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The wave-induced velocity field in the nearshore is composed of contributions
from incident wind waves, surface infragravity waves, and shear waves. Using an
alongshore array of current meters located in the trough of a nearshore bar, we investi-
gated the bulk statistical behaviors of these wave bands over a wide range of incident
wave conditions. The behavior of each contributing wave type was parameