion at periods longer than 25 s, those circled at periods less than 25 s (after
Guza and Thornton, 1982).



increasing incident wave height while the amplitude at the incident fre-
quency remains constant, as would be expected from the idea of saturation.
The amplitude of the incident waves at the shoreline increases with breaker
height for very small incident waves but reaches a constant value at a small
value of € (Guza and Bowen, 1976), where

_ Hd?
- Zg-bﬂ (1)

and f is the beach slope. Thus we would expect shoreline amplitudes to be
independent of offshore wave conditions when ¢ is large, which will generally
be the case at incident wave frequencies where the waves are normally large
enough to break. e is, in fact, an important dimensionless parameter, a surf
similarity measure, characterizing many properties of the system including,
for example, the type of breaking.

The occurrence of low-frequency waves is not unexpected. Munk (1949)
observed similar waves outside the surf zone and suggested that they were
associated with the wave groups which naturally occur with the beating of
several incident wave frequencies. This led to the adoption of the generic
term “‘surf beat’ for all motions in a frequency range from 30 s to several
minutes. Despite the early evidence for the existence of such waves, they
did not attract much interest. In retrospect this is surprising because it
should have been evident that the wavelengths associated with these motions
are of the same order as those of major multiple bar structures. There seems
to have been a general impression that these waves were not only long, but
also of low amplitude.

However, the results of Guza and Thornton (1982) shown in Fig.2 suggest
that such low-frequency motions are dominant over a significant region in
the surf zone and that this dominance increases in very severe conditions,
precisely the conditions in which the most active sediment transport is
expected to occur. It may be useful to emphasize that this dominance is not
of one small quantity relative to another. The orbital velocities associated
with these low frequency motions are of the same order as the currents
associated with the. incident waves and the wave-induced nearshore circula-
tion, with typical values of the order of 1 m s™. This is clearly an important
contribution to the total velocity field. To understand the way in which this
motion influences the nearshore morphology, we need to know more about
the onshore and longshore structure of this low-frequency activity.

€

SURF BEAT AND EDGE WAVES

Figure 3 schematically illustrates the principle types of waves that may
contribute to the low-frequency motion in terms of the wave frequency o
and the longshore wavenumber A. The solid lines denote a set of edge-wave
modes whose amplitude is largest at the shoreline and dies away seaward so
that the wave is trapped to the shoreline. Mathematically, these solutions
require the dispersion relation:



Fig.3. The dispersion relationship between wave frequency o and longshore wave number,
A, for a beach slope g = 0.12. n is the modal number of the edge waves (¢). / indicates the
region of leaky modes and f illustrates areas of forced modes.

o? =g\ sin(2n + 1) B, n=0,1,2... (2)

where n is the mode number shown in Fig.3. If (2n + 1)§ > 7 /2 there are no
trapped solutions, and waves having these (o, A) values may propagate to, or
from, deep water and are consequently known as ‘“‘leaky’” modes. They
include the normal incident waves. '

The spaces between the edge wave modes are combinations of (g, A) values
which do not satisfy the dispersion relation, eq.2. Any motion here is a
forced wave and the response will theoretically be weaker than at the free
modes for which the response is ‘‘resonant”. There is an additional set of
forced modes which do not satisfy the necessary dispersion relationship for
free modes in the on-offshore direction. These waves have a frequency and
wavenumber that do not satisfy the normal conditions for surface gravity
waves. Examples are the harmonics of the incident waves and the set-down
under groups of incident waves (Longuet-Higgins and Stewart, 1962).

There have been a number of observations of wave conditions near the
shore that suggest that both leaky waves and edge waves are important
components of this low-frequency motion (Suhayda, 1974; Huntley, 1976;
Wright et al.,, 1979; Holman, 1981). However, in order to separate modes
when a number of different modes, trapped and leaky, occur at the same
frequency a large longshore array is necessary. Using data from the 520 m
long longshore array at the first Nearshore Sediment Transport Study site,
Torrey Pines Beach, California, Huntley et al. (1981) were able to determine
the observed low-frequency energy spectra as functions of both frequency



and longshore wavenumber, and hence plot the observed energy on a dia-
gram like Fig.3. Figure 4 shows an example for longshore currents. Clearly
most of the energy here occurs along the expected edge-wave dispersion
curves. Their analysis also suggests that other forms of motion, possibly
forced waves driven by incoming wave groups, also contribute to the energy.
However, results like those shown in Fig.4 provide unambiguous confirma-
tion that progressive edge waves are indeed present at surf-beat frequencies.

0.030

-n

Py

m

D)

C

0.015 g

’ @

<

ju

N
—0.010
—0.005

8

SOUTHWARDS NORTHWARDS
WAVENUMBER x10®m"!

NOVEMBER 2ist, 1978

Fig.4. Contours of energy in the longshore component of velocity plotted on a (o, A) dia-
gram, with negative and positive wavenumbers representing waves moving southwards or
northwards, respectively, along the beach (after Huntley et al., 1979).



LONG WAVES AND NEARSHORE MORPHOLOGY

As previously mentioned, surf beat, whether a leaky mode or an edge
wave, provides length scales which are very much of the same order as many
of the morphological features actually observed (Bowen and Inman, 1971;
Short, 1975; Bowen, 1980). Leaky modes are primarily seen in the on-off
shore direction and are therefore most likely to play a role in the formation
of shore paralle] features such as longshore bars. Edge waves, on the other
hand, have a well-defined longshore length scale and are therefore a possible
cause of rhythmic longshore features. However, a single progressive edge
wave provides no longshore variability on the average. It is seen, at different
locations in the longshore direction, as exactly the same wave, simply
arriving at slightly different times. To produce longshore variation at least
two modes of the same frequency are necessary. Bowen and Inman (1971)
showed that a standing edge wave, which can be regarded as two edge waves
of the same frequency, mode and amplitude propagating in opposite direc-
tions, might generate a nearshore morphology of cusps and crescentic bars
whose wavelength would be half that of the edge waves (Fig.5). The drift
velocities, calculated from Hunt and Johns (1963), seemed to provide a
pattern which would form the observed structure.
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Holman and Bowen (1982) have recently extended these ideas to look at
any combination of edge-wave modes of the same frequency. The waves can
be of different modes, different amplitudes and may propagate in the same
direction or in opposite directions. In every case, provided there is some
coherence between the modes, a longshore pattern will result. For example,
the combined elevation of two modes m and r is given by

N =0, X, (x)sin(A,y — ot) + @, X, (x)sin(A,y — ot + @) (3)

where a,,, a, are the shoreline amplitudes of the two modes, a is the phase
angle between the waves and X, and X, give the dependence of the wave
amplitudes on the offshore co-ordinate x. If we assume that a is constant,
i.e. that the waves are ‘‘phase-locked”, and look at a region in which X,, (x)
~ X(x), then eq.3 can be rewritten as

1= (@, —a.)X(x)sin(A,y — ot) + 2a, X(x)sin[0.5(A,, + N)y — ot + /2]
cos[0.5(A,, — )y —a/2] 4)

If a,, = a, and ), = —\., this result reduces to the standing edge wave
studied by Bowen and Inman (1971), the negative wavenumber showing a
wave propagating in the negative y direction. However, for any two modes
the cosine term in eq.4 produces a longshore modulation which is fixed in
space, provided « is constant. This modulation has wavelength #/(A,, — },)
so the wavelength tends to be longer if the waves move in the same direction
than if they move in opposite directions. Again, using expressions derived by
Hunt and Johns (1963), the drift velocity pattern can be computed for any
combination of modes. Holman and Bowen (1982) introduced a simple
sediment transport model to compute the equilibrium slope for any pattern
of drift velocities. Figure 6 shows both the drift velocities and the computed
topography generated by the interaction of edge waves of modes 1 and 2
moving in the same direction. The waves were assumed to be of equal ampli-
tude at the shoreline for the purposes of the illustration. In this case the drift
velocity pattern generates both topographic features and a residual transport
of sediment up the coast.

There is an important difference between the pattern of transport and the
shape of the morphology. The morphology shown is assumed to be in
equilibrium with the wave and drift velocity fields. The condition which
must then be satisfied is that the divergence of the sediment transport vector
is zero. Sediment is moving through the system, but everywhere the trans-
port into any small area is balanced by the transport out. Even, for the case
of crescentic bars where there is no net longshore drift velocity, there re-
mains a local circulation of the sediment over the bar system (Fig.7), a circu-
lation very similar to that deduced from studies of sedimentary structure
and the movement of sediment tracers by Greenwood and Davidson-Arnott
(1979) and Greenwood and Hale (1982).

One interesting result found by Holman and Bowen (1982) was that the
theoretical topography computed in their model did not look familiar. It
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only took on a familiar form, a crescentic bar for example, if it was added on
to an overall beach slope. This has important implications when making
measurements of sand bars in the field. It is natural to think of a bar crest
as being at the point where the slope of the bottom is zero, i.e. where the
local depth is a minimum. However the position of this point is dependent
on the general slope of the beach in relation to the size of the perturbation
creating the bar.

Furthermore, in the theoretical model there is no difference conceptually
between a perturbation which gives a clear bar form and a smaller perturba-
tion which produces a low tide terrace, a flattening of the profile rather
than a bar per se. In fact it is clear that if the slope’ of the perturbation is
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nowhere as large as the beach slope, no ‘“bar” will be formed, while on a
gentler beach the same perturbation will produce a bar.

These points may be readily illustrated by a simple model of a bar on a
linearly sloping beach. Consider, for example, a Gaussian-shaped bar, centred
at x,, on a beach of slope 8. The depth & can be written

h=—Px+ aexp—(x —x)° (5)
The crest of the bar, defined to be where 0h/dx = 0, will be where
B/2a = (x — x0) exp —(x — xo)’ (6)

The minimum value of bar amplitude, a, for which a crest will occur will be
where

3(p/2a)/3(x —x,) =0 ie. (x —xo)=—0.71 )

and this occurs for §/2a = 0.43. Larger values of this ratio will not cause a bar
crest to be formed, merely a change in beach slope. Figure 8 shows some
examples and illustrates how the bar ‘“‘crest” can be significantly displaced
from the location of maximum perturbation. This kind of displacement can
make theoretical interpretation of measured bar locations difficult.

This clearly illustrates how low-frequency motion may influence the

Fig.8. The beach profile described by eq.5, showing the effect of reducing the amplitude
of the bar a. The position of the point of minimum depth, dh/dx = 0, is shown by the
arrow.

Fig.7. a. Nearshore topography in the form of a crescentic bar generated by the interac-
tion of two mode 1 edge waves illustrated in Fig.5. b. The residual sediment flux, fp, over
this bar system. Transport is in at the horns of the bar, out over the cusp (after Holman
and Bowen, 1981).
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beach profile in a subtle way without necessarily providing obvious length
scales. Nevertheless, there is a conceptual link between increasing wave-
height, leading to increasing low frequency activity, larger perturbations in
the topography and the formation of bars. This is entirely consistent with
the conclusions of Iwagaki and Noda (1963) that large waves make bars, but
the physical model is very different.

CONCLUSIONS

It is now clear that the velocities dominating the motion in the inner surf
zone and at the shoreline are often those at surf-beat frequencies rather than
incident wave frequencies. Recent measurements also show that the ampli-
tude of this surf beat increases essentially linearly with the amplitude of the
incident waves in deep water. The magnitude of these surf-beat velocities is
on the order of 1 m s™.

Complete identification of this surf-beat energy has not yet been achieved,
but it is clear that edge waves, trapped to the shoreline and propagating
parallel to the shore, form a significant proportion of the total energy.

Numerical models of drift velocities and sediment transport show that
regular topographic features are expected to be formed under a single long-
period edge-wave mode, while complex patterns of bars, bumps and holes
can occur when several modes, phase-locked together, occur simultaneously.
Thus many of the observed topographic features on natural shorelines could
be the result of edge-wave activity.

There remain, of course, a number of questions which are the subject of
continuing research. Firstly, how do growing bars influence the edge waves
which might produce them? Holman and Bowen (1982) ignore any feed-
back between the topography and the edgewaves but recent work by Kirby,
Dalrymple and Liu (1981) suggests one approach to this problem. Secondly,
do edge waves occur in nature over a narrow enough frequency range to
explain the specific topographic length scales observed? Equation 2 shows
that, on plane beach slopes, the wavelength depends strongly on the fre-
quency. However, there are several possible mechanisms which might lead
to a narrowing of the wavelength range, amongst them the feedback mech-
anism just mentioned. Thirdly, are different edge-wave modes sufficiently
phase locked in nature to allow the range of features predicted by Holman
and Bowen? Analysis is continuing in an attempt to answer this.

Despite these remaining uncertainties, the observations and conceptual
ideas presented here lead to quantitative predictions of many features of
bar shapes and scales and these must be tested against accurate measure-
ments in the field. The simple model of a bar on a sloping beach (Fig.8)
shows that this will require more than simply measuring the location of the
bar ‘“crest’’.
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ABSTRACT

Davidson-Arnott, R.G.D. and Randall, D.C., 1984, Spatial and temporal variations in
spectra of storm waves across a barred nearshore. In: B. Greenwood and R.A. Davis,
Jr. (Editors), Hydrodynamics and Sedimentation in Wave-Dominated Coastal Environ-
ments. Mar. Geol., 60: 15—30.

Wave staffs and electromagnetic current meters were deployed on a profile across a
two-bar system at Wendake Beach, southern Georgian Bay. This paper examines spatial
and temporal changes in the characteristics of wave form, and the spectra of surface
elevation and on-offshore current motion, during one storm. Non-linear effects of wave
shoaling and breaking across the bars result in the appearance of secondary waves and
both the wave and on-offshore current spectra have significant harmonic peaks during
most of the storm. Significant low-frequency energy occurs only during the peak of the
storm. While the peak frequency remains constant across the bar system, the proportion
of energy in the primary peak is greatest in the troughs and lowest over the bar crests
and there are similar changes in the proportion of energy in the first harmonic. However,
in both surface elevation spectra and on-offshore current spectra, the greatest proportion
of energy is found in frequencies related to the incident wind waves.

INTRODUCTION

On many gently sloping sandy coastlines the nearshore area is charac-
terized by the presence of sand bars which assume a variety of forms, with
most being aligned parallel to the shoreline (Greenwood and Davidson-Arnott,
1979). In some areas these are essentially permanent features of the near-
shore profile (e.g. Greenwood and Davidson-Arnott, 1975; Davidson-Arnott
and Pember, 1980; Hale and McCann, 1982) while in others they appear to
be related to the occurrence of steep storm waves and may be destroyed
during other times (e.g. Wright et al., 1979). It is evident that the existence
of a barred, in contrast to a planar, profile reflects the establishment of a
condition of dynamic equilibrium, resulting from a particular combination
of processes controlling the rate and pattern of sediment transport in the
breaker and surf zones. A number of controlling mechanisms have been
suggested to account for the occurrence of the bars and their overall mor-
phology and location, including standing waves (e.g. Short, 1975; Bowen,
1980), edge waves (Bowen and Inman, 1971; Holman and Bowen, 1982),

0025-3227/84/$03.00 © 1984 Elsevier Science Publishers B.V,
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interaction between breaking waves and rip cell circulation (Greenwood and
Davidson-Arnott, 1979) and harmonics generated during wave shoaling
(Boczar-Karakiewicz et al,, 1981). Ultimately, the occurrence of a non-
barred or a barred profile is probably controlled by the characteristics of the
incident waves and factors determining the type of shoaling deformation,
breaking, and the amount of wave reflection.

Numerous studies have reported on the characteristics of wave trans-
formation during shoaling, breaking and in the surf zone on planar slopes
(e.g. Galvin, 1968; Divoky et al., 1970; Longuett-Higgins, 1976; Suhayda
and Pettigrew, 1977; Shemdin et al.,, 1980) and on water motion associated
with breaking waves (e.g. Thornton et al., 1976; Thornton, 1979; Battjes
and Van Heteren, 1980). There have been fewer studies of wave transforma-
tion over barred profiles (e.g. Byme, 1969; Wood, 1970; McNair and Sorensen,
1970; Busching, 1976; Wright et al., 1979; Mizuguchi, 1980) where the
processes are complicated by multiple breaking and an irregular surf zone
profile, with deeper water in the troughs leading to zones of wave reformation.

This paper reports on the form and spectral characteristics of waves
over a barred system. In particular, attention is focussed on changes in the
number and form of waves in the zones of wave shoaling, breaking and
reformation, on spatial and temporal changes in the energy distribution
within the wave spectra, and on the relationship between spectra from the
water surface profile and the horizontal component of water motion below
the surface. While consideration is given primarily to the effects of the bar
topography on the incident waves, it is evident that some of the phenomena
described here must in turn be considered in modelling overall nearshore
sediment transport and, thus, ultimately in the formation of the bars
themselves.

STUDY AREA

The study was carried out at Wendake Beach at the southeast end of
Georgian Bay, Lake Ontario (Fig.1). The study site is located near the middle
of a 5 km stretch of sandy beaches which form part of the head of
Nottawasaga Bay. The beach and nearshore zone consist primarily of
well-sorted fine to medium sand with occasional outcrops of till or bed-
rock, and is characterized by the presence of two or three bars. A nearly
continuous, straight to sinuous outer bar extends parallel to the shore for
most of the stretch of beach and there are one or two inner bars which are
generally crescentic in form and broken by rather poorly defined rip channels.
Three bars were present along the profile instrumented for the study (Fig.2).
The outer bar was located about 100 m offshore with water depth over the
crest of 1.6 m and in the trough 2.0 m. The second bar was located about
50 m offshore with water depth 1 m over the crest and there was a small,
poorly developed bar just lakeward of the step. The outer bar was nearly
symmetric in shape while the lakeward slope of the second bar was much
steeper than the shoreward slope. Over the study period the outer bar
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remained relatively stable, while the second bar grew in height and migrated
about 15 m landward.

Prevailing winds are offshore from the southwest, with waves affecting
the bars being generated by winds from the W, NW, and N, blowing over
fetches of 40, 150 and 5 km, respectively, during the passage of depressions.
During these storms, waves reaching Nottawasaga Bay have significant wave
heights of 1—2 m and periods of 4—7 s (Davidson-Arnott and Pollard, 1980).
The presence of shorefast ice and ice in Georgian Bay restricts wave processes
for a 3—4 month period from mid-December. More details of the nearshore
morphology and wave climate are given in Randall (1982).

METHODOLOGY

Water surface elevations and water motion were measured using continuous
resistance wave staffs and biaxial electromagnetic flow meters. For the mea-
surements reported here, nine wave staffs and six flow meters were placed
along a shore normal profile in the configuration shown in Fig.2. Due to
instrumentation problems data were not obtained from wave staffs 5 and 8.
Pre-storm calibration indicated that wave staff linearity was good except for
the lower 25 cm. Wind speed and direction were recorded using a D.C.
wind generator and vane mounted on a 4 m high mast jetted into the sand on
the beach. Analogue signals from each sensor were hard-wired to a Hewlett-
Packard Data Aquisition System with analogue to digital scanner converter,
and micro computer. Data were collected over 9-min spans with a sampling
interval of 0.5 s. Spectral analysis was carried out for the first 1024 data
points using a lag of 50. More details on instrumentation can be found in
Greenwood and Sherman (1982).
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STORM CHARACTERISTICS

A meteorological depression moving northeastward above Georgian Bay
during May 31 and June 1 1980 generated storm waves affecting the study
area over a period of about 19 h. During this time a total of ten sets of
records were taken. Wind speed and direction recorded at the study site
are presented in Fig.3 along with the significant wave height and peak
period recorded at the outer wave staff (staff 9). Wave build-up occurred
primarily in response to increasing wind speed and a clockwise shift in wind
direction from the SW at about 18.00 h on May 31 to the NW at 22.00 h.
At the peak of the storm average wind speeds recorded at the beach exceeded
9 m s with corresponding wave height greater than 1.0 m and wave period
greater than 5.0 s. After 1.00 h on 1 June, wind speed began to decrease
gradually while wind direction shifted slowly towards the north, and cor-
respondingly shorter fetch lengths, resulting in a slow decrease in both wave
height and period.
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SPATIAL VARIATION IN WAVE CHARACTERISTICS

Wave height

Changes in significant wave height across the bars are shown in Fig.4 for
two runs (15.00 and 22.00 h on May 31) which reflect conditions during
the growth and peak of the storm, respectively. The dashed lines indicate
changes in wave height from one staff to the next over the bar and trough
systems while the vertical lines show the changes in height at each staff in
the interval between the two runs. Also shown in Fig.4 are values for the
ratio of wave height to water depth (y) changes in which reflect primarily
the increase in wave height but also include the effects of increased water
depth due to set-up.

The data for both runs show a similar spatial pattern with greatest heights
occurring over the bar crest and a considerable reduction occurring in the
trough landward of the bar, reflecting height loss through breaking on the
bar, and the effect of deeper water in the trough. Even during the growth
stage there is considerable breaking over the inner bar because of its shallow
depth and steep lakeward slope, though during this time breaker type was
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observed to be primarily in the spilling range. At the peak of the storm
there is a large increase in wave height on the inner bar, breaking is intense
and occurs as a mixture of spilling and plunging types. The inshore breaker
type parameters of Galvin (1968) and Battjes (1974) were calculated using
significant wave height measured at staffs 9 and 3, and average slope values
for the lakeward slope of the outer and inner bars, respectively. Values for
the outer bar were well within the spilling range, but those for the inner
system at the peak of the storm are close to the transition from spilling to
plunging [0.79—0.85 compared to the transition value of 0.68 using Galvin’s
(1968) parameter]. If H 1/10 is used rather than H 1/3 then the values at
the peak of the storm fall into the plunging category. Values of v at staff 3
range from 0.68 to 1.06 over the storm and are thus in the range conven-
tionally assumed for a highly dissipative surf zone. The intensity of breaking
over the inner bar is reflected in the large reduction in significant wave
height between staffs 3 and 2. The fact that there is little change in height
and the value of y at staff 2 over most of the storm is indicative of a satur-
ated inner surf zone; and observations show the formation of surf bores
rather than wave reformation in many instances.

Over the outer bar, while there is considerable peaking due to shoaling,
breaking is confined to the largest waves during the growth phase and is of
the spilling variety. During the peak of the storm breaking was more intense
but still primarily within the spilling range with breaking ceasing as the waves
moved into the trough. Thus values of v recorded at staff 7 range from 0.12
to 0.27 and are much less than recorded for the saturated conditions land-
ward to the inner bar., A puzzling feature is the magnitude of the height
decrease in the trough (staffs 7 and 6) landward of the outer bar, particularly
during the growth phase. It is difficult to account for this decrease on the
basis of the observed breaker intensity and comparatively deep water over
the bar crest, particularly as staffs 9 and 7 are located in approximately the
same water depth.

Wave form and number

The change in wave characteristics across the nearshore profile can be seen
visually by comparison of wave records at the peak of the storm (Fig.5). The
water surface profiles from each staff have been time shifted so that the
transformation of individual waves can be traced vertically. The effects of
wave shoaling and breaking on the outer (staff 9) and inner (staffs 4 and 3)
bars is seen in the increased wave height and steepness, and the peaked form
of both the trough and the crest. A number of small crests are present,
particularly on the crests and backs of larger waves. Some of these are small
wind waves, reflecting continuous wave generation up to the beach during
the storm, while others are probably secondary waves (solitons) resulting
from breakdown of the primary waves during and just before breaking
(e.g. Galvin, 1968; Byrme, 1969; Thornton et al.,, 1976). In the outer trough
(staffs 7 and 6) the considerable reduction in wave height is readily apparent,
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waves are less steep and troughs are more rounded. There is also, particularly
at staff 7, a noticeable reduction in the number of smaller peaks and these
re-appear as the waves shoal and break across the inner bar. However, land-
ward of the inner bar at staff 2, while there is an obvious height reduction
due to breaking, there does not appear to be the same reduction in the
number of secondary crests. Actual counts of both visible peaks and zero
crossings for two sets of records at the peak of the storm confirm this
general pattern and show approximately a 30% reduction in wave crests
between staffs 9 and 7. There is, however, little change in the number of
wave crests between staffs 3 and 2.

Wave and current spectra

Spatial and temporal changes in the magnitude and distribution of energy
associated with both water surface elevations and with the onshore-offshore
component of water motion were examined by comparison of their spectra.
Examples of the spectra recorded during the peak of the storm are shown
in Fig.6.

The spectra for water surface elevation are typical of those associated with
storm waves in fetch limited conditions, with most of the energy in a rela-
tively narrow primary peak, a rapid decay towards lower frequencies and a
more gentle slope towards the higher frequencies reflecting saturation in
the equilibrium range (Thornton, 1979). There is considerable temporal and
spatial variation in the shape of individual spectra both in terms of the size
and number of peaks. Most of the spectra contain a single significant primary
peak and many exhibit one or more secondary peaks at frequencies both
higher (harmonic) and lower (sub-harmonic) than the primary peak frequency.
With very low waves at the beginning and end of the storm a prominent
primary peak is absent. Otherwise it ranged from 0.16 to 0.49 Hz (2.0—6.0 s)
with changes reflecting the changes in wind speed and fetch described earlier.
As has been found elsewhere (e.g. Thornton et al., 1976) there was no
detectable change in the peak frequency across the breaker zones.

Secondary peaks at frequencies approximately twice that of the primary
peak, the first harmonic, are most pronounced at the height of the storm.
This peak is generally associated with non-linearities generated during
shoaling and breaking and with the appearance of solitons. As would be
expected, therefore, these peaks are best developed on the lakeward slopes
and bar crests (staffs 9, 4 and 3) and are generally less apparent in the troughs
(staffs 7, 6, 2; see Fig.6). They also occur for a greater proportion of the
storm in the inner system. No significant peaks are present at higher order
harmonics, but this is not surprising in view of the relatively high frequency
of the primary peak.

In general there appears to be only limited energy at frequencies lower
than the peak frequency in the wave record. However, during the height of
the storm when wave breaking is most intense, a significant peak does
develop at a frequency of about 1/4 of the primary peak. This is most
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evident in the outer trough (staffs 7 and 6) and in the inner system (staffs
3 and 2) and is not significant in the breaker zones on the lakeward side
of the bar crests (staffs 9 and 4). The low-frequency peak is discussed in
more detail by Greenwood and Sherman (1984, this volume).

The spectra of onshore/offshore water motion measured at mid-depth
are similar in general shape to that of surface water elevations, with most
of the energy centred around the primary peak (see Fig.6). The secondary
peak at the first harmonic is also well-developed. Thus, as has been noted in
other areas, (e.g. Thornton et al., 1976) with spilling breakers water motion
below the wave trough appears to be dominated by the incident wave field
rather than by turbulence due to breaking. However, there is generally more
energy at low frequencies in the current meter record and instead of a
pronounced peak at 1/4 of the primary peak, the energy density increases
linearly.

Temporal and spatial changes in energy distribution

Temporal changes in peak period are shown in Fig.2 and, as noted earlier,
the peak period remained constant across the bar-trough system at all times.
However, there were noticeable changes in the distribution of energy within
the spectra both spatially and temporally, and an attempt was made to
examine changes in the proportion of energy within the peak frequency
(Vf) and in the first harmonic (V,f). Several methods of defining the limits
of the peak (e.g. Huntley, 1980) were tested but did not prove consistent,
and instead a fixed bandwidth of 0.067 Hz centred on the primary peak
was used. The upper and lower limits of the first harmonic were then de-
termined at twice the upper and lower cut-off frequencies of the prima-
ry peak. Except at the height of the storm, where a small portion extend-
ed beyond the fixed bandwidth, the technique appeared to fit the prima-
ry peak well, and where a significant harmonic peak was present in the
record, this also appeared to coincide well with the defined limits. These
results are summarised in Table I.

The proportion of energy in the primary peak ranges from under 30%
at the beginning and end of the storm to about 45% at the height of the
storm when the primary peak is particularly well defined. Temporal varia-
tions in the proportion of energy in the first harmonic are much smaller
but there is a similar, if not as well defined, pattern.

There appears to be a distinct pattern to spatial variations in the energy
in the primary peak. Except at the height of the storm the proportion of
energy is much greater in the trough (staffs 7 and 6) than on the outer
bar (staff 9), and it again falls over the inner bar. Landward of the inner bar,
the proportion is lower during most of the storm but higher than on the
preceding crest at the beginning and end when waves are lowest. The spatial
variations in V,f are again much smaller and the pattern is less distinct. Over
much of the storm the proportions of energy in the first harmonic are greatest
at staff 2, the inner trough, and they are frequently higher in the outer
trough as well although this is not consistent and the differences are small.
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TABLEI

Variance in primary peak and first harmonic as a percentage of the total variance within
each spectrum through the storm

Wave staff Time

15:00 16:15 17:15 18:30 20:00 22:00 00:25 02:20 06:20

10:15

Primary peak
*

24.5
27.2
28.0

6.1
5.4
7.4

9 26.2 30.5 22,7 244 450 35.0 26.8 16.0 *
7 * 42,0 401 28.9 34.1 43.1 37.3 32.9 30.2
6 * 43,5 36.0 30.1 36.0 443 36.2 34.2 355
4 31.8 38.1 319 26.2 31.2 42,8 39.2 28.9 29.1
3 32.0 349 254 22.3 30.1 386 34.7 27.8 26.0
2 36.3 40.8 30.6 19.3 25,9 33.8 29.8 30.5 34.0
First harmonic

9 * 7.2 118 8.6 14.8 14.7 14.5 13.7 14.6
7 * 85 104 9.8 12.7 148 16.3 13.5 16.8
6 * 54 10.0 7.7 16.0 15.0 18.3 11.1 129
4 10.2 85 128 9.3 12.7 13,5 12.6 11.0 149
3 10.3 12.7 143 11.0 15.3 15,5 14.7 11.7 18.9
2 7.4 90 166 14.3 19.2 127 20.3 15.8 115

*No significant primary peak.

DISCUSSION

It is evident that, under storm conditions, the portion of the nearshore
zone studied is typically dissipative rather than reflective (e.g. Guza and
Bowen, 1976; Chappell and Wright, 1978; Wright et al., 1979). Waves break
some distance offshore as spilling and plunging breakers and there is consider-
able energy transfer to higher harmonics (Thornton, 1979). The presence of
the bars results in a segmentation of the surf zone into areas of high turbu-
lence (the bar crests) and areas of lower turbulent dissipation (the troughs)
with the intensity varying with incident wave height and between the outer
and inner bar system.

The lakeward slope and crest of both bars is an area of wave shoaling
and breaking. The shallower water over the inner bar crest and landward
trough, however, results in greater intensity of wave breaking over the inner
bar and some differences between conditions in the outer and inner troughs.
At staff 2, landward of the inner bar, conditions appear similar to that of a
saturated inner surf zone with frequent generation of surf bores and wave
height controlled by turbulent dissipation (e.g. Horikawa and Kuo, 1966;
Suhayda and Pettigrew, 1977). The inner bar acts as an effective filter
for wave height over much of the storm and this is reflected in the nearly
constant value fory. The value of 0.4 recorded for v is similar to that reported
by Wright et al. (1982).

Over the outer trough the greater water depth and reduced breaker
intensity leads to much lower values for y. Wave breaking generally decreases
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as the wave moves into the trough and surf bores are not formed. This zone
is frequently referred to as one of wave reformation though, under these
conditions it is perhaps better described in terms of cessation of breaking
since the primary wave form is never actually destroyed. The large decrease
in wave height landward of the inner bar crest can be accounted for by wave
breaking. However, the decrease over the outer bar between wave staffs 9
and 7, particularly during the early and late stage of the storm when there
was little breaking there, is more difficult to explain. Since staffs 9 and 7
are in approximately the same water depth the changes cannot be explained
purely on the basis of shoaling and changes in celerity. Some energy loss may
be due to bed friction over the shallow bar crest. Another possible explana-
tion may be related to spatial changes in the relative position of primary
waves and the secondary waves generated during breaking and intense shoal-
ing. In the trough these would be out of phase leading to an overall decrease
in the amplitude of water surface fluctuations. As incident waves catch up with
secondary waves generated by the preceding wave the overall amplitude of
water motion would increase. The general increase in wave height at staff 6,
although there is a slight increase in water depth suggests that this may in
fact be occurring.

The transfer of energy to higher harmonics, which can be seen in the
well developed peaks in the spectra of both water surface elevations and
the on-offshore water motion, has been reported from a number of field and
laboratory studies. Examination of actual wave profiles such as those shown
in Fig. 5, suggests that the secondary waves generated are not phase locked,
and thus travel more slowly through the trough than the primary waves
from which they were derived. Interaction of these secondary waves with
succeeding waves can produce spatial variations which are dependent on the
recurrence length and which can therefore influence the location of breaker
zones and the spacing of bars (e.g. Hulsbergen, 1974; Bijker et al., 1976;
Boczar-Karakiewicz et al., 1981). Because of the presence of considerable
incident wind wave energy at the first harmonic frequency and the genera-
tion of a second set of secondary waves as waves shoal over the inner bar,
the behaviour of the secondary waves seen here is not easily traced and
further work is necessary to determine their importance in this bar system.

Although the spectra of water surface elevations and on-offshore water
motion show close agreement at the peak frequency and at higher harmonics,
they differ somewhat at the low-frequency end of the spectrum. The surface
elevation spectra show a fairly pronounced peak at about 1/4 the incident
frequency while the current meter spectra show an essentially continuous
increase in energy at frequencies below 0.125 Hz. The low-frequency peak
is best developed in the trough and landward edge of the bar (staffs 8, 7, 6
and 3, 2), and occurs only at the peak and beginning of the decay phase of
the storm when there is fairly intense breaking on the outer bar. There is a
number of possible mechanisms for generating this sub-harmonic peak.
Numerous investigations have reported on the generation of standing edge
waves (e.g. Guza and Davis, 1974; Bowen and Guza, 1978; Huntley and
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Bowen, 1978; Huntley et al.,, 1981). Chappell and Wright (1978) found
standing edge waves at about 1/4 of the incident frequency were dominant
in a bar trough system at the highest energy levels but were subordinate to
edge waves at 1/2 of the incident frequencies with lower incident waves.
However, the peak here is not well-developed in the current meter spectra
and does not decrease offshore very rapidly as would be expected for a zero
mode standing edge wave [see Greenwood and Sherman, (1984, this volume)
for further discussion]. A second possibility is a resonant response of water
levels in the trough to intense wave breaking over the bar crest, possibly
related to groupiness in the incident wave record (e.g. Symonds and Huntley,
1980; Symonds et al., 1982).

Finally, a number of mechanisms has been proposed to explain bar
formation, location and form which are related to phenomena associated
with both higher harmonics (e.g. Boczar-Karakiewicz et al.,, 1981) and
sub-harmonics (e.g. Holman and Bowen, 1982). From the analysis to date
it is not possible to comment on the validity of these mechanisms in relation
to the bar-trough systems studied. However, three points are worthy of
note: (1) in both surface elevation spectra and on-offshore spectra the
greatest proportion of energy is found in frequencies related to incident
wind waves; (2) there are considerable temporal variations in the proportion
of harmonic and sub-harmonic energy present and changes in the significance
of these is much greater than the change in bar morphology during the storm;
and (3) it seems likely that the bar morphology is the primary control on
the spacing of the breaker zones and on the nature of the resonant interac-
tion generating sub-harmonic energy (e.g. Huntley, 1980). The bars studied
here are therefore macroscale features reflecting the cumulative effects of a
number of storm events of different magnitudes rather than a bedform res-
ponding instantaneously to changing wave conditions. It also seems likely
that no single mechanism, such as edge waves of a particular frequency, or
recurrence length, can be used to explain the final morphological form.
Rather, it may reflect an equilibrium resulting from the interaction of
several mechanisms controlling the spatial and temporal patterns of sediment
transport with the primary processes being related to the incident wind
waves.
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ABSTRACT

Greenwood, B. and Sherman, D.J., 1984, Waves, currents, sediment flux and morph-
ological response in a barred nearshore system. In: B. Greenwood and R.A. Davis, Jr.
(Editors), Hydrodynamics and Sedimentation in Wave-Dominated Coastal Environ-
ments. Mar. Geol., 60: 31—61.

A shore-normal array of seven, bi-directional electromagnetic flowmeters and nine
surface piercing, continuous resistance wave staffs were deployed across a multiple barred
nearshore at Wendake Beach, Georgian Bay, Canada, and monitored for a complete storm
cycle. Time-integrated estimates of total (ITVF) and net (INVF) sediment volume flux
together with bed elevation changes were determined using depth-of-activity rods.

The three bars, ranging in height from 0.10 to 0.40 m accreted during the storm
(0.03 m), and the troughs were scoured (0.05 m). Sediment reactivation depths reached
0.14 m and 12% of the nearshore control volume was mobilized. However, the INVF
value for the storm was less than 1% of the control volume revealing a near balance in
sediment volume in the bar system. Landward migration of the inner, crescentic and
second, sinuous bars occurred in association with an alongshore migration of the bar form
itself; the outermost, straight, shore-parallel bar remained fixed in location.

The surf zone was highly dissipative throughout the storm (¢ = 3.8 x 102192 x 10?)
and the wave spectrum was dominated by energy at the incident frequency. Spectral peaks
at frequencies of the first harmonic and at one quarter that of the incident wave were
associated with secondary wave generation just prior to breaking and a standing edge
wave, respectively. The former spectral peak was within the 35% confidence band for the
spectrum while the latter contributed not more than 10% to the total energy in the surface
elevation spectrum even near the shoreline.

During the storm wave height exceeded 2 m (/) and periods reached 5 s (Tpk):
orbital velocities exceeded 0.5 m s™! (un,¢) and were above the threshold of motion for
the medium-to-fine sands throughout the storm. Shore-parallel flows in excess of 0.4 m s™!
were recorded with maxima in the troughs and minima just landward of the bar crest.

The rate and direction of sediment flux is best explained by the interaction of anteced-
ent bed slopes with spatial gradients in the mean and asymmetry of the shore-normal
velocity field. These hydrodynamic parameters represent ‘“‘steady” flows superimposed on
the dominantly oscillatory motion and assumed a characteristic spatial pattern from the

*Present address: Department of Geography, University of Southern California, Los
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storm peak through the decay period. Increases spatially in the magnitudes of both the
mean flows and flow asymmetries cause an increasing net transport potential (erosion);
decreases in these values spatially cause a decreasing net transport potential and thus
deposition. These transport potentials are increased or decreased through the gravity
potential induced by the local bed slope. Shore-parallel flow was important in explaining
sediment flux and morphological change where orbital velocities, mean flows and flow
asymmetries were at a minimum.

INTRODUCTION

Since the first scientific description of wave-formed bars by Elie de
Beaumont in 1845, considerable effort has been devoted to understanding
their origins and dynamics. A large literature exists on the morphology, and
more recently the sedimentology, of these ubiquitous geomorphological
features. Many questions remain, however, concerning the complex inter-
actions between the nearshore fluid and sediment motions, and the topog-
raphy itself (for a review see Greenwood and Davidson-Arnott, 1979; and
Greenwood, 1982). Knowledge of these interactions is important, since bars
frequently form stable, equilibrium, bathymetric configurations in a wide
range of coastal environments, often under conditions of high alongshore
sediment transport (Greenwood and Davidson-Arnott, 1979; Greenwood and
Mittler, 1984, this volume). In other places, in contrast, bars are formed and
destroyed as conditions change (Goldsmith et al., 1982; Bowman and Gold-
smith, 1983).

Most studies of the hydrodynamics and sediment dynamics of barred near-
shores have been restricted to theoretical and laboratory research with the
associated problems of scale in the latter. Only recently has instrumentation
been available allowing comprehensive experiments in the prototype, capable
of providing data for the testing of theoretical models. Since sediment flux
and bar morphodynamics are a direct response to wave-induced currents and
since the latter (at least at present) are the more easily measured, then exam-
ination of such fluid motions should provide insights into sediment and bar
dynamics. This paper documents an experiment designed to monitor the
incident and secondary wave characteristics, wave-induced orbital and shore-
parallel flows, and the local sedimentary response during a single storm event
in a barred nearshore in the Canadian Great Lakes.

LOCATION OF STUDY

The study site is at Wendake Beach in Southern Georgian Bay, Ontario
(Fig.1). It is tideless, and waves are generated over discrete time intervals
during the passage of meteorological depressions, causing rapid changes in
the magnitude and direction of incident wave energy. Fetch lengths vary,
with maxima to the WNW (84 km) and W (51 km). With limited fetch and
local storm winds, wind forcing of the waves is continuous to the shoreline
under most wave states.

In the Wendake Beach system 3 bars are present on a mean slope of 0.015
in medium to fine sands (0.43—0.13 mm mean diameter). The outer bar is
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Fig.1. Location of study area.

110 m from the shoreline, approximately 0.50 m high, relatively straight,
near-symmetrical and shore-parallel (Fig.2). The inner bars, at approximately
54 and 10 m from the shoreline, respectively, range in height from 0.10 to
0.35 m and are asymmetrical in section and sinuous to crescentic in plan-
form. There is a reduction in spacing of the bars landward and, although
some alongshore periodicity in form is evident in the inner bars, it is difficult
to isolate: the dominant periodicity in form is in the shore-normal direction
and thus the process(es) controlling sedimentation are most probably periodic
in the same direction. While the bars are distinct bathymetric configurations,
the nearshore slope deviates little from a planar configuration: a least squares
linear fit explains more than 90% of the observed variance in relief.
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Fig.2. Nearshore profiles and instrument deployment prior to the storm, Wendake Beach,
1980:05:31. Line zero is the instrument array transect; lines 1 North and 1 South are
spaced 30 m either side of the zero line. W = wave wire; C = current meter; r = depth of
activity rod. Note that along the instrument transect the depth of activity rods were offset
1 m to avoid interference by the wave wire supports.

EXPERIMENTAL DESIGN

The field experiment was designed specifically to examine the two-
dimensional nature of the nearshore hydrodynamics and sedimentation in a
plane normal to the shoreline. It involved the deployment of a shore-normal
array of wave and current sensors cable-linked to a high-speed data acquisition
and mass storage system. Morphological changes were monitored using con-
ventional profiling with level and staff in shallow water and echo sounding
offshore; more detailed measurements of sediment flux and bed elevation
change were made using depth-of-activity rods. More detail on the fluid
monitoring system can be found in Greenwood (1982) and Greenwood and
Sherman (1983); the depth-of-activity rods are described fully in Greenwood
and Hale (1980), Greenwood et al. (1980) and Greenwood and Mittler (1984,
this volume). Only a synopsis of methods will be presented here.

Wave and current sensors

Two types of instruments were used to monitor the fluid motions. Water
surface elevation changes associated with waves were measured by surface
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piercing, continuous resistance wave staffs following the basic design of
Truxillo (1970). Helically wound, steel wires set in 2 or 3 m long, 18.8
mm diameter PVC pipes were mounted by insulated brackets on 37.5 mm
galvanized steel pipes. The latter were mounted on two metre long bases
jetted into the bed. Staffs were field calibrated individually to specific
oscillator-detector circuits and were linear except for the lowermost 0.25 m.

Shore-normal and shore-parallel horizontal flows were monitored using
biaxial electromagnetic flow meters designed by Marsh-McBirney. These
instruments have a time constant of 0.2 s and measure flows up to 3 m s™.
Considerable work on the accuracy of these meters has been undertaken (see
review of Huntley, 1980) and, while some problems still exist, the level of
accuracy is thought to be significantly better than 10%. The meters were
mounted in a specially designed bracket that allowed rotation in both the
vertical and horizontal planes for accurate orientation of the probes. This
assembly was mounted on a stainless steel support. A galvanized steel pipe,
with fin to prevent rotation, was jetted into the bed to provide the base
support.

Figure 2 documents the instrument locations during the experiment. Of
particular importance were the locations of the current meters, since near-bed
flows were to be related to sediment transport. Unfortunately our knowledge
of the structure of turbulent oscillatory boundary layers over rough beds is
still rudimentary, especially with respect to combined waves and currents
(see Grant and Madsen, 1979). In any case the thickness of the bottom
boundary layer will be highly variable depending upon local flow and bed
roughness conditions. With the necessity of a fixed position in the shallow
water depths of the Wendake Beach surf zone, and the likelihood of a
logarithmic law being important even in the oscillatory boundary layer
(Jonsson, 1980) it was decided to place the sensors at the same relative water
depth (h/2) in all cases. In this way at least the same segment of the water
column was monitored.

Data acquisition and analysis

All sensors were hardwired to the shore-based data acquisition system,
which consisted of a mini-computer controlled, high-speed multiplexer and
voltmeter giving potential analogue-to-digital conversion rates up to 1000
channel readings per second. Typically the instrument array was scanned
every 0.5 s over a period of 9 min and the data stored on magnetic tapes.
Record lengths were, of necessity, short to maintain time series stationarity
in such a volatile environment. This did, however, restrict the scale of any
low-frequency effects which could be detected.

The 1100 data points per sensor per sampling were truncated to 1024
points for spectral analysis and the computation of descriptive statistics, using
Biomedical Computer Packages (BMDO3T and BMDP2D), after Dixon (1971)
and Dixon and Brown (1979). Wave and current spectra were computed with
a unit bandwidth of 0.016 Hz (64 lags), a detrended but unfiltered time series,
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and a fast fourier transformation to determine the spectral densities. Phase
and coherence of cross spectra were also calculated. Simple descriptive
statistics of the velocity field were computed using moments; for on-offshore,
for example:

1 &
Mea\n=u=ﬁ§_1 u; (1)
L. 1 & . 2:' 12
Standard deviation = u, ,, = [ﬁ .Zl (u; — ) (2)
1 &
Skewness = ug, = 7 E (W — )3 (Uppns ) (3)

i=1

where u is the on-offshore velocity and N the sample size.
Monitoring sediment flux and local morphological response

Although sediment monitoring equipment has advanced rapidly recently,
no single instrument can accurately measure both suspended load and bedload
and associated bed elevation changes on a continuous basis. A simple, well-
tested technique is used in this study to estimate sediment flux and morph-
ological response. This involves depth-of-activity rods: these are 1 or 2 m
long steel rods (0.5 cm diameter) with a free sliding washer that migrates
vertically down the rod during sediment erosion and is buried at the reactiva-
tion limit by any subsequent deposition. Measurements by Scuba divers are
taken prior to and at the end of the transport event to record the thickness
of the active layer and the bed elevation changes. This allows estimates to be
made of the time-integrated total and net volume flux through a storm as
well as the net bed elevation changes for a series of discrete points. At
Wendake Beach, depth-of-activity rods were deployed across the nearshore
zone at the locations shown in Fig.2. Owing to incomplete installation prior
to the storm, only bed elevation changes were recorded along line O (the
instrument transect), but both depth-of-activity and bed elevation changes
were recorded along line IN.

WAVE-GENERATED CURRENTS AND SEDIMENT TRANSPORT POTENTIAL

Sediment motion in the nearshore bars must be related to both shore-
normal currents induced directly by primary wave oscillations, and to shore-
parallel currents (longshore currents) resulting from the radiation stress
associated with wave breaking and additional stresses induced by wind and
alongshore pressure gradients. Secondary waves such as leaky mode or edge
waves may be superimposed on these primary components. Since orbital
velocities under waves are generally larger than any unidirectional current



37

within the surf zone, the component of boundary shear stress due to waves
will be significantly greater (Grant and Madsen, 1979) and therefore most
important in the initiation of sediment movement. However, waves are
inefficient transporters of sediment unless the oscillation is asymmetrical
and/or combined with a superimposed current. Since the primary periodicity
in sediment accumulation is normal to shore at Wendake Beach, then trans-
port by shore-normal currents induced by primary and secondary waves is
likely of greatest importance in both bar generation and maintenance in this
system.

Waves within the nearshore are reasonably approximated using linear wave
theory, where sinusoidal water motion is implicit (e.g. Gaughan and Komar,
1975). Waves in the surf zone, however, are markedly non-linear and water
motions no longer symmetric. Sediment transport in this zone will be a func-
tion not only of the absolute velocity near the bed (a function of wave
height), but also the frequency distribution of the velocity vectors. Of para-
mount importance in the oscillatory flow field, where the range of magni-
tudes of current vectors is large, is the asymmetry of the distribution of
these current vectors, since sediment transport is not related linearly to the
velocity, but more probably to the cube or fourth power of the absolute
velocity. Quite small asymmetries can therefore be more important than any
net (Lagrangian type) steady drift, even where the latter may be quite high.
The importance of this was clearly recognized by Inman and Bagnold (1963),
Inman and Frautschy (1966) and Wells (1967) and most recently in the trans-
port models proposed by Bowen (1980), Bailard (1981) and Bailard and
Inman (1981).

STORM EVENT 1980: 05:31—1980:06:01

Figure- 3 illustrates the temporal pattern of wind speed and direction and
the angle of wave approach through the storm. Storm waves were initiated
by 1500 h (EDST) on May 31 with winds of 3 m s from the WSW, which
increased to a maximum of 8 m s™! from the W at 2200 h. With the passage
of the frontal system, winds veered to the NW at 2230 h reaching speeds of
7 m s7'; a gradual reduction in speed occurred as a further switch to the N
took place at 0320 h, The storm winds dropped below 3 m s~ at 0650 h as
the winds backed towards the westerly direction again and the storm ended
by 1015 h on June 1. This dramatic change in wind and wave direction is
typical of the passage of meteorological depressions in this region.

Incident and secondary waves

The general pattern of growth of the incident wave spectrum is best illus-
trated by characteristics measured at wave wire nine at the lakeward margin
of the three-bar-system (see Fig.2). It should be stressed, however, that during
the storm peak, the surf zone width reached some distance to lakeward;
theory indicated that depth controlled breaking occurred up to 229 m from
the shoreline at this time.
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Wave heights, periods and directions of approach

Table I summarizes the important incident wave parameters. Significant
wave heights in excess of 2 m and with periods of 5 s occurred at the storm
peak. Spilling breakers were the dominant wave form, with most intense
breaking on the bar crests. Although wave reformation did occur in the
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TABLE I

Incident wave parameters, Wendake Beach, 1980:05:31—06:01

Time Heighi;1 Period Angle2 Breaker® index Scaling® parameter Surf zone® width
(h) M E——— T 2} B € X
Hyps Hs (% ¢, ° (X 10 P
(m) (m)
1500 0.59 0.82 3.4 10 0.40—0.56 8 74
1615 0.68 0.95 3.4 10 0.46—0.64 6.5 124
1715 0.76 1.06 4.0 10 0.37—0.52 6.4 143
1830 0.85 1.19 2.3 9 1.26—1.76 192 133
2000 0.78 1.09 4.3 7 0.33—0.46 5.9 127
2200 1.52 2.12 5.0 8 0.48—0.67 5.9 202
0025 0.98 1.37 5.0 5 0.31—0.43 4.8 190
0320 0.76 1.06 5.0 10 0.24—0.33 3.8 142
0620 0.62 0.87 4.0 6 0.30—0.43 4.8 121

'Wave heights determined from the total variance of the record; *angle based upon mea-
sured orbital vector (after Sherman, 1983); *Breaker Index, By, = Hy,/gmT? (after Galvin,
1972) where beach slope (m)= 0.013 and values for both H,,, and Hg are shown; *Scaling
Parameter (e) = apw */gtan®*m (after Guza and Inman, 1975) where ay, is taken as the root-
mean-square amplitude at breaking following Wright et al. (1979); *estimated based upon
solitary wave breaking criterion («p, = 0.78).

troughs observations indicated that during the storm peak and well into the
decay period the whole of the surf zone was saturated with spilling breakers
propagating across the troughs. Plunging breakers were occasionally observed
on the second bar during the later stages of the storm and only rarely were
true bores developed, occurring within a few metres of the beach face. Waves
dissipated finally by collapsing at the foot of the beach.

The surf zone was in a highly dissipative state at all times and the scaling
parameter (Table I) varied over two orders of magnitude. Large angles of
wave approach (5°—10°) throughout the storm (Fig.3) gave rise to significant
shore-parallel currents.

WAVE AND CURRENT SPECTRA

Figure 4 indicates the form and temporal changes evident in the incident
spectra. In an environment such as this, where wind forcing is continuous
into the surf zone, the spectra exhibit considerable energy at a wide range of
frequencies above the peak. In all cases the latter is marked by a very sharp
truncation at the lower frequency end. As expected, spectral growth was
accompanied by a consistent shift in the spectral peak to lower frequencies
(Fig.4a and b), which remained right through the decay phase.

During the most intense part of the storm a markedly bimodal spectrum
appeared (Fig.4b), with a second peak at twice the frequency of the incident
peak. Energy at this frequency (the first harmonic) has long been recognized
in active surf zones. It can appear as an artifact of harmonic analysis of the
strongly non-linear wave form, but also through the generation of secondary
waves as very rapid shoaling and energy conservation takes place just prior to
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breaking (Thornton et al., 1974). The presence of secondary waves at this
frequency was confirmed in the surface elevation analogue record (see also
Davidson-Arnott and Randall, 1984, this volume), but overall the energy at
this frequency was low (Table II).

There is very little evidence at the outer limits of the surf zone for struc-
ture in the spectra at frequencies lower than that of the incident waves
(Fig.4), although under highly dissipative conditions many workers have
noted a dominance of low-frequency energy (e.g. Holman et al., 1978;
Holman, 1981; Wright et al., 1982). At Wendake this may reflect the distance
offshore of wave wire 9 (136 m). Examination of spectra closer inshore (wave
wire 4, 65 m offshore; see Fig.2) reveals an energy peak at a frequency one
fourth that of the incident wave (Fig.5). It was, however, statistically signifi-
cant only at the peak of the storm but remained significant until the very
end. It was associated with a highly dissipative state (Table I) and the largest
incident wave heights and periods. It does not, however, contribute more

TABLE I1

Contributions of differing frequencies of oscillation to shore-normal and shore-paraliel
flows in the surf zone, Wendake Beach, 1980:01:00:25

Location offshore Frequency Current speeds*

(m) (Hz) Shore-normal flows u, Shore-parallel flows vy,
(ecms™) (cms™)

14 { 0.188 4.2 4.4
0.047 5.0 5.4
38 { 0.188 8.0 5.6
0.047 4.5 3.2
57 0.188 8.7 4.4
0.047 5.5 2.6
64 { 0.188 120 3.6
0.047 4.5 3.4
94 0.188 8.3 2.7
0.047 2.6 1.5
0.188 8.7 3.1
106 { 0.047 2.8 1.3
0.188 10.2 2.6
118 { 0.047 3.6 1.3

Simple calculations based upon variances over one unit bandwidth at the respective spec-
tral peaks. The peaks were identified using surface elevation spectra.

Fig.4. Wave spectra at outer margin of the surf zone through the early part of the storm
(a), during the storm peak (b) and during the period of storm decay from the peak (c).
These and all following spectra are based on 1024 data points. Unit bandwidth is 0.016 Hz
and is given by the horizontal bar: the 95% confidence band around the spectral estimates
is given by the vertical bar. All spectra have 32° of freedom.
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than 10% to the total variance of the surface elevation even at its maximum
{Table II1). It appears of more importance in the velocity field: the maximum
contribution of this low frequency band to the total energies of the on-
offshore and alongshore motions was found to be 22 and 25%, respectively.
Although energy at the incident frequency dominated the on-shore motions,
the low frequency component was of equal importance in alongshore oscilla-
tions (Table III). Conclusive identification of the mode of this oscillation is
not possible with the present dataset. Nevertheless, there does appear to be a
spatial pattern to the energy at this frequency. Figure 6 documents the shore-
normal variability in the spectra from a number of wave staffs and Fig.7 illus-
trates the spatial distribution of peak energies at both incident period and
the longer period component (0.047 Hz) for on-offshore (1) and alongshore
(v) velocity spectra. While there is a general tendency for energy at 0.047 Hz
to decrease with distance from the shoreline (Fig.7 and Table 1I) it is impor-
tant to note that a strong peak in u occurs over the crest of bar 2 in coinci-
dence with a trough in the values of v. This suggests the trapping of energy
near the shore as might be expected if the 21 s oscillation were an edge wave,
and also the presence of a nodal point at the bar 2 location if the edge wave
was in a standing mode. Evaluation of phase relationships between surface
elevation (n) and the two components of the horizontal velocity field (u and
v), for the incident and low-frequency spectral peaks at positions close to the
shoreline, support the presence of edge wave motions at 0.047 Hz (Table IV).
In no case however, did this low-frequency component dominate the spec-
trum. In all cases incident wave energy was more important and only in two
cases were the low-frequency peaks in the velocity spectra statistically
significant (Fig.8).

TABLE III

Surf zone spectral energies, Wendake Beach, 1980:06:00:25

Location offshore Total energy (X 10°) Percentage of total*
(m) :
n u v n u 2
2 2 -2 2 -2
(em?) {em? s7%) (em®s7) 21s bs 21s Bs 21s bs
14 (TI)** — 15.0 31.2 — —
38 (T2) 4.9 41.1 13.6 8 41 15 48 24 10
57 (B2) 26.9 44,0 23.1 10 47 22 43 23 24
64 (B2) 15.0 61.4 24.8 6 46 14 57 25 18
94 (T3) 8.0 33.8 6.5 4 43 9 53 23 27
106 (B3) 4.3 3.8 10.1 3 43 7 54 22 36
118 (B3) — 59.1 7.8 — — 3 53 20 11
136 (B3) 20.6 — - 9 45 - - - =

*Values determined using the variance in unit bandwidth at these peak frequencies.
**T'1, T2, T3 refer to the trough locations, and B2, B3 to the bar locations.
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TABLE IV

Phase relationships between surface elevation (n), onshore velocity (u) and longshore

velocity (v), Wendake Beach, 1980:06:00:25 and 06:25

Time Location offshore Frequency Phase (coherence) in degrees
(h) (m) (Hz) .
nvs. u uvs. v
14 { 0.047 +80 (0.50) +14 (0.47)
0.188 —140 (0.60) —15(0.75)
0025 38 { 0.047 +120(0.78) 157 (0.30)
0.188 —178 (0.98) +94 (0.58)
14 { 0.047 + 88 (0.36) +3(0.32)
0.250 —130 (0.75) 0(0.18)
0620 38 { 0.047 +60(0.30) —180(0.12)
0.250 —165 (0.98) —20 (0.08)
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Spatial and temporal variability of wave-orbital motions

Early in the storm (1500 and 1715 h), wave orbital velocities were already
sufficient to initiate sediment motion (Fig.9). Taking a conservative velocity
of 0.2 m s for the threshold of entrainment, it is evident that the Wendake
Beach sands would be in motion across the whole of the three-bar system.
Maximum instantaneous currents at these times were in excess of 0.7 and
1.3 m s, respectively. The mean flows (Fig.10) were offshore, but did not
exceed 0.05 m s and were therefore close to the instrument accuracy. At
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1500 h wave breaking was initiated on the second bar and by 1715 h the surf
zone width had expanded lakeward of the third bar (Fig.9). Relatively small
variation in orbital velocity was measured across the surf zone, but strong
orbital asymmetries were present in the troughs. Near symmetrical motion
occurred on the bar crests. The basic pattern was one of lakeward asymmetry
(negative skewness) in the innermost trough and landward asymmetry (posi-
tive skewness) in the second trough; an initial lakeward asymmetry changing
to a landward asymmetry was evident in the outer trough (Fig.9).

As wave height increased during the storm so did the orbital velocities: at
the storm peak (2200—0025 h) u,,, reached maxima in excess of 0.60 m s
(Fig.11), with peak orbital flows of 1.7 m s™. As expected, maximum
currents were found in the shallow water over the bar crests. However, since
height loss through breaking was now occurring well-lakeward of the outer
bar and across the full surf zone width, the largest velocities were on the
outer bar with decreasing values landward (Fig.11).

After 2200 h a strong, steady lakeward drift was superimposed on the
orbital velocities across virtually the whole of the surf zone. This drift reached
values of 0.4 m s™' in the second trough and across the crest of the second
bar at 0025 h (Fig.10). Only in the very shallow zone landward of the first
bar were mean flows landward (Fig.10), as an apparent response to bore
development near the beach face. At 2200 h asymmetry in the oscillatory
motion was landward across the whole of the surf zone (Fig.12), and could
be capable of producing net transport opposed to that of the mean drift.
Thus sediment transport differentials could be controlled by this asymmetry
superimposed on the steady drift.

During the peak of the storm (0025 h), a pattern of mean flow and flow
asymmetry developed which remained for the duration of wave activity
(Figs.11 and 13). It was still present at 0620 h when wave heights and absolute
orbital velocities had dropped to values almost identical to those at the
beginning of the storm (cf. Figs.9 and 11).

On-offshore sediment transport, net sediment flux and morphological
change will depend upon the interactions of mean flows with the flow asym-
metries, provided flows are great enough to initiate transport. If, therefore,
one can assume that most sediment transport and morphological change will
be associated with the highest orbital velocities when bedload transport would
be the highest (the storm peak), and with the decaying limb of the storm as
any suspension settling accelerates, then the period 0025—~0620 h becomes
critical in any explanation of sediment flux.

The primary flow characteristics at this time were (Figs.10 and 13):

(a) Mean flows were offshore everywhere except landward of the first bar.

(b) Mean flows reached maxima on the landward slope and across the bar
crest of the second bar (0.4 m s™), decreasing both landward into the trough
and lakeward across the outer trough and bar crest. In the outer part of the
surf zone, flows were less than 0.1 m s.

(c) Flow asymmetries were onshore (positive ug,) landward of the central
part of the second trough and lakeward of the centre of the outer trough.
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Fig.11. Spatial variability of wave amplitude, orbital velocity and orbital asymmetry
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Across the landward slope and crest of bar two, however, flow asymmetries
were offshore with largest negative skewness values occurring in the part of
the trough immediately landward of the bar slope and crest.

(d) Symmetrical flow fields must therefore have occurred in the second
and outer troughs.

With respect to the contribution of secondary oscillations to the fluid
motion described above it has already been noted that a very large difference
exists between the spectral densities of the water surface elevation at the
incident frequency and the low-frequency peak at 21 s; this difference is not
as great with respect to the two components of the velocity field especially
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close to the shoreline (Fig.8). However, the low-frequency peaks in the
velocity structure are poorly defined and overall the surf zone is dominated
by oscillatory currents at the incident wave frequency. Table II shows the
relative contribution to nearshore currents of energy at the peak incident
frequency and at 0.047 Hz during the time of maximum total energy and
most significant low frequency spectral peak. Except very close to the shore-
line, velocities associated with the incident waves are higher by a factor of
1.5 to 3. If the total energiesin the two peaks were considered this difference
would be greater still. Contrary to the results of similar studies, the currents
at Wendake Beach are dominated by oscillations at the incident frequency.



Spatial and temporal variability of shore-parallel currents

During the early part of the storm (Fig.14) the time-averaged longshore
component of motion in the surf zone was somewhat non-coherent, generally
less than 0.20 m s and thus close to or below the threshold of sediment
motion. However, these flows were superimposed on the shore-normal oscilla-
tions, which would have set sediment in motion at this time and thus long-
shore advection of sediment could occur.

By 1830 h astrongly coherent flow pattern was established and maintained
until the peak of the storm. Maximum velocities occurred on the lower lake-
ward slopes of the bars and reached a value in excess of 0.40 m s™' in the
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second trough at 2200 h. Minima occurred just lakeward of the bar crests in
both second and third trough-bar systems. Between 2200 and 0025 h a
change in the direction of wind and wave approach caused a bi-directional,
disequilibrium response in the longshore current (Fig.14). It will be recalled,
however, that a strongly coherent pattern of shore-normal flows existed at
this time. Upon reversal of the longshore current, maximum flows occurred
in the second trough and the lowest velocities were now occurring in the
outer trough. As waves decayed so did the shore-parallel flows until velocities
across the surf zone were again less than 0.20 m s~ by 0620 h, although the
orbital velocities (u,4s) Were still well above this value.

Sediment flux and morphological response

From the preceding discussion it is apparent that the potential for signifi-
cant sediment motion was present over most of the nearshore zone throughout
the storm and that net transport in the on-offshore direction could have been
forced by both the mean flow and asymmetries associated with the orbital
motions. Furthermore, spatial gradients in these flows (giving rise to net
water and sediment flux) and local slopes (controlling the gravity potential
on transported sediment) would interact to determine whether erosion
(accelerating transport rates), deposition (decelerating transport rates) or no
change (constant transport rates) would occur. Shore-parallel flows would
become increasingly important where orbital velocities were low, near-
symmetrical, or both. Any shore-normal gradient in these longshore currents
could then produce transport differentials leading to shore-normal patterns
in sediment erosion and accretion.

Examination of pre- and post-storm profiles along the instrument transect
and at 30 m either side revealed bars present at both times, and with rela-
tively small differences in morphology. Thus the bars are not totally destroyed
by a single episode of storm-waves, but rather are in some form of equilibrium,
either with a single storm or a series of storm events. Recent analysis of
depth of activity and bed elevation data using a grid of 51 rods for a series of
six storms at this location suggest strongly the existence of a steady state, at
least in the overall sediment budget (Greenwood, in prep.).

In this storm, morphological changes were evident both from profile data
and the depth-of-activity rods. In general there was a landward shift of the
first and second bar crests (5 and 10 m, respectively), while the outer bar
crest remained stable. Accretion of both second and third bars occurred,
with erosion of the adjacent troughs. Landward movement of bars 1 and 2
was associated with a southerly alongshore shift in the sinuous form of the
two bars. The latter is important, since southward flowing currents only
occurred at the storm peak and during the decay period, after the major
switch in the direction of wave approach at approximately 0000 h.

Figure 15 illustrates the local depths of activity and bed elevation change
across the bar system together with the spatial distribution of the primary
hydrodynamic parameters at the peak of the storm (0025 h). This particular
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data set was used because: (1) at this time both orbital velocities and asym-
metries were greatest and thus likely to reflect the most important sediment
transport phase of the storm; and (2) this general pattern was consistently
present for the longest part of the storm (at least six hours).

Sediment reactivation was, as expected, controlled strongly by the anteced-
ent morphology: in the shallow water over the bar crests, where orbital
velocities were greatest, depth of activity reached a maximum. In contrast,
the outer trough and lakeward slopes of the third bar with deeper water,
lower wave heights and lower orbital velocities were marked by minima. In
the trough landward of bar 2 a relatively high value for sediment reactivation
was obtained because of the shallowness of the water.

It is rather surprising, however, given the measured currents, that the depth
of activity relative to the pre-storm surface was not larger. Maxima were
only 14 cm on both second and third bars. This indicates that with high,
relatively uniform, bed stress, sediment entrainment reaches a maximum,
which cannot be increased regardless of the duration of applied stress unless
considerable net transport of sediment occurs. The latter was clearly not the
case: although considerable volumes of sediment were set in motion during
the storm (the average depth of activity was 9 cm), the net flux was less than
two percent of the nearshore control volume (Greenwood, in prep.).

Bed elevation change indicated accretion of the bars and scouring of the
troughs, and thus bar growth during storms: however, these changes were
small, reaching maxima of only a few centimeters (Fig.15). This would
suggest that conditions of near-equilibrium transport existed over the locally
varying nearshore slopes for much of the storm. This could have been
achieved through a continuous, but uniform, sediment transport rate over
the bar system or, more probably, by some form of oscillating equilibrium,
where a balance existed between the net oscillatory flows (mean and asym-
metry), the local slope and sediment inertia.

Accretion on the landward slope ‘and crest of bar 2 combined with erosion
of the adjacent trough would account for the observed landward migration
of the bar crest (Fig.15). This is best explained by increasing landward flows
from the centre of this trough landward, and a similar increase in lakeward
flows from the centre of the trough lakeward (Fig.15). Such a pattern was
evident in both the mean flow (&) and flow asymmetry (uy). The trough
thus represents an erosional node. Decreases in both the mean flows lake-
ward and the lakeward asymmetries toward and across the landward slope
and crest of bar 2 would explain the deposition here; the relative steep land-
ward slope (3—7°) would provide further restraint on the lakeward transport.
Enhancement of this pattern would be unlikely as a result of shore-parallel
flows since the shore-parallel currents were lower in this second trough than
on the landward slope and crest of the adjacent bar (see Fig.15). .

Decreasing lakeward mean flows and flow asymmetries lakeward of the
crest of the middle bar, would suggest continuing accretion into the centre
of the outer trough (albeit somewhat less than on the landward side and
crest of the bar). Also orbital asymmetries either side of the outer trough
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suggest convergence of sediment transport paths towards a depositional node
in the centre of this outer trough. In fact erosion (3—5 cm) characterizes this
location. It would appear, therefore, that with a reduction in u,,,, & and ug,
and the consequent reduction in total load (corroborated in part by the
depth of activity data), the longshore currents become the primary advecting
agents (Fig.15) and caused the observed erosion.

Across the crest of the outer bar, bed elevation changes were positive on
the landward side indicating accretion and negative on the lakeward side
indicating erosion (Fig.15). At this location mean orbital flows were low, as
indeed were mean longshore flows; it would seem that the best correlation is
between the strong landward asymmetries in the orbital velocity field and a
landward movement of sediment across the bar crest (Fig.15).

DISCUSSION AND CONCLUSIONS

Sediment transport and morphological change in the multiple bar system
at Wendake Beach are most satisfactorily explained by the interrelationship
of spatial gradients in the means and asymmetries of shore-normal oscillatory
currents with the local slopes. Orbital asymmetries integrated over time
represent a steady sediment transport potential which, together with the
mean flows, is superimposed on the initial entrainment induced by the orbital
motions themselves.

Figure 16 summarizes the patterns of fluid flow, erosion, deposition and
morphological response that can be inferred from the field measurements.
Sediments accumulate on the bars and are scoured from adjacent troughs
during storms to cause bar growth: the alignment of scour and accretion rela-
tive to the pre-storm topography may cause a shift in bar location lakeward
or landward. Sediment deposition occurs, paradoxically, in areas with the
highest absolute orbital speeds: it results from spatial decreases in the orbital
asymmetry and thus in the steady sediment drift. The gravitational resistance
to sediment in transport is enhanced wherever local bed slopes oppose the
steady drift and in some cases may aid accretion, as for example on the land-
ward slope of bar 2 (Fig.16). Erosion results also form gradients in the orbital
asymmetries, but in this case the asymmetries increase spatially and thus the
sediment transport potential increases. Reversals (in the directional sense) of
the orbital asymmetries can create either erosional nodes, as in the case of
the middle trough, or depositional nodes, as in the case of outer trough
(Fig.16).

Shore-parallel steady currents contribute to the net alongshore advection
of sediment. They are of prime importance to the shore-normal patterns of

Fig.15. Spatial distribution of bed elevation change, depth of activity, orbital velocity
(urms and &), orbital asymmetry (ug) ) and longshore current velocity (vyms and o) across
the outer 2 bar-trough systems, at Wendake Beach, Hydrodynamic data are from the storm
peak, 1980:06:01:00:25. & is offshore at all points and ¥ is to the south at all points. With
respect to bed elevation change and depth of activity, the solid line represents data from
line IN and the dotted line, data from line O.
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Fig.16. Generalized fluid flows, sediment flux and morphological response over the near-
shore bars at Wendake Beach inferred from measurements 1980:05:31—1980:06:01. The
relative magnitude of near bed, shore-normal oscillatory flow is shown by the solid double
arrow and the direction and magnitude of the net flows (resulting from mean flows and
flow asymmetries) by the broad open arrow. The relative magnitude of the shore-parallel
flow is shown by the pairs of thin arrows. Cross-hatching represents areas of erosion and
dots areas of accretion. A solid line indicates the post-storm profile.

sedimentation where absolute orbital velocities are small and/or symmetrical.
The relatively strong longshore current in the outer trough is the most likely
cause of erosion here since the orbital asymmetries indicate a depositional
node.

The energy driving both shore-normal and shore-parallel currents at
Wendake Beach was primarily from incident, wind-generated waves. Second-
ary waves were present during the peak of the storm, but contributed rela-
tively little energy to the total spectrum. Waves at the frequency of the first
harmonic of the incident wave were associated with breaking, and a low-
frequency oscillation at a period four times that of the incident period was
significant very close to the shoreline. The latter would appear to be a stand-
ing edge wave formed during the storm peak and remaining for the duration
of the storm. The strong mean on-offshore flows and orbital asymmetries
were coincident in time with the appearance of the edge wave and it is tempt-
ing to conclude a causal relationship as suggested by previous workers (e.g.
Bowen and Inman, 1971; Holman and Bowen, 1982). If indeed the latter is
correct then the edge wave node located over bar 2 would be consistent with
Symonds and Huntley’s (1980) observation of a resonant edge wave con-
{rolled by bar spacing. Furthermore, it would suggest that bars form under
nodes of long waves (Carter et al., 1973) and thus result primarily from bed-
load transport rather than suspension load (Bowen, 1980). Evidence from
primary sedimentary structures (Greenwood, in prep.) indicates a predomi-
nance of bedding produced by oscillation ripples, megaripples and sheet flow.
No good example of massive bedding as might be produced by suspension
fallout was ever observed. Secondary waves at a frequency of the first har-
monic also coincided with the storm peak, in association with extensive wave
breaking. If, as seems probable, such waves are dispersive (Thornton, 1979)
then interactions with the primary wave may be capable of producing the
orbital patterns observed. Certainly such wave—wave interactions have been
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proposed for bar genesis (e.g. Hulsbergen, 1974; Bijker et al., 1976; Van de
Graaf and Tilmans, 1980; Boczar-Karakiewicz and Bona, 1982).

The present paper provides only a qualitative interpretation of the relation-
ships between fluid and sediment motions, and their integration into a quan-
titative model remains for future work. At this time a plethora of theories
exist for predicting shore-normal transport (some purely analytical others
based on results from model experiments) and only detailed comparisons
along the lines of those of Bowen (1980), Seymour and King (1982) and
Bailard (1983) will determine the most appropriate predictor for sediment
transport in a barred system such as Wendake Beach.
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ABSTRACT

Sunamura, T. and Takeda, 1., 1984. Landward migration of inner bars. In: B. Greenwood
and R.A. Davis, Jr. (Editors), Hydrodynamics and Sedimentation in Wave-Dominated
Coastal Environments. Mar. Geol., 60: 63—78.

A field investigation was carried out to collect data of inner bar migration. Profiles
were measured once or twice a week for a two-year period at Naka Beach, Ibaraki Prefec-
ture, Japan. It was found that the onshore migration of inner bars could be described by
two dimensionless quantities as: 5D/(Hp)max < (Ho)max/8Thax < 20D/(Hp)max Where
(Hp)max is the maximum value of daily average breaker height during one interval between
surveys, Ty, is the average wave period of the day giving (Hy)max, D is the mean size of
the beach sediment, and g is the acceleration due to gravity. Analyses based on surfzone
sediment dynamics yields v/(wD/b) = 2 X 10°'! (Hy,/D)?, where U is the average speed of
onshore bar-migration, b is the bar height, Hy, is the average breaker height, and w is the
fall velocity of the beach sediment. Nomographs for the speed of landward migrating bars
are also presented.

INTRODUCTION

Storm waves transport beach material offshore causing beach erosion and
form a sand bar in the surfzone as a temporal sediment reservoir. Post-storm
waves gradually move the sand bar onshore. The bar eventually emerges from
the water level and welds onto the beach face. Such migrating bars have been
called “ridge and runnel” topography by North American sedimentologists
(e.g., Davis et al., 1972; Hayes, 1972; Owens and Frobel, 1977), but, because
the application of this terminology has been questioned by Orford and Wright
(1978), the present paper uses the term ‘““inner bar”.

Many researchers have considered the landward migration of inner bars
(e.g., Evans, 1939; King and Williams, 1949; Sonu, 1969, 1973; Davis and
Fox, 1972a, b, 1975; Davis et al., 1972; Hayes, 1972; Greenwood and
Davidson-Arnott, 1975; Owens and Frobel, 1977; Fox and Davis, 1978;
Short, 1978, 1979; Hine, 1979; Sasaki, 1982). However, few quantitative
studies have been performed on this problem in connection with surfzone
sediment dynamics. The purpose of the present study is to relate the landward
migration of the inner bar to nearshore wave parameters and sediment
properties.

0025-3227/84/$03.00 © 1984 Elsevier Science Publishers B.V.



64
STUDY AREA AND DATA ACQUISITION

Naka Beach, Ibaraki Prefecture, Japan, facing the Pacific Ocean was
selected as the study area (Fig.1). The beach, located between Tokaimura
and Ajigaura, is an approximately straight, north—south oriented, open coast
with a 5-km shoreline length. The shoreline is stable on a long-term basis
(Tanaka et al., 1973). The beach sediment is composed of coarse sand in the
northern part of the beach and nearly fine sand in the southern part.

An outer bar is located 200—300 m offshore, nearly parallel to the shore-
line; the water depth at the outer bar crest is 2—3 m below MSL. Nearshore
bottom contours are approximately parallel to the shoreline (Fig.1). The
average bottom gradient is 0.011 to a water depth of 20 m, and is almost
constant along the beach. No significant alongshore difference in incident
wave characteristics has been observed. The study area experiences a maxi-
mum tidal range of 1.4 m and a mean of 1 m.

Three monitoring sites were established along this beach (Fig.1). They are
North, Central, and South sites, the first having an alongshore length of
300 m and the other two a length of 500 m each. Beach profile surveys were
conducted at each site at an interval of once or twice per week for a period
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Fig.1. Study area and three monitoring sites.
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of two years beginning August 28, 1980. Survey lines, drawn perpendicular
to the general shoreline trend, were established at an interval of 20 m at the
North site and 50 m at the Central and the South sites. The survey, conducted
using a telescopic level, a surveyor’s rod, and tape, was extended to the limit
of wading, approximately 1.5 m deep.

Sediment samples were collected from the mid-foreshore at each site on
October 23, 1980, April 5,1981, and September 19, 1981. The time-averaged,
mean grain size of the beach sediment was found to be 0.76 mm (0.39 ¢) at
the North site, 0.66 mm (0.60 ¢) at the Central site, and 0.26 mm (1.9 ¢) at
the South site (Takeda, 1983).

Twenty-minute wave measurements were made every two hours by an
ultrasonic-type wave gage installed 10 km south of the study area (at a water
depth of 21 m). Daily averages of deep-water significant wave height and
period are obtained.

RESULTS AND DISCUSSION
Condition for landward bar-migration

Figure 2 shows some representative examples of onshore migration
sequences of inner bars. The bar migrates onshore with a marked slip-face, as
reported widely from the coasts of other parts of the world (e.g., Hoyt, 1962;
Davis et al., 1972; Hayes, 1972; Greenwood and Davidson-Arnott, 1975;
Owens and Frobel, 1977; Hine, 1979; Hunter et al., 1979; Dabrio and Polo,
1981). The onshore migration is brought about by onshore sediment trans-
port (e.g., Komar, 1976, p.298). Such distinct beach accretion as shown in
Fig.2b, d, and e usually took place during shoreward bar-migration, although
minor beach erosion was sometimes observed.

Figure 3 shows a few examples of offshore migration of inner bars. Large
waves often hindered the nearshore profile survey. On such occasions, the
position of the bar crest was roughly determined by wading when it was
possible. The dashed line in Fig.3 shows the approximate bar profile. Davis
and Fox (1975) have also observed offshore migration under stormy condi-
tions. Offshore sediment transport causes the seaward bar-migration, giving
rise to beach erosion (Fig.3).

Because the direction (onshore or offshore) of bar migration seems to be
closely related to the shoreline change (accretion or erosion), the relation-
ship which allows a demarcation of beach accretion and erosion could be
applied to the delimitation of bar migrating directions. Such an accretion-
erosion relationship (Sunamura, 1980), originally derived from wave-tank
experiments (Sunamura and Horikawa, 1974), is described by:

H _ 0.67
L—: = C(tan §)%7 (I%) (1)

whex:e H, and L, are the deep-water wave height and wavelength, respectively,
tan B is the average nearshore bottom slope to a water depth of 20 m, D is
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Fig.2. Onshore movement of inner bars.
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Fig.3. Offshore movement of inner bars.

the grain size of beach sediment, and C is an empirically determined constant
(C = 18). Accretion (or erosion) takes place when the right-hand side of eq. 1
is greater (or less) than the left-hand side.

A relationship among wave breaker height, deep-water wave parameters,
and nearshore bottom slope is approximated explicitly by (Sunamura and
Horikawa, 1974; Sunamura, 1982):

-0.25

Hy _ 310.2 <Iﬁ

7t = (tan )2 (72 2)
where H, is the breaker height. The deep-water wavelength, L,, is related to
the wave period, T, by linear theory:

=g7—’2-
2n

where g is the acceleration due to gravity.
Using these three equations, the following relationship can be derived:

Lo (3)
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H, D

gr” " H, @
where « is a dimensionless coefficient. In this derivation, such approximations
as 1.35 = 4/3,0.34 = 1/3, and 0.67 = 2/3 were used. Equation 4 is basically
the same as eq. 1, but eq. 4 is convenient to use in the field, because H,, and
T can be easily measured using a surveyor’s rod and stopwatch (e.g., Bascom,
1964, p.173; Hoyt, 1971, p.21), although these measurements give only
approximate values. In this study, Hy was estimated by substituting the data
of the daily average wave parameters and tan § = 0.011 into eq. 2.

Because temporal changes in wave climate exist even in a day, and because
the topographic change is most sensitive to larger waves during one interval
between surveys, the demarcation of bar migrating directions is better
indexed by:

(Hy, Jmax _ D
=k 5
gT’rlnaX (Hb )max ( )

where (Hy ).« IS the maximum value of daily average breaker height during
one interval between surveys, Th.x is the average wave period of the day
giving (Hy)max, and k is a dimensionless coefficient. Figure 4 shows the
demarcation of bar migrating directions (Table I). Kimura’s (1976) data,
obtained at Tatado Beach, Shimoda, Japan, are also plotted. Although some
overlapping of the data points is seen, the demarcation can be reasonably
described by the solid line:

(Hb) ax D
=2mat = 90 e 6
ngax (Hb)max ( )

North Central South Tatado Beach
__L_Olcalron sile site site (Klmu(a.19?§)
Offshare migration
_ or destruction n . L4 o _
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" {Hb )mex —90_1D
- 2 = |
10 9T max {(Hp }max
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Fig.4. Delimitation of inner-bar migrating directions.
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TABLE I

Data of bar migrating directions (notation explained in text)

Site D {(Ho)max Tmax  Migrating direction Remarks
(mm) (m) (s)

North 0.76 1.53 7.6 Onshore 9/15—9/19/81
4.02 10.2 . Offshore 9/25—9/29/81

Central 0.66 2.24 9.3 Onshore 8/28—8/30/80
2.16 9.6 Onshore 8/30—9/2/80
1.63 8.7 Onshore 9/2—9/6/80
1.49 6.5 Onshore 9/6—9/9/80
1.44 6.9 Onshore 9/12—9/15/80
1.42 7.5 Onshore 9/22—9/25/80

South 0.26 1.73 7.1 Onshore 9/7—9/10/80
1.13 7.3 Onshore 9/13—9/16/80
1.70 6.3 Offshore 9/16—9/20/80
1.62 7.8 Offshore 9/20—9/23/80
4.02 10.2 Offshore 9/26--10/4/80
1.36 9.1 Onshore 10/8—10/11/80
1.77 6.9 Onshore 10/11—10/14/80
2.08 8.1 Offshore 10/14--10/15/80
2.55 8.0 Offshore 10/23—10/28/80
1.15 7.6 Onshore 11/7--11/12/80
1.52 6.1 Onshore 11/12—11/17/80
2.37 11.6 Offshore 2/22—-2/28/81
1.80 8.7 Onshore 5/3—5/11/81
1.97 6.2 Offshore 5/11--5/17/81
3.30 9.7 Offshore 5/17--5/24/81
1.62 7.8 Offshore 6/1—6/7/81
1.65 7.9 Onshore 6/7—6/15/81
2.28 9.5 Offshore 6/15—6/21/81
1.00 6.7 Onshore 7/9—7/14/81
1.65 8.1 Onshore 9/11—9/16/81
1.53 7.6 Onshore 9/16—9/20/81
1.62 7.8 Onshore 10/13—10/18/81
3.65 11.4 Offshore 10/18—10/24/81

Tatado Beach 0.23 1.34 6.3 Onshore 8/14—8/15/76

(Kimura, 1976) 1.40 8.0 Onshore 8/17—8/19/76

1.15 8.0 Onshore 8/19—8/21/76
1.01 6.8 Onshore 8/21—8/22/76
1.03 6.4 Onshore 8/22—8/23/76
1.36 6.4 Onshore 8/25—8/29/76

The dashed line would probably demarcate onshore migration and no migra-
tion of bars, although the data showing no migration have not been obtained.
The area below the dashed line indicates lower-energy waves which are too
small to move bars onshore effectively. The dashed line is written as:

(Hb)max = D
gTjnrmx 5 (Hb)max (7)
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Figure 4 indicates that the necessary condition for onshore bar-migration
should be located in the area between the solid and the dashed lines.

Bar migration speed

Rates of onshore migration of bars have been measured at various beaches;
for example, a rate of 1 inch 30 min™ (1.2 m day ') has been reported from
the coast of Lake Michigan by Evans (1939), 4 ft h™ (29.3 m day™*) from
Nags Head, North Carolina by Sonu (1969), 9.23 cm h™ (2.2 m day ™) from
Ajigaura, Japan by Hashimoto and Uda (1976), 13.7 cm h™ (3.3 m day™)
from the same location by Hashimoto and Uda (1977), 0.83—10 m day ™ from
the coasts of Magdalen Islands, Quebec by Owens and Frobel (1977), 1—5 m
day ™ from the Oregon coast by Fox and Davis (1978), and 4—5 m day ™ from
Dai-nigori-zawa Beach, Japan by Sasaki (1982). Hayes (1972) stated that the
rate of migration depends upon sediment grain size, nearshore gradient, wave
conditions, length of wave duration, and tidal range. However, no studies
have been performed to quantitatively relate the bar migration speed to the
controlling factors.

When a bar is migrating onshore, wave breaking always occurs over the
gently seaward-sloping surface of the bar. Waves after breaking form bores
which advance over the bar. Such bores transport sediment onshore across
the gently sloping surface, primarily in a bed-load manner, and eventually
the material is moved to the steep landward edge of the bar where it is depos-
ited on the slip-face of the bar, as is schematically illustrated in Fig. 5. This
type of sediment transport and deposition on the slip-face causes onshore
migration of bars.

Because bed-load is dominant for this type of sediment transport, Shields
parameter would be useful:

_ T
Y= =T : (8)

where ¥ is Shields parameter, 7, is the bottom shear stress, s = p/p, p, is the
sediment density, and p is the fluid density. Shear stress, 7,, can be expressed
by:

Plunge point Break point
hs Bore \' Breaker
\ T
N\ o o (D Hp . oo
a5y > # 2 L.
PR, e REIN o E R

Fig.5. Schematic diagram showing wave transformation and sediment transport over a bar.
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T0=£pfwu(2) (9)

where u, is the maximum bottom velocity on the bar crest (Fig.6) and f,, is
the wave friction factor. Assume that the wave height at the bar crest, H,
(Fig.6), is linearly related to the breaker height, Hy,, as:

H, = BH, (10)

where B is a dimensionless coefficient (B < 1). Because H, is a strongly depth-
controlled quantity due to the shallow water depth, the following relationship
(e.g., Komar, 1976, p.56) is employed:
B, 018 1)
h,
where k, is the water depth at the bar crest (Fig.6). Linear shallow-water
wave approximation yields (see Appendix):
H

w3/ & (12)
Using eqgs. 8 through 12, Shields parameter on the bar crest is related to the
breaker height as:

= B fw Hb
¥ =0.098 G=1)D (13)

Part of the sediment transported onshore across the bar crest is deposited on
the landward steep slope. The remaining part is transported alongshore by
longshore currents which develop in the trough. Denoting g, as the deposi-
tional rate on the steep slope and g, as the net onshore sediment transport
rate on the bar crest (Fig. 7):

q, = A, (14)

where A is a dimensionless coefficient (A < 1). This equation holds when
two-dimensionality of sediment transport and of the resultant bar migration
is maintained. It would be valid to assume that the depositional area, which
is shown by the hatched area in Fig.7, can be expressed by the parallelogram
for a short period of time. Then:

AS = bal (15)

H, h.
\Jﬁ'vr% Hp SL
T Uo

Bar

Fig.6. Definition sketch.
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where AS is the cross-sectional area, Al is the bar migration distance, and b is
the bar height. Dividing both sides of this equation by the time interval, At,
we have:

a8 _, Al
At At
The left-hand side of eq. 16, AS/At, should be equal to q, which is the depo-

sitional rate, and Al/At in the right-hand side is the bar migration speed.
Namely:

(16)

q,=bv a7
where v is the bar migration speed. Equations 14 and 17 lead to:

b
%= (18)

The dimensionless sediment transport rate, ®, is described as:

- 9o
=D (19)

where w is the fall velocity of sediment. According to the work of Madsen
and Grant (1976a, b):

o =c¥? (20)

where ¢ is a dimensionless coefficient. Using eqs. 13, 18, 19, and 20, the
normalized bar migration speed, v/(wD/b), is:

v . (0.098Bf,Y Hb>3
wD/b‘Ac< s—1 ><F (21)

Assuming that all the coefficients involved in eq. 21, i.e., A, B, ¢, f., ands,
are constants, we have:

Vo (HeY

Db - K (T) (22)
where K' = Ac[0.098Bf,, /(s — 1)]° which is an unknown constant. Equation
22 shows that the rate of onshore bar-migration is expressed as a function of
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the breaker height, the bar height, and the sediment properties (grain size
and fall velocity). Because of the existence of temporal changes in wave
climate, however, eq. 22 was replaced by:

0 _ . (Hp\?
oo~ < () )
where Hy, is the time-averaged breaker height during one interval between
surveys, U is the average speed of bar migration, and K is an unknown con-
stant. The tidal effects have been neglected in the present study.

The speed of onshore bar-migration was examined using eq. 23. Due to
assumptions involved in deriving eq. 23, only the data which satisfy the
following two conditions were applied: (1) migrating bars have distinct two-
dimensionality; and (2) the bar height does not significantly change on two
successive beach profiles. The average bar-migration speed, i, was obtained
from the beach profile records. The bar height, b, was determined from the
first of two successive surveys. The time-averaged, beach sediment grain size
at each monitoring site was used for D, i.e., D = 0.76 mm for the North site,
D = 0.66 mm for the Central site, and D = 0.26 mm for the South site. The
fall velocity of sediment, w, was obtained from the D — w relationship (e.g.,
U.S. Army Coastal Engineering Research Center, 1973, fig.4-31).

Selected data are listed in Table II, which includes Kimura’s (1976) data
obtained at Tatado Beach, Shimoda, Japan. Figure 8 gives a plot of these
data. Although some scatter in the data points is found, the average speed of
onshore migrating bars can be well described by:

b= -1 WD (i)a
0=2X10 5\ D (24)

Possible reasons for the data scatter are: (1) the sediment grain size, D, is
treated as a constant, but this does vary slightly in time; and (2) the effect of
tides upon the bar migration speed (Davis et al., 1972) is not considered.

Nomographs for bar migration speed

Rewriting of eqgs. 6 and 7 on a daily basis gives the following relation which
describes the condition for the onshore migration of inner bars:

D H, D
b =—< = < 20 — (25)
H, gT H,

where flb and T are the daily average breaker height and wave period, respec-
tively. Similarly, eq. 24 can be rewritten as:

b= -11 u}_'D (&)3
=2x 10 5 \D (26)
where ¥ is the daily average migration speed.

Using eqs. 25 and 26, nomographs giving the speed of onshore migrating
bars were plotted in Figs.9a, b, and ¢ for the beaches with a sediment grain
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TABLE II

Data of onshore bar-migration speed (notation explained in text)

Site D H, b v Remarks
(mm) {m) (m) {m day™)

North 0.76 1.41 0.2 2.3 9/15—9/19/81
1.41 0.2 2.5 9/15—9/19/81

Central 0.66 2.16 0.8 8.5 8/28—8/30/80
2.16 0.7 11.5 8/28—8/30/80
1.94 0.5 3.3 8/30—9/2/80
1.14 0.2 3.3 9/12—9/15/80
1.14 0.4 2.3 9/12—9/15/80

South 0.26 1.50 0.8 4.3 9/7—9/10/80
1.06 0.3 5.0 9/13—9/16/80
1.06 0.4 3.0 9/13—9/16/80
1.06 0.4 3.3 9/13—9/16/80
1.28 1.1 3.7 10/8—10/11/80
1.28 0.5 3.0 10/8—10/11/80
1.36 0.9 3.7 10/11—10/14/80
1.36 0.8 2.7 10/11—10/14/80
0.94 0.2 2.2 11/7—11/12/80
0.94 0.2 2.4 11/7-—-11/12/80
0.94 0.4 1.2 11/7-11/12/80
1.29 0.3 2.2 11/12—11/17/80
1.41 0.3 3.0 10/13—10/18/81
1.41 0.4 2.6 10/13—10/18/81

Tatado Beach 0.23 1.34 0.4 3.5 8/14—8/15/76

(Kimura, 1976) 1.21 0.6 5.0 8/17—8/19/76

1.03 0.6 5.0 8/19—8/21/76
1.01 0.5 3.5 8/21—8/22/76
1.03 0.5 3.0 8/22—8/23/76
1.13 0.4 3.8 8/25—8/29/76

size of 0.2, 0.4, and 0.8 mm, respectively. These figures were constructed for
the bars having a relative height of 0.5 and 1 m.

Assume, for example, that waves having a daily average breaker height of
2 m and a wave period of 10 s act on a beach composed of 0.4-mm sand. Use
Fig.9b for this case. An intersecting point of two lines, i.e., #, =2 mand T =
10 s, is located near the line showing 5 m day™ for a 1-m bar height case or
10 m day™ for an 0.5-m case. Namely, under such wave and sediment condi-
tions, the average speed of onshore bar-migration is estimated at 5 m day™ if
the bar height is 1 m, or 10 m day™ if the bar height is 0.5 m.

CONCLUDING REMARKS
Demarcation of migrating directions of inner bars is shown in Fig.4. A

necessary condition for landward bar-migration should be located in the area
between the solid line (eq. 6) and the dashed line (eq. 7) in this figure. The
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Fig.8. Dimensionless plot of average speed of onshore bar-migration.

average speed of onshore migrating bars is described by eq. 24, which is a
function of the wave breaker height, the grain size and the fall velocity of
the beach sediment, and the bar height. Nomographs for the migration speed
are presented for the selected sediment grain size and bar height (Figs. 9a—c).
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APPENDIX

Linear wave theory gives the maximum orbital velocity of the water particle near the
bottom, uy,, as:

e nH
m = Tsinh (2nh/L)

where H and L are the wave height and the wavelength at a water depth of h, respectively,
and T is the wave period. Using shallow-water wave approximations such as:

u (A-1)
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sinh

27rh=g1r_h
L

and

% = /gh (= wave velocity)

transformation of eq. A-1 leads to:

H
“=3/h

where u, is the maximum bottom velocity in a shallow water region.
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ABSTRACT

Greenwood, B. and Mittler, P.R., 1984, Sediment flux and equilibrium slopes in a barred
nearshore. In: B, Greenwood and R.A. Davis, Jr. (Editors), Hydrodynamics and Sedi-
mentation in Wave-Dominated Coastal Environments. Mar. Geol., 60: 79—98.

Estimates of time-integrated values of total (ITVF) and net (INVF) sediment volume
flux and the associated changes in bed elevation and local slope were determined for a
crescentic outer nearshore bar in Kouchibouguac Bay, New Brunswick, Canada, for eight
discrete storm events. A 100 X 150 m grid of depth-of-activity rods spaced at 10 m inter-
vals was used to monitor sediment behaviour on the seaward slope, bar crest and landward
slope during the storms, at which time winds, incident waves and near-bed oscillatory
currents were measured. Comparisons between storm events and between these events
and a longer-term synthetic wave climatology were facilitated using hindcast wave para-
meters. Strong positive correlations between storm-wave conditions (significant height
and total cumulative energy) and total volume flux contrasted strongly with the zero
correlation between storm-wave conditions and net volume flux. ITVF values ranged up
to 1646 m?3 for the experimental grid and were found to have power function relations
with significant wave height (exponent = 2) and cumulative wave energy (exponent = 0.4);
values of INVF ranged from 0 up to 100 m? for the same grid indicating a balance of sedi-
ment volume in the bar form through time. Sediment reactivation increased linearly with
decreasing depth across the seaward slope and bar crest reaching maxima of 20 em for the
two largest storms; bed elevation, and thus slope, changes were restricted to the bar crest
and upper landward slope with near zero morphological change on the seaward slope. The
latter represents a steady-state equilibrium with null net transport of sediment under
shoaling waves. Measurements of the asymmetry of orbital velocities close to the bed
show that the energetics approach to predicting beach slope of Inman and Bagnold (1963)
is sound. Gradients predicted vary from 0.01 to 0.03 for a range of angles of internal
friction appropriate to the local sediment (tan ¢ = 0.3—0.6). These compare favorably
with the measured seaward slope of 0.015 formed under average maximum orbital veloc-
ities of 1.12 m s™! (landward) and 1.09 m s™' (seaward) recorded during the period of the
largest storm waves.

*Present address: Dasco Data Products, 304-8495 Ontario Street, Vancouver, B.C. V5X
3E8, Canada.

0025-3227/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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INTRODUCTION

In many coastal environments dominated by waves the nearshore slope is
characterized by one or more bars (Greenwood, 1982), which remain as
stable bathymetric configurations throughout the annual cycle of wave
climate (for example see Greenwood and Davidson-Arnott, 1975) and there-
fore appear in equilibrium with nearshore wave and current processes. How-
ever, the magnitude and frequency of occurrence of the sedimentation
processes controlling bar growth and dynamics are still ill-defined and con-
siderable debate continues concerning the mode and forcing of the sediment
transport processes involved (Greenwood and Davidson-Arnott, 1979).
Clarification of these issues requires knowledge of both fluid, sediment and
morphological dynamics in the prototype over reasonably long periods to
include especially periods of intense sediment transport. Furthermore, since
the bar form consists of a very large number of slope facets each responding
to local stresses, there is a need for knowledge of the spatial variability of
process and form at this scale.

At the present time technological limitations prevent the necessary experi-
ments to adequately answer the questions outlined above. However, recently
it has been possible to obtain measures of both the sediment flux and bed
elevation changes integrated over a storm cycle for a series of closely spaced
locations within the nearshore zone (Greenwood and Hale, 1980; Greenwood
et al., 1980). In this paper the sediment flux and morphological response in
a nearshore bar is analysed for a series of storm-wave events of known
frequency of occurrence and the data used to test one of the basic approaches
to the prediction of local bed slope under wave activity.

EQUILIBRIUM NEARSHORE SLOPES

Currently no fully adequate theory of nearshore equilibrium exists
although our general understanding of this equilibrium was well defined in
the highly deductive and qualitative statement of Johnson as early as 1919:

‘“At every point the slope is precisely of the steepness required to enable the amount
of wave energy there developed to dispose of the volume of sediment there in transit.”

Even earlier Cornaglia (1898) had proposed a null point hypothesis empha-
sizing the concept of the balance of forces (wave-generated currents, gravity,
inertia) controlling the stability of single particles on nearshore slopes. This
theory was quantified and tested experimentally by Ippen and Eagleson
(1955), Eagleson and Dean (1961) and Eagleson et al. (1963), but met with
only limited success. Qualitative models of the nearshore slope as a balance
between wave-induced transport of sand landward and a seaward return via
rip-current activity (Grant, 1943; Cook, 1970; Greenwood and Davidson-
Arnott, 1979) have been supported by observation, but lack a quantitative
form capable of being tested rigorously. Perhaps the most significant develop-
ment in understanding coastal equilibrium under wave motion was that due
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to Inman and Bagnold (1963) based on Bagnold’s (1963, 1966) energetics-
based bedload transport model originally derived for unidirectional flow. In
this formulation a local slope of zero net transport develops at equilibrium as
a result of a balance of forces induced by asymmetry in the on-offshore
velocities, the angle of internal friction of the sediment and the tangential
component of gravity controlled by the slope itself. In essence the slope was
defined by the ratio of offshore to onshore energy dissipation under oscilla-
tory flow and the angle of internal friction of the sediment:

tanﬁ=tan¢<}_g> (1)

where tan 8 = beach slope; tan ¢ = coefficient of internal friction; and ¢ is
defined:

_ offshore energy dissipation
onshore energy dissipation

(2)

Thus, under shoaling waves, the increasing beach slope landward was a res-
ponse to the increased total dissipation due to increased velocities at the bed
and the relative difference in dissipation in the landward and seaward direc-
tions.

In 1979 the senior author proposed a conceptual model for equilibrium in
nearshore bars whereby the seaward slope was maintained by the asymmetries
in transport associated with the shoaling waves (Greenwood and Davidson-
Arnott, 1979). If such is the case, then the Inman and Bagnold relationship
should provide a prediction of the nearshore slope in this zone, if the energy
dissipation ratio can be measured or predicted. Inman and Frautschy (1966),
following Bagnold (1963), proposed that the energy dissipation ratio, ¢, was
proportional to the third power of the ratio of the relevant onshore and off-
shore orbital velocities:

¢ = | Um —offshore 3
U,, — onshore

(3)

where U, is the miaximum orbital velocity. This is in fact a measure of asym-
metry in the orbital velocity field. Support for the basic mechanisms sug-
gested by Bagnold (1963) and Inman and Bagnold (1963) can be seen in
more recent sediment transport models which have adopted this approach.
In 1980 Bowen proposed a quantitative model for predicting equilibrium
beach slopes, which included a consideration of both suspended and bed
load under oscillatory flows. An attempt to incorporate the effects of long-
shore currents is seen in the transport model of Bailard (1981, 1983) and
Bailard and Inman (1981).

It is not possible in this study to provide a test of these later models, but
rather a simple evaluation of the basic energetics approach is made by testing
the predictor equation for slopes proposed in the original formulation.
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LOCATION

The study was carried out in Kouchibouguac Bay, which is located at the
western end of Northumberland Strait on the New Brunswick coast of Canada
(Fig.1). Extensive detail on the form, structures, textures and bar dynamics,
together with the general environmental constraints on the bar systems, have
been documented previously (Greenwood and Davidson-Arnott, 1975, 1979;
Davidson-Arnott and Greenwood, 1976; Greenwood and Hale, 1980) and
only a brief synopsis need be presented here.

The area is a low-to-medium energy, micro-tidal (1.25 m maximum spring
tide), storm-wave dominated environment, where sediment flux occurs as a
highly discrete process during the passage of meteorological depressions
{(Greenwood and Hale, 1980). The nearshore bathymetry consists of a two-
bar system with local slopes typified by those illustrated in Fig.2. The inner
system is planimetrically variable with straight, oblique and crescentic forms
cut through by well defined rip channels in places. In contrast the outer bar
is generally continuous and crescentic in character (average wavelength =
500 m; average amplitude = 35 m) and ranges in height from 1.5 to 2.5 m.
The outer bar, of particular relevance to this study is built in well-sorted,
medium-to-fine sands (mean diameter 0.56—0.14 mm). Furthermore, it is a

Fig.1. Location of study area.
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Fig.2. Representative profile across the inner and outer bar systems of Kouchibouguac Bay.

highly stable feature in an environment of relatively high annual alongshore
transport. Table I documents the sediment volumes and transports. It is clear
that although large volumes of sediment exist in the bar system, collective
transport alongshore due to bar migration contributes relatively little to the
annual littoral drift.

A simple conceptual model of the equilibrium nature of these bars is based
on a landward flux of sediments under asymmetric orbital motions due to
waves, balanced by a seaward return of sediment in rip currents as part of a
cellular nearshore circulation (Greenwood and Davidson-Arnott, 1979).
Implicit to this hypothesis was that the seaward slope was essentially an
equilibrium transport surface maintained by orbital asymmetries under the
shoaling waves. Important questions therefore arise as to the mobility of the
bar sediments (rates, spatial variability, relationship to wave energy, etc.),
the morphological response to this mobility and the type of morphological
equilibrium established (static, steady, dynamic, etc.). These will be addressed
in this paper.

TABLE I

Sediment volumes and gross sediment flux Kouchibouguac Bay

Source Amount
Bar form: Total bar! ~2 X 10°m?
: Per m length ~4 x 10° m?
: Total bay? ~6 X 10 m?
Net annual littoral drift3 ~1X 10° m?® yr!
Collective transport by ~1x 10* m® yr!

bar migration?

1Based on single crescentic unit, 500 m long, 1.5—3 m high; 215 km of bar; 3based on
averaging dredging data, growth of inlet shoals and prediction based on CERC method
1973; 4migration rate based on repeat surveys.
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EXPERIMENTAL DESIGN

At the present state of technology no satisfactory instrument exists for
monitoring simultaneously both suspended and bedload, and the morph-
ological changes associated with a net sediment flux, across any large area in
the nearshore. In this study a simple device is used which gives a measure of
sediment transport (total and net) as well as local changes in elevation of the
transport surface. This depth-of-activity rod (Greenwood and Hale, 1980;
Greenwood et al., 1980) is a simple adaptation of the vigil network erosion
pin and can be deployed in numbers sufficient to cover large areas. It consists
of a round steel rod (0.5 cm diameter, 1—2 m in length) driven vertically
into the sand by a Scuba diver until 0.45 m is left exposed; a loose fitting
washer (0.6 cm internal diameter) is placed over the rod and allowed to fall
to the bed. The rod is tagged with a fluorescent streamer tape and stamped
with an identifier to assist re-location. Figure 3 illustrates the pre- and post-
storm measurements made by a Scuba diver. These measurements are used to
make estimates of the sediment flux taking place through discrete periods of
time, i.e. the duration of the storm event. Assuming that the changing washer
location indicates the maximum depth of reactivation (see Greenwood and
Hale, 1980, for tests), then the minimum total volume of sediment in trans-
port is also given. Since the rod measurements are time-integrated estimates
of this transport rate (i.e., a volume) through the local control volume, this
has been termed the integrated total volume flux (ITVF). In a similar manner
the bed elevation changes measured at each rod represent the net volume
transports integrated over the storm duration (again a volume measure): this
has been termed the integrated net volume flux (INVF). The depth of activity
and bed elevation measures record the response of the local slope to wave
activity at the storm peak and the total sediment transport event.
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tz,t2= time intervals

Fig.3. Measurements made with the depth-of-activity rod and computations for sediment
flux: ITVF = time-integrated total volume flux, INVF = time-integrated net volume flux.
Both ITVF and INVF are volume measures.
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To measure sediment flux and bed elevation change across the outer bar
system, a reference grid (100 X 150 m) of depth-of-activity rods was estab-
lished. Figure 4 illustrates the configuration of the grid, the primary rod
coordinates and the relationship of the grid to a shore-normal profile. Rods
were spaced at 10 m intervals and a subset was used to monitor the seaward
slope. Control volumes for each grid were computed simply by extrapolating
a line from the break-of-slope at the foot of the seaward slope to the trough
and drawing vertical lines from the grid margins (Fig.5); a mean profile was
assumed for the total grid to simplify calculations of these volumes poten-
tially available for entrainment.

Fluid motions near the bed were recorded with an electromagnetic flow-
meter (Marsh-McBirney Model 551) located in the centre of the seaward
slope grid (Fig.4). The flowmeter sensor was mounted initially 0.2 m above
the bed; however, depth of activity and bed elevation changes indicated
possible variations in height of the sensor during storms between 0.15 and
0.38 m.

A continuous resistance wave gauge was deployed 700 m offshore in 7 m
of water to record incident wave conditions, which provided a yardstick for
storm magnitude. Winds, measured at the beach face with a Type 45 B
Anemometer, were used to hindcast waves when direct measurements were
unavailable. Hindcasting of waves using winds from the meteorological
station at Chatham (Fig.1) allowed individual storms to be placed in the
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Fig.4. Deployment of experimental grids of depth of activity rods, Kouchibouguac Bay,
1977 and 1978. The 1977 grid was restricted to the seaward slope, row O to row 10 and
this subset was used to monitor the seaward slope in both 1977 and 1978. Note the loca-
tion of the flowmeter.
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context of a synthetic wave climatology already established for the Bay (Hale
and Greenwood, 1980). In this way the return periods and thus relative
significance of the storms could be assessed.

Wave and current sensors were typically sampled at 2 Hz for periods of
5—7 min every hour during storms, with occasional record lengths up to
30 min. Wave spectra were computed using the University of California Bio-
medical Computer Package BMDO2T (Dixon, 1971) to determine character-
istic wave height (H,,, = 4 X standard deviation of the wave record) and
peak period (T, = period corresponding to the frequency of the maximum
energy density). Flowmeter records were resolved to produce true flow vectors
(speed and orientation) and scatterplots used to describe the oscillatory
motion at a particular period of time.

SEDIMENT FLUX AND EQUILIBRIUM SLOPES
Sediment flux

Table Il summarizes data on the primary wave parameters and sediment
flux for eight discrete storm events during 1977 and 1978, and reveals quite
clearly the nature of the sediment balance. Although the percentage of the
control volume mobilized by a single storm is not large it is significant, rang-
ing from 1 to 12% with grid average maxima of 0.3 m® per square metre of
seaward slope in absolute terms. However, the time-integrated net volume
flux (INVF) is extremely small, being less than one percent of the control
volume in all cases. Small net additions of sediment and small net losses of
sediment occur in approximately equal numbers.

To evaluate the response of the system to events of differing magnitude,
which could then be placed within a correct time perspective, the time inte-
grated total volume flux (ITVF) values were plotted against both measured

TABLE I1

Sediment flux during storm events over the outer bar (seaward slope), Kouchibouguac Bay

Date Duration Hp,, Tpx ITVF Percent* mobilized INVF Percent
(h) (m) (s) (m?) (%) (m?) change (%)
1977:07:06 8 1.30 6.4 661 5 110 —0.8
1977:07:23 11 1.17 6.0 319 2 36 —0.2
1977:08:24 15 1.00 5.5 208 1 20 +0.1
1977:08:30 17 1.06 5.3 182 1 61 —0.4
1978:05:23 5 No data 297 2 1 0
1978:06:01 10 No data 880 6 98 —0.7
1978:07:01 45 1.94 8.2 1734 12 29 —0.2
1978:07:24 17 1.61 7 1657 11 103 +0.7
Average 5 -—0.2

*Estimated control volume = 14,500 m?.
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and hindcast wave data for each storm. Figure 6a, b and c illustrates double
logarithmic plots of ITVF against both the maximum significant wave height
(Hy3) generated during the storms and the cumulative energy density (hind-
cast) for the duration of the storms. Both wave height and cumulative energy
density are used here to express two characteristics of the storm: the former
is a measure of the maximum energy input per unit time, while the latter is
indicative of the total work done during a storm.

Strong positive correlations are evident in all cases with the percentage of
explained variance ranging from a low of 45% in the case of hindcast
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Fig. 6. Relationships between time-integrated total volume flux (ITVF), and {(a) measured
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cumulative energy density to a high of 88% in the case of the measured
significant wave height. Correlations with wave height are significant at the
0.05 level, while correlations with cumulative energy density are significant
at the 0.10 level. The least squares regression lines suggest that a power
function relationship exists between sediment response and wave energy.
While it would be inappropriate to attach too great a significance to the
absolute values of the exponents at this time it should be noted that sedi-
ment transport has always been considered as a power function of the
forcing parameter. Indeed transport rates in the alongshore direction have
been empirically established as being proportional to the square of the wave
height (Galvin and Vitale, 1978). Certainly it is clear that the estimates of
sediment reactivation are reasonably well recorded by the depth of activity
rods and that maximum significant wave height is the better of the two wave
parameters for predicting total sediment flux.

Of greater importance in the present context are the near-zero values for
the INVF (Table II), even though the ITVF values range over an order of
magnitude (Fig.6d). It would appear, therefore, that, at least in terms of
sediment volume, the seaward slope exists in a state of steady equilibrium
with the prevailing wave climate. If it can be established that the bar form
remains stable both throughout storms and from storm to storm, then a
steady morphodynamic equilibrium would be established.

Spatial variability of sediment flux and bar morphodynamics

Figure 7 illustrates the depths of activity and bed elevation changes for
the two largest storms monitored (1978:01 and 1978:24). Table III docu-
ments the general storm characteristics. These two events had recurrence
intervals close to 1.5 yr based upon hindcast wave parameters and might be
expected to indicate bar response to storms equal to that of the most prob-
able annual maximum. Although differing in intensity to some degree it is
evident that the sedimentary response was similar. In both cases maximum
reactivation occurred on the bar crest with similar absolute values of 28 and
32 cm; the average values for reactivation were also comparable (14 and
13 cm). A general tendency for decreasing depth of activity with increasing
water depth is also evident as might have been expected, but the seaward
slope was subjected to considerable sediment motion even at its outer margin.
It should be noted, however, that the data are somewhat ‘“noisy’’ due to
sampling variability, experimental error and variations in the bedforms
generated. Bed elevation changes are somewhat less ‘“noisy”’ overall and illus-
trate again a comparable response of the bar slope to the two storms. Large
areas of the grid in both cases exhibit less than +1 ¢cm change, which is close
to the limit of measurement. Changes that do occur are more prevalent on
the landward side of the bar crest and the landward slope; the seaward slope
in contrast remained essentially stable in both cases even though large volumes
of sediment were in motion. In order to generalize the shore-normal vari-
ability in the two measured parameters, grid row averages were calculated:
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TABLE IIT

Peak storm characteristics Kouchibouguac Bay, 1978:07:01 and 1978:07:24

Storm characteristics Storm event

1978:07:01 1978:07:24

Measured Predicted Measured Predicted
Maximum wind speed 58 kph 32 kph 48 kph 26 kph
Wind direction E NE NE N
Wind duration 45 h 37h 17h 23 h
Characteristic wave height (Hp,,) 1.94m 0.72 m 1.64m 0.62m
Characteristic wave period {Tpy) 8s 4s 7s 3.2s
Maximum orbital velocity* 1.26 ms~! - 1.20 m s™! —
Average orbital velocity* 0.42ms™! — 0.39ms™! —
Recurrence interval**: H,, 1.45yr (0.14 yr) 1.3 yr (0.10 yr)

1 TE 1.1yr (0.40 yr) 1lyr {0.20 yr)

*Determined from resolved flowmeter vectors; sample period 5 min.
**Figures determined from both the annual maximum series and, in parentheses, the
partial duration series of storm wave predictions.

this gave an overall view of the sedimentary responses along a profile by
reducing much of the “noise” in the data. Figure 8 illustrates these data and
confirms that:

(a) As waves shoal and orbital velocities near the bed increase so there is
an increase in the rates of sediment motion. An almost linear increase in the
depth of activity is suggested here which follows the almost linear seaward
slope. Although there is a slightly greater variation associated with the larger
of the two storms there appears to be no difference in the average response
of sediment transport. This is reasonable in that although measured wave
heights were greater in the July 1 storm, the near-bed currents measured on
the seaward slope were almost the same (Table III).

(b) With the reduction in orbital velocities as a result of height loss through
breaking on the bar crest and with the increase in water depth, the lower
landward slope and trough experienced reduced rates of sediment motion.
Again a linear decrease in the depth of activity is suggested down the land-
ward slope.

(c) In general bed elevation and thus slope changes on the seaward slope
are extremely minor even under intense sediment reactivation by the shoal-
ing waves. Most of the variability in the averaged values is less than +1 cm.

(d) The bar crest and landward slope experience the greatest redistribution
of sediment and morphological change. This is to be expected since these
areas are subject to wave breaking and wave reformation with high orbital
velocities and strong flow asymmetries. Intense turbulence and interactions
between waves and secondary flows, such as seaward flowing rip currents,
are common. In the July 1 storm it appears that on average the bar was
shifted seaward with erosion of the landward slope and accretion on the bar
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crest: in the following storm of July 24, with only slightly lower wave heights,
accretion on the landward slope and thus landward migration of the bar was
the average condition. It should be stressed that these are averages, since
along a 100 m length of bar crest re-orientation of the crest location could
produce landward migration in one section and seaward migration in another.
This has been observed frequently on these bars (Greenwood and Davidson-
Arnott, 1975) with the crest oscillating about some mean position in associa-
tion with the slow alongshore migration of the crescentic form and the
transient positions of seaward flowing rip currents. -

Two important aspects of the sediment flux patterns during these storms
cannot, however, be addressed directly with the depth of activity rod data.
The paths of net transport associated with bed elevation changes are not
expressed, for example, nor is it possible to say whether the morphologically
stable seaward slope is maintained by high but uniform rates of transport or
whether a true oscillating equilibrium exists in the sediment transport.
Examination of sedimentary structures preserved in the reactivated layer can
provide some indication of transport paths (Greenwood and Davidson-Arnott,
1975; Davidson-Arnott and Greenwood, 1976; Greenwood and Mittler, 1979;
Greenwood and Hale, 1980) as in the case of the 1978:07:24 storm. Epoxy
peels of box cores from the bar crest and upper landward slope along the
central profile (locations 1 and 2 in Fig.8) of the experimental grid all exhibit
strong landward dipping cross-stratification indicative of landward migrating
lunate megaripples (Fig.9a and b). This would suggest that the accretion of
the landward slope indicated by the depth of activity rods results from
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sediment transferred landward from the crest where the rods suggest some
slight degradation (Fig.8). Cores from the bar crest for a distance of 90 and
120 m either side of the grid all reveal similar structures supporting both a
general transfer of sediment and a displacement of the bar in a landward
direction (Mittler, 1981). Structural indices from the reactivation layer of
the morphologically stable seaward slope (locations 3 and 4 in Fig.8) reveal
a preponderance of planar stratification (Fig.9c and d). Thus the high sedi-
ment transport indicated by the depth of activity and the near-zero net sedi-
ment flux indicated by the bed elevation change were associated primarily
with sediment motion under flat bed conditions: no directional information
is provided by these structures but continuity considerations would suggest
that during the phase of high transport rates the sediment was likely in a
state of near oscillating equilibrium rather than one of high uniform net
transport.

The most striking aspect of these data is, however, the morphological
stability of the seaward slope with high rates of sediment motion. This
clearly supports the thesis that this unit is a surface of null net transport and
thus in a state of steady equilibrium with the orbital velocity field associated
with the shoaling waves.

Seaward slope equilibrium

From the preceding analysis it would seem that a balance of forces involv-
ing wave energy dissipation and the morphological gradient in the manner
suggested by Inman and Bagnold (1963) would be appropriate to explain the
steady state of the seaward slope of the bars in Kouchibouguac Bay. To test
this theory, measured orbital velocities on the seaward slope were analyzed.
In order to satisfy constraints imposed by the model, the flow field must be:
(1) solely the result of the onshore-offshore motion of waves approaching
along the shore-normal (line of maximum topographic gradient); (2) be
representative of the lower boundary layer; and (3) great enough not only to
produce motion but to ensure transport under flat bed conditions since, as
was pointed out by Inman and Bowen (1962), transport over rippled beds
under oscillatory flow produces a complex phase-dependent process involving
suspension associated with vortex generation. Indeed, as the basic model
requires bedload transport, a flat bed sheet flow model would seem most
appropriate.

Current records were obtained from a number of the storms (Mittler,
1981}, but in only one case did the velocity field satisfy the above mentioned
criteria. Figure 10 illustrates this velocity field, recorded on July 1 at the
peak of the largest storm monitored. The ellipses represent the limits of the
distribution of current vectors determined from the electromagnetic flow-
meter records. The:principal axes of the ellipses, determined by least squares,
illustrate the shore-normal approach of the waves at this time, the strength
of the wave oscillations, and, most importantly, the landward asymmetry of
the maximum orbital velocities. During other storms, either the wave
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Fig.10. Elliptical distribution of near bed flow vectors on the seaward slope of the outer
bar, Kouchibouguac Bay, during the peak of the storm, 1978:07:01; (a) 1520 h, (b)
1627 h.

approach (and thus the primary orbital velocity vector) was not normal to
shore, or the measured maximum offshore orbital velocity was greater than
its onshore equivalent. Even with the very strong shore-normal currents of
the July 1 storm, a slight displacement of the centroid of the ellipse suggests
a superimposed shore-parallel flow (Fig.10). Detailed analysis of similar off-
sets in a large number of discrete flowmeter records shows such flows to be
of tidal origin (Mittler, 1981). For sand of the size common on the seaward
slope (mean diameter ~0.18 mm), even the mean orbital velocities (Table III)
at this time would theoretically produce flat bed. Using the criterion of
Dingler (1974) as expressed by Clifton (1976) for the transition velocity
between rippled and flat bed this grain size would require a velocity of
=~(.26 m s'. This is far exceeded by the mean velocities measured and would
indicate flat bed sediment transport at this time. Corroboration for this is
provided by post-storm box cores from the seaward slope (locations 4 and 5

Fig.9. Epoxy peels of box cores and the associated depths of activity (in parentheses) after
the storms of 1978:07:24 (a, b, ¢, d) and 1978:07:01 (e, f). The horizontal bar is 0.10 m;
the arrow indicates the direction of the shoreline. (a) bar crest (0.15 m); (b) upper land-
ward slope (0.15 m); (¢) upper seaward slope (0.13 m); (d) mid-seaward slope (0.14 m);
(e) mid-seaward slope (0.13 m); (f) lower seaward slope (0.13 m).
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in Fig.8) which illustrate dominance of planar stratification in the most
recent active layer (Fig.9e, f).

Table IV documents the maximum onshore and offshore velocities, the
ratio of offshore to onshore energy dissipation as defined by Inman and
Frautschy (1966) and the predicted equilibrium beach slopes for a range of
values of the angle of internal friction appropriate to the sand materials
present. Also given is the average slope along the profile measured after the
storm from a position 10 m landward to a position 10 m seaward of the flow-
meter location. From the earlier analysis of the depth of activity it is evident
that differences in bed elevation would not have exceeded 2 cm even at the
storm peak over this section of slope and this could have no effect on the
slope value used in this comparison. Predicted slope values are given for both
the maximum instantaneous velocity recorded, and the average maximum
velocity based on three discrete sample records spaced 1 h apart during the
storm peak. The correspondence between measured and predicted values is
good, particularly, if the average maximum velocity for the storm peak is
used. The latter is a more reasonable figure to use for sediment transport in
any case, since transport is a time integrated phenomenon; further, the
instantaneous maxima in a record could be the result of single waves.

CONCLUSIONS

Time-integrated values of total sediment flux over a large outer crescentic
bar in Kouchibouguac Bay, Canada, were found to be positively correlated
with measured and predicted wave energy parameters: power function rela-
tionships with exponents of ~2 to ~4 for significant wave height and ~0.4 for
cumulative energy values provide statistically significant explanation. Time-in-
tegrated values of net sediment flux, in contrast, were close to zero and bear
no relationship to the total reactivation of sediment. Local bed elevation
changes were only significant over the bar crest and landward slope, with the
seaward slope existing in a state of steady equilibrium with the wave processes.
Continuity considerations suggest a state of oscillating equilibrium for the large

TABLE IV

Measured maximum orbital velocities, dissipation coefficients, predicted and measured
nearshore slopes, Kouchibouguac Bay, 1978:07:01

Maximum orbital velocity  Dissipation coefficient Nearshore slope

(um) (c) tan g
Onshore Offshore Predicted Measured
(cms™) tan ¢4 = 0.30 0.45 0.60
1281 1237 0.89 0.018 0.026 0.035 3

2 2 0.015
112 109 0.92 0.012 0.0190.025

IMaximum instantaneous velocity; 2average maximum during storm peak; Saverage slope
from post-storm survey; 4tan ¢ = angle of internal friction.



97

volumes of sediment set in motion on this slope by storm waves. Morpholog-
ical changes on the bar crest and landward slope result from the number and
variability of processes occurring here: asymmetric oscillatory currents assoc-
iated with propagating surface gravity waves are present, but also turbulence
associated with wave breaking and interactions between these and secondary
longshore and rip currents.

Results of this study support both the basic energetics concept inherent in
the Inman and Bagnold (1963) model for equilibrium nearshore slopes and
the predictor equation based on the asymmetry in the maximum orbital
velocities (Inman and Frautschy, 1966). Predicted values for the seaward
slope of 0.012—0.025 compare favourably with the measured value of 0.015
using measured average maximum orbital velocities of 1.12 m s (landward)
and 1.09 m s (seaward), and a range for the appropriate angle of internal
friction of 0.3—0.6.
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ABSTRACT

Nummedal, D., Sonnenfeld, D.L. and Taylor, K., 1984. Sediment transport and morph-
ology at the surf zone of Presque Isle, Lake Erie, Pennsylvania. In: B. Greenwood and
R.A. Davis, Jr. (Editors), Hydrodynamics and Sedimentation in Wave-Dominated
Coastal Environments. Mar. Geol., 60: 99—122.

A four-year investigation of surf zone sedimentation at Presque Isle, Pennsylvania,
was undertaken in preparation for the design of a segmented breakwater system. Sedi-
ment transport calculations were based on hind-cast annual wave power statistics and
“calibrated’’ by known accretion rates at the downdrift spit terminus. 30,000 m® of
sediment reaches the peninsula annually from updrift beaches. The transport volume
increases downdrift due to shoreface erosion and retreat of the peninsular neck. At the
most exposed point on Presque Isle (the lighthouse) the annual transport is 209,000 m>.
East of the lighthouse is a zone of net shoreface accretion as the longshore transport rate
progressively decreases.

The downdrift variation in sediment supply, combined with increasing refraction and
attenuation of the dominant westerly storm waves produce a systematic change in prevail-
ing surf zone morphology. Storms produce a major longshore bar and trough along the
exposed peninsular neck. The wave energy during non-storm periods is too low to sig-
nificantly alter the bar which consequently becomes a permanent feature. The broad
shoreface and reduced wave energy level east of the lighthouse produce a morphology
characterized by large crescentic outer bars, transverse bars, and megacusps along the
beach. At the sheltered and rapidly prograding eastern spit terminus the prevalent beach
morphology is that of a ridge and runnel system in front of a megacuspate shore.

The morphodynamic surf zone model developed for oceanic beaches in Australia is
used as a basis for interpretation of shoreface morphologic variability at Presque Isle. In
spite of interference by major shoreline stabilization structures, and differences between
oceanic and lake wave spectra, the nearshore bar field at Presque Isle does closely cor-
respond to the Australian model.

INTRODUCTION

Presque Isle is a 10.5 km long, compound recurved spit off Erie,
Pennsylvania. Originally a natural eastward-migrating “flying’’ spit, Presque

*Present address: Louisiana Geological Survey, Louisiana State University, Baton Rouge,
LA 70803, U.S.A.

0025-3227/84/$03.00 © 1984 Elsevier Science Publishers B. V.
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Isle has over the last 150 years been subjected to increasingly intensified
stabilization efforts. Presque Isle’s dual role as a state park with the best
beaches along the U.S. shores of Lake Erie and as a shelter for the industrial
Erie harbor provides more than adequate economic incentives for the
increasingly expensive stabilization efforts. The investigations summarized
in the paper were undertaken in direct response to the need for better in-
formation about the patterns of nearshore sediment movement prior to the
design and construction of a new large-scale lake shore protection system
planned for the 1980’s (U.S. Army, Corps of Engineers, 1979).

This phase of design-related studies consisted of field monitoring of
changes in the Presque Isle beach profiles and nearshore bathymetry (Fig.1).
The field surveys were supplemented by vertical aerial mapping photography.
Both ground surveys and aerial photography were done on a seasonal basis.
Field surveys lasted from the spring of 1978 through the fall of 1980. Annual
reports to the U.S. Army Corps of Engineers (Nummedal, 1979, 1980,
1981) present all relevant survey data as well as preliminary analyses. The
emphasis in this paper is on the patterns and mechanisms of sediment
transport as deduced from the surveys.

The two main topics of this paper are:

(1) The sediment budget for Presque Isle. The budget is based on the
premise that the relative transport rates along different segments of Presque
Isle can be calculated based on the longshore wave power distribution
during dominant southwesterly wave approach. Absolute values for longshore
transport are determined by ‘‘calibrating’’ the computed relative rates by

Fig.1. Location map of Presque Isle, Pa. Numbered sites designate beach profile locations
reoccupied seasonally during the 3-year shoreline monitoring program (1978—1980).
Circled numbers designate sites where both beach and nearshore bathymetric profiles
were obtained. These profiles are designated with their ‘““PI numbers’’ throughout the text.
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using known rates for maintenance dredging at the harbor entrance and his-
torical rates of accretion at Gull Point.

(2) Bar morphology along the lake shore of Presque Isle. Observed sea-
sonal changes and longshore variability in the bar field are documented.
The morphologic variability is explained in terms of the derived sediment
budget and the inferred longshore changes in absolute wave power and
nearshore current regime,

LONGSHORE VARIABILITY IN SEDIMENT TRANSPORT RATES
Wave climate

No long-term wave gauge has been operating in eastern Lake Erie. There-
fore, data on the lake shore wave climate are based on Summaries of Synoptic
Meteorological Observations (SSMO-data from the U.S. Naval Weather
Service Command, 1975); hindcast wave data from meteorological reports
(Saville, 1953; Resio and Vincent, 1976); and occasional periods of LEO
observations.

The most severe weather disturbances affecting the Great Lakes region
are extratropical cyclones. Analysis of a large number of synoptic charts
have demonstrated that common cyclone paths take the center of the low-
pressure system on an eastward course passing to the north of Lake Erie.
The strongest associated winds, therefore, commonly blow out of the west-
southwest (Nummedal et al., 1976). Because this corresponds to the direc-
tion of maximum fetch with respect to the shore of Presque Isle one would
expect to find that the dominant waves and the maximum wave power reach
Presque Isle from the west, Saville’s (1953) wave hindcast (Fig.2) and
the derived wave power distribution diagram (Fig.3) demonstrate that
such is indeed the case. Observations summarized in the SSMO data files
are generally consistent with those hindcast by Saville (1953).

Resio and Vincent (1976) conducted a more recent hindcast study of
wave conditions on Lake Erie. Resio and Vincent (1976) applied a numerical
hindcasting technique developed by Pierson and Moskowitz (1964) which is
better suited to the short and variable fetches encountered at Lake Erie,
than is the Sverdrup-Munk-Bretschneider approach (Coastal Engineering
Research Center, 1973) as used by Saville. Comparison of the results in-
dicate that the SMB-technique tends to overpredict the Great Lakes wave
heights by a factor of 10—20%. Although significant in design wave con-
siderations, this level of discrepancy does not appear to seriously impair the
applicability of Saville’s (1953) results in studies of nearshore sediment
transport.

Lake Erie has a seasonal wave climate. Hindcasting demonstrates that
winter is the stormy season (Fig.4). However, Lake Erie is often frozen
between late December and March. Thus, most of the wave energy effective
in sediment transport hits the Presque Isle beaches in the months of April,

May and November. The total average hindcast, deep water, wave power at

Erie, Pennsylvania, is 566 W m™.
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Fig.2. Summary diagram of the annual wave height distribution in eastern Lake Erie
based on data obtained from hindcasting performed by Saville (1953). The hindcast is

for deep water conditions for the whole year, including those months which some years
have a lake-wide ice cover.

Long periods of calm interrupted by short-lived high-energy events charac-
terize a storm wave environment such as Lake Erie. As will be demonstrated
below, bar dynamics and beach stability at Presque Isle correspond closely to
what has been documented on micro-tidal, storm-dominated oceanic shores.

Longshore distribution of wave power

The longshore sediment transport rate can be calculated for the lake
shore of Presque Isle based on the wave power distribution in Fig.3. The
assumptions used in the calculations are: (a) the waves responsible for the
bulk of the annual transport have a period of 4 s and they break in 1 m of
water (see Nummedal et al., 1976, for field data supporting this assumption);
and (b) the bathymetry consists of simple shore-parallel contours. This
permits analytical determination of the refracted wave angle at breaking
from Snell’s law (Komar, 1976).
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WAVE ENERGY

Erie, PA
NW  NNW NNE

e

WSW /

Buffalo, NY
W = —total 761
SW
wsw 0 100 200
W/m

Fig. 3. Directional distribution of mean annual wave power in eastern Lake Erie. The dis-
tribution has been calculated from hindcast data of Saville (1953). The listed total (e.g.
566 W m™ at Erie) designates the mean annual wave power at that station irrespective
of wave approach direction. Deep-water data.

The deep-water wave power from a given direction is designated P, (m).
Its longshore component can be shown to be P, (m), where:

P, (m) =P, (m) sin ay, cos a§ 1)

This equation is derived in Walton (19783). Equation 1 properly accounts
for refraction and shoaling but assumes no friction or bottom percolation.
Angle g, is determined by the local shoreline orientation and a,, is calculated
using Snell’s law.

The results of the computations are summarized in Table I. The peninsula
was divided into five straight shoreline segments (Fig.5). There are distinct
breaks in shoreline trend at groin 11, the big groin by the lifeguard station,
the lighthouse, the eastern end of Beach 10, and at Gull Point. These points
were used as segment boundaries.

Gross longshore wave power (sum of components to the right and to the
left along a shoreline) is a fairly good measure of the total sediment trans-
port potential along a shoreline segment. As seen in Table I, the gross long-
shore power is essentially invariant between the neck of the peninsula and
Beach 10. The gross longshore power is, as expected, much less in the Gull
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Fig.4. Annual variation in wave characteristics. Maximum storm activity occurs in March,
generally associated with the break-up of lake ice. May and November have about the
same storm frequency. Short-lived summer thunderstorms, which do generate high waves,
are not adequately represented in the hindcast statistics. From Nummedal et al. (1976).

TABLEI

Wave power calculations for individual segments of Presque Isle. See Fig.5 for location
of segments, and Nummedal (1983) for a more detailed account of the computations

Az® ppb b Ic P II¢ P III¢ pIve P Ve
WSW 61.5 15.1 14.3 9.2 offshore offshore
w 172.0 29.7 37.3 42.0 23.4 offshore
WNW 69.0 0 4.9 12.7 16.6 1.5
Nw 87.9 —15.1 —10.0 1.6 17.8 16.4
NNW 45.6 —10.8 —10.4 —7.1 2.1 10.9

N 22.5 —3.6 —4.6 —b.1 -2.9 3.3
NNE 55.1 0 —3.8 —9.8 —12.7 1.1
NE 52.4 offshore offshore —0.86 —10.5 —9.6
Net — 15.2 27.8 43.0 33.8 21.2
power

Gross 566 74.3 85.2 88.9 86.0 42.8
power

aDirection of incident waves; ? deep-water wave power in W m™ (from Fig.3); ¢longshore
component of wave power within segments I, II, ITI, IV, V. Negative sign indicates move-
ment to the left (westward) along the beach.
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Point area because the shoreline here faces away from the dominant incoming
westerly waves,

Net longshore wave power is uniformly directed toward the east along
the entire shore but the rates vary greatly. There is a continuous down-
drift increase in longshore power from the neck all the way to the lighthouse,
then a reduction from there eastward. This pattern is consistent with net
erosion along the entire peninsular neck and net deposition to the east of
the lighthouse for the shoreface as a whole. Individual beaches may erode or
accrete within both of these areas in response to local, in part man-made,
shoreline perturbations. The erosion along the neck will be most severe
where there is a sudden increase in the net longshore wave power. This
occurs where there are abrupt changes in shoreline trend, as for example, in
the area between groin 9 and Beach 6. This has, in recent years, been an area
of rapid beach erosion.

&

209 Beadh N )Gﬁ
/ #10 Point

LAKE ERIE

13V =
10

0.6
b

ERIE HARBOR

3 0/ kilometers
Rates in 104 m:}yr.

Fig.5. Calculated rates of sediment transport, erosion and accretion along the Lake Erie
shore of Presque Isle. The budget was derived from the distribution of wave power,
historical accretion rates at Gull Point and Erie harbor dredging records.
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Sediment transport rates

The wave power values in Table I are used only to determine the relative
rates of longshore sediment transport along the Presque Isle beaches. The
assumption is made that the volume rate of sediment transport is linearly
related to wave power (e.g. eq. 4-40 in the Shore Protection Manual, CERC,
1973). Sediment delivery rate to the updrift end of Presque Isle has been
estimated from bluff retreat rates measured by Carter (1976) by the U.S.
Army, Corps of Engineers (1979). Data on the downdrift accretion were de-
rived from historical records of shoreline and bathymetric change, and Erie
harbor dredging records, in two independent budget estimates (Nummedal,
1979, 1983; U.S. Army Corps of Engineers, App. C, 1979). The results of
these budget estimates, for average conditions over the 1955—1978 time
period (which covers periods of heavy artificial nourishment), are sum-
marized in Table ITA.

Knowing sediment input and downdrift accretion rates, as well as the
relative magnitude of the wave power along the five segments of Presque
Isle (Table I), one can write a set of simple linear equations to solve for the
actual transport rates between the individual shoreline segments. Along
shorelines where there is an increase in the longshore transport rate the
supplied material comes from erosion of the shoreface, where there is a
diminishing transport rate the shoreface accretes. The results of these com-
putations are summarized in Table IIB and Fig.5.

The computations document shoreface erosion along the neck of Presque
Isle; the rate of erosion being the highest in segment I1I. Segments IV and V
are seen to accrete. This is consistent with the observed shallow water
depths and multiple bars in segment IV, and net spit progradation in
segment V.

TABLE II

Input data and results of calculations of sediment transport along the lake shore of
Presque Isle. All rates in m? yr™

A. Input data

Net accretion at Gull Point (seg. V): 55,000
Delivery of littoral material from Presque Isle

beaches to Erie harbor entrance: 110,000
Supply of littoral material from beaches to the )

west of Presque Isle: 30,000
B. Results of computations
Transport between segments I and II: 74,000
Net loss from segment I: 44,000
Transport between segments II and III: 135,000
Net loss from segment I1: 61,000
Transport between segments III and IV : 209,000
Net loss from segment II1: 74,000
Transport between segments IV and V: 165,000

Net gain in segment IV: 45,000
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Beach nourishment and shoreline erosion east of the lighthouse

The beach east of the lighthouse and east of Beach 10 is characterized by
large-scale shoreline megacusps. The megacusps typically migrate yet main-
tain their identifiable form over periods ranging from months to years. The
area immediately east of the lighthouse was closely monitored during the
time period Oct. 1977 through Sept. 1980 (Fig.6). Because the road was
threatened by erosion, artificial nourishment was initiated in the spring of
1977. By fall of that year some of the nourished sand had moved eastward
and begun building a megacusp between profiles PI 11 and PI 12 (Fig. 6).
Continued nourishment at profile P1 10, combined with sediment bypassing
of the lighthouse groin from beaches nourished farther updrift, led to dra-
matic widening of the beach at PI 10 by 1980. The associated megacusp
migrated to the east side of profile PI 12 (Fig.6C) and the intervening beach,
centered at PI 11, became subject to intense erosion. An ironic situation had
developed: after filling of about 124,000 tons of beach material east of the
lighthouse groin between 1977 and 1980 (Nummedal, 1981}, the beach at
PI 11, 600 m downdrift, was eroding faster than before the nourishment.

Sediment dispersing eastward from the lighthouse fill area migrates along

PL 10 o 11

o ] N
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7 =7 ,' s o T 2
Oct. 29, 1977 \
----- Apr. 22, 1978 e - o
------ - Sept. 2. 1978

Nav, 9. 1978

_____ apr. 18, 1979 e
........ July 16, 1979

\\\\\\

Nov. 16, 1979 e N -
- Apr. 17, 1980 e mre
~~~~~~~~ Sepr. 12, 1980

Fig.6. Shoreline changes downdrift of the lighthouse groin between October 1977 and
September 1980, Incipient beach fill led to rapid megacusp development and beach accre-
tion between profiles PI 11 and PI 12 (panel A). Continued nourishment caused down-
drift migration of the megacusp and the beginning of an erosion phase at PI 11 (panel B).
By 1980 erosion at PI 11 had become severe; the bulk of the megacusp had now migrated
to the east of PI 12, a total distance of 500 m downdrift from the site of its incipient
formation in 1978 (panel C). See Fig.1 for location.
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an arcuate bar system. Some of this re-enters the beach at the bar-attachment
point on the PI 12 megacusp, some sediment continues farther eastward.
The sole source of sediment to the megacusp is the bar; there is a totally in-
significant amount moving along the beach. As a consequence of this bar
bypassing the beach at PI 11 did erode. Eastward extension of the artificial
beach fill in 1981 alleviated the erosion problem at PI 11.

NEARSHORE BARS

A detailed echo-sounder survey of 87 bathymetric profiles conducted in
the summer of 1979 by the U.S. Army Corps of Engineers, Buffalo Dis-
trict (drawings no. 79S-PIP-2/4.7 sheets), combined with vertical aerial
photography obtained on July 16th, 1979, a day with excellent water
clarity, form the basis for a set of figures depicting the three-dimensional
geometry of the entire Presque Isle bar field (Fig.7A—F). This is probably
the most extensive continuous bar field ever mapped in such detail. The
maps form the basis for the following description of the component bars.

Bar conditions at Presque Isle are a function of location and wave condi-
tions preceding the observation period. The spit neck is characterized by a
dual bar system: a transient, highly variable inner bar which typically crests
in 0.5—1.5 m of water about 50 m offshore, and a permanent outer bar
with a crest in 3—4 m of water about 150—200 m offshore. East of the
lighthouse, the bar field is more complex with strongly developed shore-
normal (transverse) bar components. In segment V (Gull Point) the only
bars present are small and close to shore.

Bars along the peninsular neck

Inner bars. The inner bars in the groin field (segment I) are linear or
crescentic in plan form. The geometries seen in Fig.8 are most commonly
encountered. When present, the crescents vary in degree of concavity. The
most arcuate ones extend about 100 m offshore and have well developed
complete crescents. Other bars have a rather flat longshore form with broad
landward-pointing horns and poorly developed rhythmicity. Bar relief and
cross-sectional profile varies widely. At some profiles, the inner bar is fairly
symmetrical with a relief of more than a meter (Fig.7B, profile 14); at other
profiles, the bar is expressed as a gentle shoulder.

Selected bathymetric profiles were measured on a seasonal basis over
three years (April 1978—November 1980). Because of the long time separa-
tion between successive surveys it was impossible to tie changes in bar relief
to specific wave conditions. However, the repetitive pattern each year was
characterized by maximum bar relief at the spring survey, a moderate or
non-existent bar in the summer and only a gentle shoulder in the fall. This
suggests that the high-energy events which are most common in early winter
and spring are directly responsible for the growth of the inner bar.

In areas devoid of regularly spaced large groins, the inner bar system is
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Fig.8. Morphology of the inner bars in the groin field along the neck of Presque Isle
during the summer of 1981. (A) Bars after more than one month of essentially calm lake
conditions. (B) Bars one week after a summer storm with 1 m high primary breakers.
(C) Bars after a long period of essential calm interspersed with small summer storms.
From Sonnenfeld (1983).

generally straight. These bars dominate within segments II and III. The bar
crest typically lies less than 50 m offshore in a water depth of 1—1.6 m. Near
all groins the bar is invariably deflected lakeward. Welding of the bar to the
beach has never been directly observed, but the seasonal reduction in bar
relief generally coincides with periods of beach accretion suggesting that the
bar does supply some of the sediment.

The beach along the peninsular neck is generally straight or cuspate with-
out any large-scale rhythmic features.

Outer bar. Segments I, II, and III are characterized by one continuous
outer bar. This bar disappears as a single continuous feature to the east of
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the lighthouse (between bathymetric profiles no. 61 and 63, Fig.7E). The
outer bar merges with the inner one at the updrift attachment point of
Presque Isle (Fig.7A). Along the adjacent Lake Erie mainland shore there
is only one bar. Downdrift from the point of merger the outer bar gradually
moves offshore until an apparent “equilibrium’’ distance of between 150 and
200 m is attained in the vicinity of bathymetric profile no. 7 (Fig.7A). The
bar crest typically lies in 3—4 m of water; its associated landward trough
attains depths of between 4 and 5 m. The transverse bar profile is quite
variable. It may be distinctly asymmetric with a steep flank toward land
(Fig.TA, profiles 5, 7 and 8), or symmetrical (Fig.7A and B, profiles 6, 12
and 14). In plan view the outer bar is gently crescentic with a ‘“‘wavelength”
on the order of 400—1000 m. This bar rhythm displays no relationship to
any obvious shoreline features,

A longshore structure is apparent in the crest depth and the relief of
the outer bar (Fig.9). The water depth at the bar crest rapidly increases as
the bar moves farther offshore downdrift from its point of merger with the
inner bar. Bar relief, measured as the ratio between trough and crest depth,
has an average value of 1.305 for all the 60 profiles. This relief is low com-
pared to earlier published bar relief (Komar, 1976, p.301).

The relief exceeds the average along the first 33 profiles, it is less than the
average along the rest of the peninsula. The high-relief section roughly cor-
responds to the major groin field (segment I).

Bathymetric profiles across the outer bar at PI 4, PI 7 and PI 9 demon-
strate seasonal changes in bar relief (Fig. 10). The most distinctive pat-
tern is one of maximum relief a few days after major storm events. Storm
magnitude is measured by the associated water level set-up recorded on the
NOS gage in Erie harbor (Fig.11). The largest storm during the 3-year
monitoring period occurred on April 6, 1979. The shoreface profiles along
the neck of Presque Isle recorded four weeks after this event displayed
the greatest bar relief of all the nine surveys conducted. PI 7 (Fig. 10) is a
typical example. The ratio between the trough depth and the crest depth
was 1.38 compared to an average for all nine surveys at this location of 1.19.
The profile with the second highest relief ratio (1.37) was recorded on
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Fig.9. Crest depth and relief of the outer bar along the neck of Presque Isle. Relief is
defined as the ratio between the trough and crest water depth. Numbers along the x-axis
(1—60) refer to Army Corps of Engineers’ bathymetric profiles shown in Fig.7.
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Nov. 3, 1980, only a few days after a storm on October 25th (Fig.11). All
other shoreface profiles were recorded after long periods of fair weather.
During fair weather the bar relief is reduced through combined scour of the
crest and infill of the associated landward trough (Fig.10, 1979 set of pro-
files). The storm of October 25th, 1980, caused other profile changes as well.
The inner bar was reformed from the pre-existing shoulder which prevailed
through the summer and early fall and a third bar of low relief appeared in
deeper water more than 250 m offshore. Evidence for this third bar can also
be seen in the profile of May 3rd, 1979.

These seasonal bathymetric profiles demonstrate that onshore sediment
transport with attendant shoreface shoaling is the rule during the summer
and fall. Much of this shoaling is a direct consequence of onshore bar migra-
tion; in each of the three survey years the bar crest moved about 50 m land-
ward between the spring and fall surveys.

Meters
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--—- July 20 1978
..... Nov. 3

May 3
-—-= July 25 1979
""" Oct. 19
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100 200 300

LS T Y

— April 23
-——- July 30 1980
----- Nov. 3

Fig.10. Seasonal changes in shoreface profile PI 7 during the three survey years. Note the
generally higher bar relief at the spring surveys. The biggest storm of the study period
occurred about 4 weeks prior to the recording of the May 1979 profile. See Fig.1 for
profile location.
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Fig.11. Water levels at the Erie, NOS gage during the three year study period. Arrows
designate survey dates. Note the 175.6 m one-day water level for the April 6th, 1979
storm; 4 weeks prior to that year’s spring survey.

Bars east of the lighthouse

As demonstrated in Fig.7E and F these bars have a very complex mor-
phology. A shore-parallel component is clearly present. In profiles 68—70
one can trace four longshore bars; farther west or east the pattern is more
confused. This segment of Presque Isle’s shoreface (Fig.5, segment IV)
has a significantly gentler slope than the others (Table I1I). This is consistent
with the budget-prediction of shoreface accretion within this segment. As a
consequence of this high rate of sediment supply, a multibarred shoreface
is developed. There is a clear relationship between the nearshore slope and
the prevailing bar types. Where the slope is very steep, as at Gull Point (east
end of segment V), the shore is characterized by one, or at most two, simple
longshore bars close to shore. Slightly gentler slopes characterize the area
immediately west of Gull Point and the whole peninsular neck. The slope
of these is about 1° (Table III). This shore is fronted by a transient inner
bar, a permanent outer bar and a third (discontinuous?) deep-water bar.
Finally, the gentle shoreface in segment IV has multiple parallel longshore
bars superimposed on transverse bar components.

TABLE III

Nearshore slopes along the lake shore of Presque Isle. The listed slope is the average
between the water line and 5 m depth contour. Slope in degrees

Segment I 1I I v v
Mean slope 1.05 0.97 0.97 0.67 0.91
Range 0.82—1.3 0.86—1.14 0.82—1.19 0.53—0.77 0.71—1.6
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DISCUSSION
Morphodynamics

Nearshore bars, in general, respond to storms by a decrease in relief, off-
shore crest migration, and subsequent rapid recovery. The Presque Isle shore-
face bars follow this same pattern. Short (1979) and Wright et al. (1979)
documented the detailed morphological changes occurring in an oceanic
surf zone bar system during storm and post-storm recovery cycles. In this
progressive change one can recognize a set of six morphodynamic stages
characterized by distinct morphology, wave forcing mechanisms and current
structure. According to Wright et al. (1982), the morphologic changes go
from low-amplitude straight bars and troughs at the storm peak, through
crescentic and transverse bar stages to a non-barred straight beach with a
well-developed berm at the end of the completed recovery cycle (Table IV).
During storms the surf zone generally is dissipative (incident waves dissipate
their energy through the process of repetitive breaking; Guza and Inman,
1975), and the energy spectrum, at least in oceanic settings, is dominated
by long-period infragravity oscillations. The surf zone velocity field is
stratified with offshore residual currents near the bed. Morphodynamic
stages 2—5 (Table IV), associated with the progressive post-storm recovery
of the surf zone bed, generally have dissipative conditions at the bars and
reflective conditions at the beach face. Rather than being vertically strati-
fied, the surf zone current field is horizontally segregated into a series of rip
current circulation cells. On the fully accreted beach the wave processes are
dominated by reflection of the incident and subharmonic components of the
wave spectrum.

The completion of a recovery cycle of an oceanic beach may take many
weeks; therefore, a cycle is rarely brought to completion before the advent
of a new storm. Observed over long time, any beach is likely to occupy the
whole range of possible morphodynamic stages. The most frequently en-
countered stage is referred to as the ‘“modal beach stage’” (Short, 1979).
Years of observation at Presque Isle have demonstrated that the configura-
tions described earlier in this paper are the modal stages for this system. The
modal stages progressively change along the Presque Isle beaches in response
to differences in prevailing surf zone processes.

The objective here is to explain this observed variability in the Presque
Isle bar field in terms of the inferred modes of surf zone motion. The selec-
tion of such modes is a function of the deep water wave spectrum, and the
shallow water refraction and energy attenuation. These factors, in turn,
are controlled by the lake wave climate, large-scale bathymetry and sediment

supply.
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TABLE IV

Characteristics of the surf zone morphodynamic stages in the model used in this paper.
Data from Wright et al. (1982) and other sources

Stage  Morphology Dynamics Dominant spectral band Currents

1 Low-amplitude Dissipative Long-period Vertically
straight bars infragravity stratified.
and troughs oscillations Offshore

(T: 1—38 min) flow near bed

2 Straight/crescentic Dissipative Broad band. Weak rips
well-developed bars. across bar. Low-period
Straight beach! Reflective infragravity

at beach (T: 30—605s)
and subharmonic
oscillations

3 Highly crescentic Dissipative Same as 2 Moderate
bar. Megacusps at bar. rip currents
on beach Reflective

at beach?

4 Transverse bars Dissipative Same as 2 Strong rip
and rip at bars. currents
channels Dissipative

or reflective
in rip channels

5 Ridge and runnel Dissipative Same as 2 Small rip
or low-tide at low water currents
terrace level.

Reflective at
high water
level.

6 Well-developed Reflective Incident wave No hori-
berm on straight frequency and zontal or
beach first subharmonic vertical

segregation

1Small cusps may be present in the swash zone for all stages 2—6.
?Dissipative conditions across transverse bars induce water level set up, driving rip current
circulation.

Lake Erie mainland shore

Because of refraction and attenuation of the prevailing westerly waves
before they reach this mainland shore, the wave power is relatively low.
Persistent longshore currents to the east effectively remove sand and gravel
supplied by the bluffs preventing the building of a wide shoreface. Conse-
quently, this segment of shore has only one transient nearshore bar. After
storms the bar quickly attains the welded and transverse bar stages (TableIV,
stages 3 and 4). Continued fair-weather bar migration forms a straight (or
cuspate) berm after a few weeks.
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The neck of Presque Isle

Storm waves commonly arrive nearly perpendicular to this section of the
Presque Isle shore. A large proportion of their energy is transferred into
storm water-level set-up against the beach; the surf zone current pattern
becomes stratified with net lakeward flow near the bed as documented
by fluorescent tracer studies (Sonnenfeld, 1983; Taylor, 1983). Sand moving
lakeward from the beach and inner bar system under such conditions appear
to feed the outer bar, which typically is moved lakeward to an ‘‘equilibrium”
distance of 200 m during storms.

Historical data are also consistent with the interpretation that the adjacent
beach is the primary source of bar sediment. The outer bar along the Presque
Isle neck attained its maximum recorded relief shortly after completion of a
major beach nourishment project in 1955—1956. The average outer bar
relief (trough depth/crest depth) in a 1957 survey was 1.74 (Nummedal,
1981).

The outer bar remains in morphodynamic stage 2 (or 3) (Table IV) during
fair-weather periods throughout the year. Because of the absence of long-
period swell conditions in Lake Erie, the storm-generated bar remains as a
“relic”” form rather than migrating onshore during ‘“‘intermediate’’ energy
conditions. This is probably the explanation for the permanence of the outer
bar along many exposed Great Lakes shorelines (Short, 1979).

The inner bar along the neck of Presque Isle is directly affected by the
groins, Standing waves between the shore-normal groins may interfere
with components of the incident wave spectrum to produce a crescentic
pattern of bottom sediment convergence (Bowen and Inman, 1971).

After long periods of low summer waves the inner bar evolves through
the “low-tide” terrace stage (stage 5, Table IV) and welds onto the beach
as a (frequently cuspate) berm.

Observations show that the inner bar is removed during major storms.
Tracer dispersal patterns and drogue studies of the currents suggest that
sediment is moving lakeward both by bottom return flow and groin-associated
rip currents (Sonnenfeld, 1983).

The essential difference between the modal bar configuration in segments
IT and III and that in segment I is that the inner bar in the former segments
generally has no crescentic components. This suggests that the current field
lacks longshore structure. Such structure is generally induced by groins.

Bars east of the lighthouse

As documented in the transport section, sediment for this shoreface
region is largely derived from sources updrift rather than the local beach.
Sediment abundance has built a permanently multi-barred, dissipative surf
zone. Because the storm-wave energy level is lower than farther west this
surf zone maintains a morphodynamic modal stage different from the
peninsular neck. Crescentic bars and megacusps (stage 3, Table IV) are the
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norm. Megacusps slowly migrate eastward and beach erosion is tied to rip
current embayments between the megacusps. In spite of abundant sediment
on the shoreface, strong rip circulation keeps these beaches erosion-
prone. This explains why beach nourishment immediately east of the light-
house groin did not stop downdrift erosion (Fig.6). The nourished sand
moved lakeward by rip current action onto the crescentic bar.

The complex bar morphology in this area may be explained as follows.
The outer bar becomes a post-storm “relic” feature in stage 2 (or 3)
(analogous to the outer bar farther west). The multiple inner bars are
progressively altered through lower (more reflective) morphodynamic stages
during the post-storm recovery phase thus generating distinct transverse
bar components. The entire bar-rip channel-megacusp system remains strongly
skewed to the east because of strongly eastward-directed incident waves.

Gull Point area

This beach (segment V, Fig.b) receives the lowest annual wave power
along the entire outer shore of Presque Isle. The modal morphodynamic
stages are 4 and 5 (Table IV). Because of strongly eastward-directed incident
waves the rip channels and transverse bars are skewed to become nearly
shore-parallel (Fig.7F). As such, they are hard to differentiate from ridge
and runnel systems. Associated megacusps maintain a typical spacing of
700—800 m. The surf zone is narrow; the shoreface profile is the steepest
one along the peninsula (Table III). This profile is maintained by the prevail-
ing onshore transport. Storms with incident waves from the northeast are
the only ones which could generate sufficient energy for offshore transport
and shoreface broadening. Such storms are infrequent and moderate in
strength. Gull Point has a high rate of sediment influx from updrift and is
therefore rapidly accreting. The wave climate is such that this sediment will
be kept close to shore maintaining a steep prograding shoreface profile.

CONCLUSIONS

Volume rates of sediment transport for the Lake Erie shore of Presque Isle
were determined from hindcast wave power distributions and historical
records of shoreline change and dredging volumes at the downdrift end of
the transport system. The calculations show that: (1) the maximum net
longshore transport occurs in the vicinity of the lighthouse where the annual
volume rate is 209,000 m?; (2) due to downdrift changes in sediment trans-
port rate, the shoreface along the neck of Presque Isle is eroding whereas
the shoreface to the east of the lighthouse is accreting; and (3) the erosional
or accretionary state of the shoreface is not, by itself, adequate information
to determine the stability of the adjacent beach. Beach stability depends on
the morphodynamic stage of the shoreface. Specifically, the beaches east of
the lighthouse experience erosion in mega-cusp embayments in spite of large-
scale beach nourishment immediately updrift. Only at Gull Point do the
beaches experience sustained accretion.
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The morphodynamic surf zone model developed for oceanic beaches by
Short (1979) and Wright et al. (1979) is used as a basis for discussion of
shoreface morphologic variability at Presque Isle. In spite of interference by
major shoreline stabilization structures and expected differences between
oceanic and lake wave climates the nearshore bar field at Presque Isle does
closely correspond to that model. The Presque Isle lakeshore can be divided
into three sections with distinctly different morphodynamics. These are:

(1) The neck. A permanent outer bar is maintained by storm waves in
stages 2 and 3 (Table IV). The inner bar may occupy any morphodynamic
stage in response to varying wave conditions. It is commonly crescentic
because of waves induced by the groin field.

(2) Shore east of the lighthouse. Abundant sediment supply has produced
a multi-barred shoreface of gentle slope. Strongly skewed transverse bar
components maintained by rip current circulation are generally present.

(3) Gull Point. Prevailing low incident waves maintain this shore in the
ridge and runnel morphodynamic stage.
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ABSTRACT

Jago, C.F. and Hardisty, J., 1984. Sedimentology and morphodynamics of a macrotidal
beach, Pendine Sands, SW Wales. In: B. Greenwood and R.A. Davis, Jr. (Editors),
Hydrodynamics and Sedimentation in Wave-Dominated Coastal Environments. Mar.
Geol., 60: 123—154.

The foreshore of Pendine Sands forms the seaward part of an extensive, sandy coastal
barrier in a shallow Carmarthen Bay, SW Wales. The sedimentological features of the
macrotidal foreshore reflect a tide-induced modification of nearshore wave characteris-
tics. As the tide ebbs, the breaker height may decrease, the surf zone widens and becomes
increasingly dissipative, and swash/backwash velocities diminish. A concomitant change
from plunging to spilling breakers and increasingly symmetrical swash zone flows are
associated with a decreasing beach gradient.

A zero net transport model demonstrates that the beach profile is self-stabilising in the
short-term, and periodic levelling has shown that the beach is in long-term equilibrium
with prevailing conditions, though this does not preclude a significant dynamic response
to changing tides and waves.

The flow regimes of wave-generated currents decline as the tide ebbs, and normal
beach processes do not usually affect the lower foreshore. Accordingly, there is an
overall seaward-fining of the primary framework component of the sands. In more
detail, this framework component displays a slight seaward-coarsening across an upper
foreshore dominated by high water swash and surf; a rapid seaward-fining across the mid-
foreshore in response to the ebb-attenuating swash zone flow velocities; and a slight
seaward-fining across the lower foreshore under the action of nearshore shoaling waves.
Bedforms vary from a swash/backwash emplaced flat bed across the upper foreshore to
the small ripples of nearshore asymmetric oscillatory flows across the lower foreshore.

The surface sediment veneer is not representative of the subsurface sediments which
form in response partly to fairweather conditions, partly to storms. The upper foreshore
is characterised by swash/backwash emplaced plane bedding in fine sands frequently
disrupted by bubble cavities. The mid-foreshore is composed of coarser-grained shelly
traction clogs arranged as landward- and seaward-dipping large-scale cross bedding and/or
plane bedding; these are probably storm breaker/surf deposits. The lower foreshore,
though partially and sometimes totally bioturbated, shows landward-dipping small-scale
cross bedding in very fine sands sorted by nearshore shoaling waves.

Tide- and storm-induced modification of the nearshore flow regimes therefore pro-
duces a distinctive shore-normal array of sedimentary facies. Each facies is characterised
by diagnostic textural and structural signatures. A prograding sequence of such macro-
tidal deposits would be similar to, but more extensive than, a comparable microtidal
sequence,
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INTRODUCTION

The nearshore environment can be envisaged as a shoreward progression
of distinct dynamic zones — shoaling waves, breaker, surf, swash — each
characterised by a particular mode and intensity of sediment mobility (see,
for example, Komar, 1976, for summary). Such a progression of wave
effects develops a shore-normal sequence of bedforms and syndepositional
sedimentary structures arranged in more-or-less linear bands parallel to the
strandline (Clifton et al., 1971; Davidson-Arnott and Greenwood, 1976).

This arrangement of sedimentary features must respond to fluctuating
nearshore dynamics and water levels. Thus, on macrotidal shorelines, while
wind-generated surface waves remain the principal, if variable, source of
energy, dissipation of this energy may be controlled by tidal processes. As a
consequence of the tide, the nearshore dynamic and sedimentary zones
sweep the foreshore to a degree that depends on the tidal range. This must
create a certain migration of sedimentary facies with each tidal cycle; Clifton
et al. (1971) briefly described just such a migration across a mesotidal
foreshore.

The aim of the study outlined below is firstly to examine the shore-normal
intertidal textural gradient and array of sedimentary structures, and thence
to derive a simple dynamic model that incorporates grain-size, bedforms,
beach slope and wave characteristics on a depositional macrotidal shoreline.

PENDINE SANDS

The beach at Pendine Sands forms the seaward part of an embayed
Quaternary beach/dune barrier which extends some 10 km from a rocky
headland in the west to the confluence of three small estuaries in the east
(Fig.1). Carmarthen Bay is rather shallow, a mere 10 m deep some 6 km sea-
ward of the dunes at low spring tide. A reconnaissance study of the bay has
established that it is floored with abundant offshore sand waves and with
nearshore bars and intertidal sandbanks (particularly off the eastern end of
the barrier). Historical evidence, field observations and aerial photographs
emphasise the mobility of the nearshore features in response to the rapidly
changeable dynamics of the bay. The predominant sedimentological trend
is depositional in the northern and eastern nearshore areas (Fig.1) coupled
with a progressive and rapid movement of marine sand into the estuaries
(Jago, 1980). The area is therefore of considerable geological interest as a
model of coastal sedimentation,

Carmarthen Bay has a southwesterly aspect and so is exposed to an
oceanic swell with a fetch of over 5000 km. Draper (1972) estimated that
the highest 50 year storm wave in the Celtic Sea should be 30 m. Analysis
of waves logged during 1968 by the St. Gowan Lightvessel at the western
entrance of the bay gives: H = 1.2 m, H,,3 =2.0m, T}, = 6 s; while
Darbyshire’s (1963) analysis of data during 1960/61 from the ‘“‘Helwick
Lightvessel” at the eastern entrance of the bay gave a modal wave height of
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Fig.1. Carmarthen Bay and Pendine Sands, showing working transect at the western end
of the beach.

3.0 m. However, our observations at Pendine Sands suggest that the energy
loss as waves sweep shoreward across the shallow bay is such that few large
waves reach the shoreline. It may be predicted (Hydraulics Research Sta-
tion, 1978) that, for the prevailing waves that approach from 203°, 4 s waves
will be reduced in height by 50% and 10 s waves by 70% as they shoal from
the 40 to the 5 m isobaths off the eastern end of the barrier. Constriction
of the shelf tidal wave in the Bristol Channel produces semi-diurnal tides in
Carmarthen Bay of mean spring range 7.5 m and mean neap range 3.7 m.
Extreme springs are of 10.0 m range. Surface currents reach 1.0 m s™! in the
middle of the bay (R.J. Uncles, pers. commun., 1980). With such a tide, and
a gentle foreshore/shoreface slope (<1°), the intertidal zone becomes very
wide at low water springs — 1500 m or more at the widest part of the barrier.

FIELD AND ANALYTICAL PROCEDURES

Seven shore-normal transects, spaced at approximately 1.4 km intervals
along the foreshore, were regularly levelled from the dune to the low water
mark of a spring tide at 3 monthly intervals during 1968—1970. The shoreface
was profiled once by echo sounder along seaward extensions of the beach tran-
sects using a small boat positioned by theodolites from the shore.
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Surficial sediment samples were collected along the transects at low
tide, each sample consisting of a composite of four closely-spaced sub-
samples of the upper 3 cm of the beach sediment. These composites were
sieved at 0.25 phi unit intervals, It was established that the between-sample
station variation was significantly greater than any sampling/sieving errors
which could therefore be ignored. Textural parameters (M, = mean grain
size, oy = graphic standard deviation) were calculated after Folk and Ward
(1957). Senckenberg box cores were taken at intervals across the transects
at low tide and impregnated with either nitrocellulose lacquer or epoxy
resin (after Bouma, 1969). Additional grain-size analyses were made of
individual laminae within selected box cores.

The results discussed below are mostly limited to the transect at the
western, non-barred end of the barrier (Fig.1) where we have additional
annual surveys during 1980—1982. Concurrent with the sedimentological
procedures, certain breaker, surf and swash characteristics were monitored
along this transect at 15 min intervals during several tidal cycles. These
measurements included breaker height (using a hand-held staff), surf and
swash zone widths (with measuring tape), times of uprush (of surf and
swash), swash/backwash velocities (using hand-held Ott and Braystoke
flowmeters), and swash/backwash bedload transports (using a simple sedi-
ment trap).

MORPHODYNAMICS OF THE FORESHORE
Beach morphology

All the beach profiles at the western end of the barrier have a uniform
concave-upward shape with a marked absence of either longshore features,
such as ridges and runnels, or rhythmic structures such as cusps, crescentic
bars, etc. The foreshore is backed by established foredunes (ca. 5 m high)
and a backshore of variable width (0—15 m depending on the tide). Except
at the eastern end of the barrier, where offshore shoals are important, the
foreshore profile continues smoothly seaward at a diminishing gradient
(Fig.2). The foreshore can be divided into three zones on morphological
and sedimentological grounds: the upper foreshore, from highest spring
to mean neap high tide marks, has the steepest gradient (though still, on
average, less than 1.5°); the middle foreshore, between mean neap high and
low tide marks, is of intermediate gradient (=~ 0.7°); and the lower foreshore,
below the mean neap low tide mark, has the lowest gradient (=~ 0.4°). The
profile continues offshore with a gradient of <0.1°. Obviously the frequency
of exposure of the intertidal zone during a lunar half cycle diminishes from
upper to lower foreshores.

Tidal variation of wave characteristics

Carmarthen Bay is up to 10 m shallower at low water than it is at high
water. Because of the concave-up intertidal/subtidal profile, the shoreface
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Fig.2. Nearshore and foreshore morphology. HWHT = high water highest tide; LWLT =
low water lowest tide; MHWNT and MLWNT = mean high water and mean low water
neap tide, respectively.

(i.e., that part of the seafloor affected by waves) may be twice as wide at
low water as at high water (Fig.3). Since the frictional dampening of wave
energy is a function of water depth and shoreface width, the progressive
shoreward modification of shoaling waves must vary according to the stage
of the tide. Wave attenuation will increase, and effective nearshore wave
energy decrease, as the tide ebbs.

The morphodynamic variables are reflected in the changing character
of the nearshore waves during the tidal cycle. Thus, for example, the breaker
coefficient (B, = H,, /gT*tan «, where H, = breaker height, tan a = beach

T = 10s L =156m

HWHT e~

Fig.3. Variable shoaling modification of a 10 s wave. Significant shoaling begins at L/4.
HWHT and LWLT = high water highest tide and low water lowest tide, respectively.
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slope, T = wave period) after Galvin (1968): plunging breakers, with B, <
107!, over the upper foreshore; spilling breakers, with B, > 107", over the
middle and lower foreshores (Fig.4). The breaker height may diminish as the
tide ebbs (Fig.4).

There are concomitant changes in the surf zone as the profile slope
changes. The surf scaling parameter, e = 47?B,/tan o, after Guza and Inman
(1975) and Wright et al. (1979), is always high and increases during the
ebb (Fig.4). Hence the flat lower foreshore is highly dissipative under any
conditions; the uppermost foreshore could be very moderately reflective
with respect to exceptionally low waves, but such conditions were not
observed. The phase difference (P = t,/T, where ¢, = duration of surf and
swash flows) of Kemp (1961) increases with the ebb as surf and swash zones
widen and swash/backwash currents decline (Fig.5).
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Fig. 4. Variation, on an ebbing tide, of breaker height (H}, ), breaker coefficient (B,) and
surf scaling parameter (¢). e is displaced landward since surf is landward of breaker.
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Fig.5. Variation, on an ebbing tide, of swash width (), surf width (I), phase difference
(P) and mean swash/backwash velocity (ug).

Beach stability

Taken as a whole, the seven surveyed transects showed a mean vertical
erosion of 0.5 m during the period 1968—1970 (this seems very little but
nevertheless represents a total volume of 0.46 X 10° m?®). However, much
of this erosion occurred in the vicinity of the estuary due to movement of
estuarine channels. The western end of the beach was remarkably stable
(Fig.6). The greatest change between surveys of this westernmost fransect
was a mean erosion of 0.32 m (amounting to 96 m®* m™ width of profile)
in response to a westerly gale. After nine surveys, the standard deviation of
volumetric variation of the beach prism (above mean spring tide low water
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Fig.6. Periodic beach profile changes, 1968—1970. V = mean beach prism volume above
mean low water spring tide mark. oy, = standard deviation of V.

mark) was 30 m® m™ (cf. Shors, 1980). The stabiity of the profile sugsests
that the foreshore was in long-term equilibrium with the prevailing condi-
tions over the period of study. The beach is similar, in this respect, to micro-
tidal dissipative beaches which rarely experience substantial profile changes
because of the low sediment exchange between nearshore, surf and subaerial
zones (Short, 1980).

SEDIMENTOLOGY
Interpretation of grain-size distributions

Like most grain size frequency distributions, the Pendine Sands sediments
plot on probability paper not as straight lines but as S-shaped curves. There
is little doubt that these curves represent composite distributions and that
they can be interpreted as mixtures of three or more subpopulations. These
subpopulations are the result of bed-building and depositional processes (Moss,
1972) or of hydraulic and transport processes (Middleton, 1976) or of both.

Many of the Pendine sands can be dissected into three components
using a simple graphical technique (Cassie, 1954). A typical example is
shown in Fig.7A. These will be referred to as contact, framework and
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interstitial, after Moss (1972), while acknowledging that they probably
relate also to different modes of transport, after Middleton (1976) (although
it should be noted that both Moss and Middleton were concerned with
steady, unidirectional flows and not with rapidly reversing or oscillatory
flows).

As shown in Fig.7, the framework component is lognormal and very well
sorted. This indicates the degree of selectivity of the bed-building process
and/or the efficiency of the intermittent suspension transport mechanism.
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It is not clear whether the remaining components form log-normal or trun-
cated populations since in many cases the data permit either solution. The
precision of the method (sieving plus graphical presentation) is too low to
resolve this question but, on balance, we favour truncation as this is most
compatible with Moss’s (1972) field observations.

Not all samples resolve into three components. Some contain a sizeable
fourth component (Fig.7B). It would be expected that any number of com-
ponents could be present if the sample intersects several depositional hori-
zons and this seems to be the case here. The mixing reflected in the grain-
size distribution is therefore a sampling ‘error’, and reflects the difficulty
of recognising and sampling discrete sedimentation units in the field. This
difficulty was resolved by sampling the Senckenberg box cores used to
examine sedimentary structures (see below). After removal of the impreg-
nated face, the sand remaining in the box retains a perfect record of the
structure and can be sampled at any points of interest. Our intention was to
sample individual laminae but this proved impossible in the fine-grained,
often bioturbated, sands. Where feasible, samples of visually homogeneous
units of several laminae were taken at about 3 cm intervals down the core.
After this more precise sampling we find that the grain-size distributions of
the sands can always be resolved into three components.

Grain-size characteristics

The surficial sediments of the Pendine foreshore are mostly fine and very
fine sands (M, > 2.50 phi units) and usually very well sorted (0; < 0.35 phi
units). While textural variations within the 30 cm vertical sections of the box
cores are generally small, there are pronounced shore-normal variations, so
that the upper, mid, and lower foreshore sands are distinctive.

Upper foreshore

On the upper foreshore, the subsurface sands are virtually identical to the
surficial sands (Fig.8). The framework component (with o = 0.27 phi units)
is dominant; the contact component contributes less than 3% and gives the
grain size distribution a short tail; the interstitial component is variable,
0.1—11.0%, and greatest at high water mark where the grain size curve can
show a marked gradient change toward its fine end. Where well-developed,
the interstitial component consists mostly of heavy minerals deposited at
the upper limit of swash action.

Mid-foreshore

Over the mid-foreshore, the subsurface sands are again frequently uniform
but differ from the surface layer (Fig.8). The subsurface sands contain three
components: a framework component (o = 0.40 phi units); a large contact
component, up to 70%, which is poorly sorted (¢, = 0.70—1.35) and whose
mean is about 3.0 phi units coarser than the framework; a negligible inter-
stitial component (<0.1%). These sands make up almost the entire mid-
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foreshore section. They are distinctive because of their large contact com-
ponent which consists of ill-shaped shell debris, whole shells and some
pebbles. This material is found only in the mid-foreshore deposits. We have
yet to observe any swash zone characteristics that would account for such a
mid-tide phenomenon. A likely explanation is that it represents a storm lag
produced under the breaker/surf at high water still-stand. If we take the
breaking criterion as H,/h, = 0.78 (where H, = breaker height and h, =
water depth at break point), then a 2 m breaker will break in 2.6 m of water.
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Corresponding to the limits of mean spring and mean neap high tides,
breakers of this size would produce a sweep zone which matches quite
closely the observed range across the mid-foreshore of this coarse grained
component (Fig.9). This implies that coarse-grained material may concen-
trate close to the breaker during storms. That such a mechanism can occur
has been demonstrated by Ingle (1966) who showed, using fluorescent
tracers, that coarse grains move into the breaker from the surf zone under
non-equilibrium conditions. It is likely that, on a macrotidal beach, the
breaker and surf zones are too mobile for a significant deposit to form
except at high water (and perhaps at low water). The resulting deposits
resemble traction clogs (Moss, 1972) which may form when accumulating
grains of the contact component control bed-building processes. The sands
are often cross-bedded (see below) which suggests that some of the coarse
material may accumulate as lags in the troughs of large bedforms
(B. Greenwood, pers. commun., 1983). Micro-layering of alternate coarser
and finer sands occurs within the major cross-bedded units and this may
result from the strongly asymmetrical oscillatory flows of the breaker zone.
The traction clogs are missing on the eastern half of the Pendine barrier
where the nearshore shoals apparently protect the beach from storm breakers.

The surface layers of the mid-foreshore differ in that they contain aframe-
work component that is finer grained than the subsurface frameworks; a
smaller, but still important (up to 10%), contact component; and an inter-
stitial component that is insignificant (<0.5%), though greater than in the
subsurface. As a result, the mean grain size is finer in the surface layers than
in the subsurface (Fig.8). The surface layers must be derived, at least in part,
from reworking of the uppermost portion of the subsurface. Blackley and
Heathershaw (1982) have shown that selective transport of different grain
sizes may take place in both alongshore and shore-normal directions on a
comparable macrotidal beach. It is likely that reworking by swash and/or
surf of the framework component, and a little of the contact component, of
the storm deposits creates the finer-grained framework and contact com-
ponents of the surface layers.

Lower foreshore

The lower foreshore sands are identical throughout the vertical section
(Fig.8). This is partly the result of bioturbation, and the subsurface bio-
turbated sands are texturally indistinguishable from the surficial cross
bedded sands. The framework (o = 0.20 phi units) is again the major
component; the contact component, though <6%, is poorly sorted so that
the parent grain size curve has a long coarse tail (Fig.13); and the inter-
stitial component makes up to 2% of the curve.

Dual sedimentation units

Sampling methods which cut through bundles of laminae will clearly be
sampling several sedimentation units. Samples may represent a range of
transport processes and depositional events created by the tidal sweep of
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the foreshore. It is noteworthy that the surface veneer over the mid-
foreshore differs from, and is consequently unrepresentative of, most of the
mid-foreshore deposits. Comparable units have been observed on micro-
tidal (Otvos, 1965) and mesotidal beaches (Williams, 1971). Graphical
dissection of the grain-size distributions of the composite samples from the
Pendine mid-foreshore often produces four components (Fig.7B). These
are dual sedimentation units consisting of: (1) the usual three components
(surface layers); and (2) an admixed component (subsurface). The relative
proportion of the two units depends solely on the depth of sampling rela-
tive to the depth of reworking of the storm deposits by fairweather swash
and surf. King (1951) found that on a Carmarthen Bay beach of similar
grain size and slope, the depth of disturbance was about 1 cm for every
30 cm of wave height. Wave conditions prior to sediment sampling at
Pendine should have disturbed the upper and mid-foreshores down to
2—3 cm and the lower foreshore to about 1 cm or less. With a sampling
depth of 3 cm, the mid-foreshore samples contain up to 24% of sediment
undisturbed by reworking (Fig.7B).

These dual sedimentation units appear only on the mid-foreshore. The
laminae of the upper foreshore sands, while clearly deposited at different
times and subsequently reworked, are always exposed to the same kind of
process — i.e. swash and backwash. The laminae are accordingly similar in
texture. The lower foreshore sands are frequently bioturbated and suffer
minimal reworking by waves (see below). Little selective sorting of grains
seems to occur (once deposited), so the sands are remarkably similar in
texture in a vertical section (Fig.8).

Shore-normal textural variations

From the foregoing, it is obvious that the grain-size distributions of the
sands will be influenced by the choice of sampling procedure. Hence, com-
posite samples, which cut through more than one depositional unit, show
a pronounced coarsening and become poorly sorted over the mid-foreshore
(Fig.9). Dissection of the grain-size curves shows that this is largely due to
the presence of a coarse admixed component — from the storm-emplaced
subsurface layers. This component can therefore be isolated by analysis
of the curves of composite samples or by sampling of discrete laminae
(or bundles of laminae) in box cores. Both methods have been used here.

Considering first the surface sands: these are dominated by a very well
sorted framework component which becomes finer grained down the fore-
shore. This seaward-fining gradient parallels the seaward-attenuating swash
zone velocities. In more detail, the shore-normal framework gradient has
three components (Fig.9): (1) a slight seaward-coarsening across the upper
foreshore; this must be established at high water when surf energy and swash
zone velocities decline from the break point to the landward limit of the
uprush (cf. Evans, 1939);(2) arapid seaward-fining across the mid-foreshore,
matching the progressive ebb-attenuation of surf energy and swash zone
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velocities; and (3) a slight seaward-fining across the lower foreshore; swash
zone flows are too subdued to entrain these sands during most conditions
and the textural gradient here is probably generated by nearshore shoaling
waves (cf. Komar, 1976; Jago and Barusseau, 1981). The lower foreshore
framework components are the best sorted — perhaps because rates of depo-
sition are slower under shoaling waves than in the swash zone. Repeated
sampling of the transect has shown that minor temporal variations can occur
as tides and waves change, but the above trends are invariably present.

The interstitial component is barely represented in these sediments since
fine grained material is removed by surf zone turbulence. It is sometimes
present at the upper limit of swash action (where it consists mostly of heavy
minerals) and is marginally more abundant on the low energy lower fore-
shore than elsewhere (Fig.9).

The contact component also is unimportant except over the mid-
foreshore where it makes up to 10% of the surface sands (Fig.9). Its increased
frequency here is presumably because it can draw from material in the under-
lying storm deposits — the result, therefore, of a ‘source’ control.

The shore-normal trends —in the surface sands — therefore reflect the
passage of the fairweather tide across the foreshore: sorting by swash/surf
action across the upper and mid-foreshores, by shoaling waves across the
lower foreshore.

The subsurface sands show the added influence of storms over the mid-
foreshore. The shore-normal textural gradients in the subsurface are there-
fore disrupted by an abrupt coarsening across the mid-foreshore. It appears
therefore that the upper foreshore sands are emplaced by swash and surf
action, the mid-foreshore by storm breakers, and the lower foreshore by
shoaling waves. Since these subsurface sands are the accumulating beach
deposits, this subsurface trend is obviously of the most geological signifi-
cance. The grain-size curves are distinctive but hardly individually diagnostic
of the beach environment. But the shore-normal, ultimately vertical, sequence
of textures may be a useful indicator of ancient beaches (Fig. 13).

Bedforms and sedimentary structures

The foreshore surface changes in appearance depending on conditions.
The shore-normal sequence commonly begins with a flat surface and/or
antidunes (length =~ 0.5 m, height <0.02 m) on the upper part of the profile,
followed further down by small near-symmetrical ripples, then small asym-
metric landward-facing ripples across the lower part (length =~ 0.05 m,
height <0.05 m). After storms the sequence consists almost entirely of flat
beds with small asymmetric ripples near low water mark. Both sequences
indicate a seaward-diminishing flow regime. Larger-scale bedforms, like
those reported by Clifton et al. (1971) on Oregon beaches and by Hawley
(1982) at Rhosilli beach (also in Carmarthen Bay), have not been observed
on the exposed foreshore under any conditions.
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Upper foreshore

Subsurface structures vary consistently across the foreshore. Plane bedding
is ubiquitous on the highest part of the upper foreshore (Fig.10A). Whole
shells of subtidal organisms are sometimes embedded in the sands but do
not much disturb the laminations. Postdepositional cavity or bubble struc-
tures are as commonly developed as the plane beds they disrupt (Fig.10B).
To seaward, the upper foreshore displays a greater variety of structures.
Plane bedding always characterises the near-surface layers, but both small
and large-scale cross bedding may occur below. The small-scale sets are
<0.02 m in thickness, festoon-shaped (Fig.10D and F) and frequently ob-
scured by bubble cavities (Fig.10C and D). The large-scale sets (= 0.05 m
thick) are both planar and trough bedded. Both scales of cross beds always
have a landward-dipping component (Fig.10C and E). While the small-scale
sets are usually parallel to the strand, the large-scale sets have longshore com-
ponents with dips to both east and west (Fig.10D). Bioturbation sometimes
destroys the primary bedding after long calm spells but is confined to the
subsurface layers (Fig.10D, E and F). These upper foreshore structures are
found shoreward of the high water breaker zone and must therefore form in
the surf or swash zones. The plane beds are clearly swash zone products
and are typical of swash/backwash flows (Clifton, 1969). The cross beds
probably form in the surf zone and the large-scale sets probably indicate
surf-generated longshore currents. However, the megaripples which generate
the large-scale structures are never exposed by the ebbing tide and must be
washed out by swash and backwash.

Mid-foreshore

This is invariably dominated by shelly traction clogs arranged as either
plane beds or large-scale cross beds (Fig.11). The cross beds, usually planar,
and up to 0.08 m in thickness, have both landward- and seaward-facing sets
(Fig.11A, C and E) and longshore dips to both east and west (Fig.11B and
D). Sharp erosional contacts are characteristic. These are the presumed
storm breaker/surf deposits mentioned above and are analogous to the struc-
tures formed at the break-point of microtidal beaches. Whether the bimodal
cross sets represent variable surf-zone current velocities or superimposed
reversing tidal currents or both is not yet known. The large-scale bedforms
that must be responsible for these structures are not to be seen on the
exposed foreshore. Reworking of the surface layers on the tide ebbs can
give rise to the plane beds of the swash zone (Fig.11A). Or the surface layers
can be remoulded to landward-dipping small-scale cross beds (0.01-—-0.02 m
thick) during low flow regime phases (Fig.11C, note preserved ripple form).
The latter do not appear to be swash or surf zone features but instead form
under the shoaling waves seaward of the breaker and then retain their
identity despite the ebbing surf and swash. Bioturbation modifies, though
generally does not totally obliterate, the primary structures during prolonged
calms (Fig.11, all cores).
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Fig.10. Box cores from the upper foreshore. Left-hand column, shore-normal. Right-
hand column, shore-parallel, Scale in em.
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Fig.11, Box cores from the mid-foreshore. Left-hand column, shore-normal. Right-hand
column, shore-parallel. Scale in cm.
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Lower foreshore

The lower foreshore sands almost always exhibit small-scale, trough
cross beds (usually <0.02 m thick) at and near the surface (Fig.12A and B).
They are landward-facing structures, usually parallel to the strand. Climbing
ripples are not uncommon and foresets sometimes develop offshoots which
pass the troughs and reach adjacent flanks (Fig.12A and C). These structures
apparently develop under the asymmetric oscillatory flows seaward of the
breaker; similar structures are to be found at the mid-foreshore surface dur-
ing calm periods (see above). The asymmetric ripples are sometimes just
modified by the ebbing backwash to give a form-discordant internal struc-
ture (Fig.12A). Rather larger cross sets of thickness = 0.04 m and with a
pronounced longshore dip to either east or west (Fig.12B and D) can occur,
and this must be an indication of longshore currents and/or tidal flows.
Rarely, the upper part of the lower foreshore is free of small ripples and then
the upper layers are plane bedded (Fig.12F). The couplets of small ripple
cross beds and planar truncation surfaces near the top of Fig.12F may be
either storm- or tide-induced. Few primary structures are preserved more
than 10 cm below the beach surface across the lower foreshore. Benthos
burrows and small shells can be distinguished and frequently the sands are
completely bioturbated (Fig.12, especially 12E). Both the physical and the
biogenic structures of the lower foreshore would suggest a dominance of
subtidal rather than intertidal processes.

Shore-normal sequence of structures

The shore-normal sequences of bedforms and sedimentary structures show
that, while swash and surf/breaker processes control the upper and mid-
foreshore, respectively, subtidal shoaling waves dominate the lower fore-
shore (which is therefore better described as a low tide terrace rather than as
a beach). The structural suite contains elements of day-to-day activity (con-
fined mostly to the surface layers) but is dominated by extremes of activity
(plane bedding, large-scale cross bedding) and inactivity (bioturbation). A
prograding sequence (Fig.13) should produce a succession that commences
with very fine grained sands mostly bioturbated but with some small-scale
cross bedding, passes up through coarser grained, cross-bedded sands also
partially bioturbated, and ends with fine-grained sands either plane bedded
or structureless (from bubble cavities). Small-scale ripple bedding may have
low preservation potential since it is destroyed both by hydraulic processes
during storms and by biological processes during calms.

Bedforms and flow regime

Under steady, unidirectional flows the bedforms of a sandy bed undergo
a sequential transformation as the fluid power increases (Simons et al.,
1965). For fine sands the sequence is: no movement — small ripples —
dunes — plane bed. The bedforms arranged on a mesotidal foreshore were
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Fig.12. Box cores from the lower foreshore. Left-hand column, shore-normal. Right-hand
column, shore-parallel. Scale in em.
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Fig.13. Sedimentary facies of a prograding macrotidal foreshore.

accordingly qualitatively assessed by Clifton et al. (1971) in terms of a flow
regime model. More recent flume studies (Southard, 1975) suggest that, for
very fine sands, the dune stage is left out. In Fig.14 we have plotted some
swash and backwash flow data from Pendine Sands on the depth-velocity
diagram given by Southard (1975). Note that we have used maximum in-
stantaneous velocities and not the mean velocities of the original flume
data. Clearly there is some accord between the Pendine and the flume bed-
form sequences: diminishing swash zone velocities and depths as the tide
ebbs leave plane beds and backwash antidunes on the upper foreshore and
small ripples on the lower; movement ceases altogether near the low water
mark.

Obviously, a macrotidal beach and a flume differ in many major respects.
The nearshore zone is subjected to interacting flows of several kinds: sym-
metrical oscillatory flow, asymmetrical oscillatory flow and unidirectional
flow (Clifton, 1976; Davidson-Arnott and Greenwood, 1976); a macrotidal
shoreline is also subjected to reversing tidal flow. Furthermore, on a
macrotidal foreshore, a sequence may not start from a flat bed stage with no
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Fig.14. Depth-velocity bedform diagram (after Southard, 1975) with Pendine data super-
imposed.

movement. As the tide sweeps the foreshore, a dynamic zone will be be-
queathed a bed configuration from the preceding zone and hence the flow
regime and bedform will be temporarily out of phase; the bed phase will in
turn impose a rhythmic roughness and create a flow separation. Thus the
unidirectional flow model correctly predicts ripples over much of the mid
and lower foreshores but in fact the ripples are formed not by the swash/
backwash but by shoaling waves, While the swash zone flows may be com-
petent to form ripples, they do not do so because the ripples are already
there; instead the backwash may superficially modify the existing bedforms
to give form-discordant internal structures. Such a bedform disequilibrium
must be common during storms when megaripples/dunes create the large-
scale cross beds in the coarser sands of the mid-foreshore.

Moreover, such is the speed of lateral migration of the tide across the
foreshore (an average 4 cm s on a mean spring) that it seems likely that
the growth of bedforms may lag so far behind flow conditions that the
appropriate bedforms may not form at all. A particular flow regime sequence
may therefore be incomplete.

There is very little information on disequilibrium bedforms (except Allen,
1973, 1974; Lofquist, 1978), and the flow regime beach model of Clifton
et-al. (1971) may not be appropriate on a macrotidal shoreline. But there
seems little doubt that the upper foreshore plane beds represent Clifton’s
inner planar facies which is typical of swash zone activity (Clifton, 1969;
Davidson-Arnott and Greenwood, 1974). The landward-facing cross beds
which sometimes contribute to the upper foreshore have something in
common with structures occasionally observed by Clifton in his inner rough
facies. We have still to see the larger storm-generated bedforms which produce
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the mid-foreshore cross beds, but tentatively assign these to the outer rough
facies as the structures are similar to those described by both Clifton et al.
(1971) and Davidson-Arnott and Greenwood (1976) in the breaker zone.
The lower foreshore small-scale cross bedding is clearly the asymmetric
ripple facies. The plane beds that can occur from time to time on any part
of the foreshore may be the result of symmetrical or asymmetrical oscillatory
flow, or unidirectional flow, or disequilibrium effects.

The sedimentary facies of Pendine Sands are therefore recognisably similar
to those elsewhere on microtidal and mesotidal beaches and are apparently
established more by waves than by tidal currents. However, without further
observation it would be imprudent to attempt a more detailed flow regime
interpretation, especially if some of the structures are generated by disequilib-
rium bedforms.

MORPHODYNAMIC MODEL

A more complete understanding of these particular sedimentological
associations and variations on the macrotidal profile depends upon a com-
prehension of the processes which lead to this sedimentary accumulation
and also of the relationships between these processes and the local tide
and wave regimes,

The levelling data have highlighted the longer-term morphological equilib-
rium of the beach and yet the bedform survey has revealed quite consider-
able disturbance on a shorter time scale. A simple, and very general,
morphodynamic model will now be developed and tested against the field
data in an attempt to reconcile these observations and to clarify the im-
portant processes.

Definition of the flow ratios

Three ratios may be employed to characterise the dynamics of the beach
system. Consider that, at a point on the bed beneath a single wave, the
onshore flow has an effective mean velocity u,, which persists for a time
t;, and transports sediment at a rate j; producing a net shoreward sediment
mass transport of J, . Define the corresponding parameters for the subse-
quent offshore flow as u__, t and J__ . respectively. The ratio of the

ex’ “ex? ]ex ex»
flow velocities is the ‘velocity ratio’, V :

Velocity ratio = V, = uy, /iy (1)

This is analogous to Kemp’s (1975) ‘velocity magnitude asymmetry’. A large
velocity ratio indicates that the onshore flow exceeds the offshore flow, a
value of unity indicates that the two are symmetrical, and a value of less
than one indicates that the offshore flow exceeds the onshore. The flow
durations are characterised by the ‘duration ratio’, D :

Duration ratio = D, = t; [t (2)
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This is analogous to Kemp’s (1975) ‘velocity time asymmetry’. The two
ratios may be usefully combined by neglecting the effect of residual shore-
normal flow components so that continuity of water allows the equation of
the onshore and offshore discharges. That is u; t;, = Uy tex 5O that:

D, =1/V, (3)

The ratio of the net sediment mass transports is defined as the ‘transport
ratio’ J :

Transport ratio = J, = J;, /Jex (4)

This ratio will now be used to develop a simple beach equilibrium concept
which will be tested with Pendine Beach data.

Equilibrium sediment dynamics

A state of morphological equilibrium can result from either of two general
conditions, known as ‘zero transport’ and ‘zero net transport’ (Hardisty,
1981). The former state, wherein flows remain below threshold values, so
that no sediment is moving, has been applied to beaches in the ‘null point
hypothesis’ (for example, Johnson and Eagleson, 1966). The latter state,
wherein equal amounts of sediment enter and leave the system, was applied
theoretically to beaches by Bagnold (1963), Inman and Frautschy (1966),
Bowen (1980) and Bailard and Inman (1981). This more promising approach
to the problem can be employed with the flow ratios defined above to
present a simple general beach model.

Zero net transport occurs on the beach when the quantity of sediment
carried shoreward by the wave, J;,, is precisely balanced by the quantity
carried seaward by the returning flow, J.,. The transport ratio (eq. 4) in
this equilibrium condition is then equal to unity:

Jo=dg ], =1 ' (5)

Swash zone measurements were collected throughout a number of tidal
cycles on the profile at Pendine to test this equilibrium concept. A differen-
tial bedload trap (Fig.15) was buried in the beach and the top was smoothed
level with the sediment surface. After submergence by the rising tide the lid
was removed and, after the passage of a single wave, the trap was removed.
The net onshore sediment transport and the net offshore sediment transport
were thus collected separately and later dried and weighed. These data (Fig.
16) show that the beach was close to the equilibrium condition defined by the
transport ratio model. The scatter is probably due to the fluctuating nature
of the flows from one wave to another, highlighting the need for longer-
term measurements.

These experimental results show that the foreshore was in short term
equilibrium during the period of study. Our levelling data (discussed above)
suggest that the foreshore (at this western end of the barrier) is also in
long-term equilibrium with the nearshore flows. However, the sedimentary
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structures of the upper and mid-foreshore show that this is indeed a ‘zero
net transport’ dynamic equilibrium and that considerable disturbance of the
beach sand does occur under certain conditions.

Equilibrium beach slope

The transport ratio equilibrium concept outlined and tested above can be
extended to relate the surface slope of the beach sediments to the measure
of the flow asymmetry provided by the velocity ratio. For this a relationship
between the flow speeds and the sediment transport rate is required.
Bagnold’s (1963, 1966) equation has proven useful (Langhorne, 1982) and
more accurate than others in the marine environment (Heathershaw, 1981).
The equation correlates the bedload transport rate with the cube of the
flow velocity (Hardisty, 1983; Greenwood and Mittler, 1984, this volume).

The onshore, upslope transport rate (Bagnold, 1963) is:

Jn = kuy’/(tan ¢ + tan a)

where ¢ and a are the angle of internal friction and the beach gradient,
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Fig.16. Measured bedload transport J;, and J,,.

respectively, and % is an empirical constant. The (tan ¢ + tan «) term sen-
sibly reduces the transport rate with increasing bed slope to the limiting
value of a = ¢, at which the bed fails. The net onshore mass transport, J,, =
Jintin is therefore:

Jin =k Uhtin/(tan ¢ + tan a)
Similarly the offshore, downslope transport rate (Bagnold, 1963) is:
jex =k u:x/(tan ¢ — tan oz)

which sensibly increases the rate with increasing downslope gradient to the
limiting value of « = ¢ at which the bed fails and offshore transport con-
tinues regardless of the flow. The net offshore transport is therefore:

Jo, =kud te/(tan ¢ — tan )

These two net transport equations are potentially very useful for beach
investigations but an assessment of the calibration coefficient % is presently
difficult due to the paucity of published beach transport data. The limited
measurements reported here do, however, yield a value for the coefficient of
about 10 kg m™ s72 when the appropriate units are used and u;, and u., are
taken as the mean flow velocities.

Combining these two formulations the transport ratio (eq. 4) becomes:

_kuy’t, (tang —tana)
' ku,?>t, (tang + tana)

Substituting for V, (eq. 1) and D, (egs. 2 and 3) yields:
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J, = (tan ¢ — tan a) V,?/(tan ¢ + tan «)

The zero net transport equilibrium slope, tan «,, which was discussed above
as occurring when J, = 1, is given by solving this equation for tan « as:

tang (V.2 —1)
(V2 +1)

This relationship is plotted in Fig.17 for a range ot values of the velocity
ratio showing that the more asymmetric the flow then the steeper the
equilibrium gradient that is required to maintain a balance between the
onshore and the offshore sediment transports.

Furthermore the diagram appears to correctly display the self-stabilising
nature of such systems. Two unstable situations may be identified. Firstly
the region above the equilibrium line where the bed gradient is too steep and
the velocity ratio is too low. Here the higher offshore velocity combines with
the steeper slope to increase the offshore sediment transport, moving material
down the beach and thus flattening the profile until equilibrium is re-
established. Alternatively within the region below the equilibrium line, the
higher onshore velocities and flatter slopes combine to increase the onshore
transport thus steepening the profile gradient until again equilibrium is re-
established. In morphodynamic terms the beach profile is therefore self-
stabilising and any perturbation from the equilibrium induces a response
which opposes the change and returns the beach toward the equilibrium
condition.

The onshore and offshore flow velocities were monitored at various posi-
tions along the profile to test these slope predictions. The flow velocities
were used to calculate the velocity ratio (eq. 1) and thence the theoretical
equilibrium slope (eq. 6). These theoretical values are compared with the
actual beach slopes from the levelling data as shown in Fig.18. There is
clearly considerable agreement between the theoretical and observed values
for this limited data set.

The model suggests that the beach gradient steepens across the profile

Equilibrium slope, tan a, = (6)
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Fig.17, Equilibrium slope as a function of the velocity ratio.
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from low to high water because the flow velocities become more asymmetric.
This is in line with an earlier argument (Hardisty, 1981) where the inherent
asymmetry of the Stokes Wave Theory was preferred to the symmetry of the
Airy Wave Theory and was related to the occurrence of different breaker
types. At Pendine the rising tide submerges steeper sections of the profile;
this produces a gradation from dissipative spilling breakers, which have
relatively symmetrical onshore and offshore flow components and hence low
sediment surface gradients, over the lower foreshore, up to the relatively
asymmetric flows and hence steeper beach gradients associated with the
narrow surf zones and plunging breakers over the upper foreshore. The
breaker variations caused by the macrotidal range at Pendine result in in-
creasingly asymmetric flows and equilibrium beach gradients toward high
water. These in turn produce the shore-normal changes in sedimentological
characteristics described earlier.

CONCLUSIONS

The foreshore of Pendine Sands is exposed to wind-generated waves and
swell and is subject to a large tidal range. The sedimentological characteris-
tics of this macrotidal beach are comparable to those of mesotidal and
microtidal beaches but there are important differences. These differences
arise partly because the daily to-and-fro sweep of the tide across the fore-
shore causes variations in breaker, surf and swash zone characteristics and
energy dissipation. Furthermore, the large tidal range creates a variable
shoaling modification of unbroken nearshore waves such that the breaker
height can change significantly during the tidal cycle. The result is that, as
the tide ebbs, the breaker height decreases, swash and surf zones widen, the
surf zone becomes increasingly dissipative and swash zone velocities diminish.
These changes are related to breaker type, beach slope, and swash/backwash
velocity asymmetry. The plunging breakers and narrow surf zone at high
water generate relatively asymmetric swash zone flows and are associated
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with a steeper beach gradient while the spilling breakers and dissipative surf
at low water produce more symmetrical swash zone flows and hence a gentle
beach gradient.

The important sedimentological consequence of these tide-induced modi-
fications of wave-induced currents is that the hydraulic flow regimes of the
nearshore circulation diminish as the tide ebbs. This is reflected in the
overall seaward-fining textural gradient of the primary framework popula-
tion of the surficial sands. In more detail, the shore-normal framework
gradient has three components: slight seaward-coarsening (upper foreshore);
rapid seaward-fining (mid-foreshore); slight seaward-fining (lower foreshore).
These gradients are established by the high water swash/surf, the ebbing
swash/surf, and nearshore shoaling waves, respectively. There is a corre-
sponding change down the beach profile from plane beds to small ripples.
The plane beds are a product of unidirectional swash zone flows, the small
ripples of asymmetric oscillatory flows in the wave build-up zone.

Subsurface sedimentary structures reflect this tidal variation with plane
bedding characteristic of the upper foreshore and landward-dipping small-
scale cross bedding of the lower foreshore. The upper foreshore structures
are frequently modified by bubble cavities, the lower foreshore structures
destroyed by bioturbation. Variations in wave energy result in cross-bedding,
both large- and small-scale, associated with longshore currents, across the
lower part of the upper foreshore. The mid-foreshore subsurface is distin-
guished by coarse shelly and lithic traction clogs arranged as plane beds and
both seaward- and shoreward-inclined large-scale cross beds presumably
deposited under storm breakers and highly dissipative surf at high water still-
stand. The storm deposits become bioturbated during calms. These sequences
of sedimentary structures suggest that swash zone processes establish the
upper foreshore facies, storm breakers and surf the mid-foreshore facies, and
shoaling waves the lower foreshore facies. Whereas the texture of the surface
veneer of sediments displays a short-term equilibrium with foreshore dynam-
ics, the subsurface deposits reflect long-term responses to both storm and
fairweather conditions. Consequently, the upper, mid and lower foreshore
facies have distinctive, and diagnostic, textural and structural signatures. A
composite vertical section through a regressive sequence would be, from
bottom to top: shoreward-dipping small-scale cross bedding in very fine
sands, much bioturbated; seaward- and shoreward-dipping, large-scale cross
bedding in shelly coarse and medium sands; plane bedded fine sands; aeolian
dune cross bedding. Such a sequence would be similar to that of a microtidal
shoreline but should be laterally and vertically more extensive.

Periodic levelling of beach profiles has shown that the foreshore is in long-
term equilibrium with prevailing meteorological and dynamical conditions.
A zero net transport model for the beach shows that, in morphodynamic
terms, the beach profile is self-stabilising in the short-term. The sedimentary
structures, however, indicate a depth of disturbance of at least 30 cm over
much of the foreshore. A long-term dynamic equilibrium is therefore not
incompatible with a significant short-term mobility.
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NOTATION
B,: breaker coefficient t: flow duration
H: deep-water wave height ty: flow duration, surf and swash

mean flow velocity

mean swash/backwash velocity
surf scaling factor

beach slope, degrees

angle of repose of sand
denotes contact component
)p: denotes framework component
)i: denotes interstitial component
)in: denotes swash

)ex: denotes backwash

).: denotes equilibrium

H,,; :mean height of highest one-
third of the waves

H,: Dbreaker height

h,: water depth at break point

J:  net bedload transport

J: bedload transport rate

L: deep-water wavelength

I:  width of surf zone

l width of swash zone

P:  phase difference

T: wave period

T,,10:mean period of longest one-
tenth of the waves
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ABSTRACT

Sallenger Jr., A.H. and Richmond, B.M., 1984, High-frequency sediment-level oscilla-
tions in the swash zone. In: B. Greenwood and R.A. Davis, Jr. (Editors), Hydro-
dynamics and Sedimentation in Wave-Dominated Coastal Environments. Mar. Geol.,
60: 155—164.

Sediment-level oscillations with heights of about 6 ecm and shore-normal lengths of
order 10 m have been measured in the swash zone of a high-energy, coarse-sand beach.
Crests of oscillations were shore parallel and continuous alongshore. The oscillations were
of such low steepness (height-to-length ratio approximately 0.006) that they were dif-
ficult to detect visually. The period of oscillation ranged between 6 and 15 min and de-
creased landward across the swash zone. The sediment-level oscillations were progressive
landward with an average migration rate in the middle to upper swash zone of 0.8 m
min™, Migration was caused mostly by erosion on the seaward flank of the crest of an
oscillation during a period of net seaward sediment transport, Thus, the observed migra-
tion was a form migration landward rather than a migration involving net landward sedi-
ment transport. The observed sediment-level oscillations were different than sand waves
or other swash-zone bedforms previously described.

INTRODUCTION

Most previous studies on beach-profile changes have focussed on changes
measured at intervals of weeks, days, or hours. We know of only one
previously published study (Waddell, 1973) that focussed on high-frequency
changes, changes measured at intervals approaching the swash period.

On a medium-sand low-energy beach, Waddell (1973) measured sediment
level at two locations in the upper half of the swash zone after the backwash
of each wave swash. He found significant oscillations of sediment level with
periods of 40 s and longer and presented evidence that the sediment-level
oscillations had some characteristics of sand waves. Discussing the same data,
Waddell (1976) hypothesized that the bed oscillations were caused by
ground-water oscillations of the same frequency. The rising and falling ground
water would cause areas to erode and accrete similar to the ground-water
control over tidal cycle sedimentation discussed by Duncan (1964). When
the water table is high, swash infiltration into the beach is relatively low and
erosive backwash is enhanced. When the water table is low, backwash is
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diminished due to swash infiltration into the beach and accretion results.
The low frequency ground-water oscillations were thought to be caused by
waves of the same frequency in the surf zone.

In the present study, we measured changes in sediment-level at numerous
locations across the swash zone of a coarse-sand high-energy beach. We will
show that sediment level changed in a surprisingly rapid and well-organized
manner, We found sediment-level oscillations which were low-amplitude,
landward-progressive, and had a unique mode of migration. We will show
that these oscillations had characteristics different than sand waves or the
several types of swash-zone bedforms previously described in the literature.
The processes of formation are presently unclear, although we point out that
ground-water oscillations could not explain a critical characteristic of the
observed sediment-level oscillations.

EXPERIMENT DESCRIPTION

Our experiment was conducted during January 1981 at Fort Ord,
California. Fort Ord is located on the shore of southern Monterey Bay about
150 km south of San Francisco. Average foreshore slope during our study
was 7.5°. The foreshore was composed of coarse sand with a median diameter
of 0.8 mm. During the experiment, waves were of normal incidence, breaker
heights were 3.0—4.0 m, and the surf zone width was approximately 100 m.
Wind speeds were low during the experiment although local strong winds
associated with squalls occurred both before and after the experiment. Low-
energy sea waves associated with the passing squalls were present, but inci-
dent waves were dominantly of the swell type with a period of about 16 s.

Stakes, 1 cm in diameter and 2 m long, were driven into the swash zone at
the locations shown in Fig.1. The shore-normal array of seven stakes had 3-m
spacings between stakes and the shore-parallel array of five stakes had 4-m
spacings. Stake numbers for the shore-normal array refer to the distance
from the landward stake (for example, the landward stake is called 0 and the
stake 15 m seaward is called 15). Stakes in the shore-parallel array are refer-
enced by the le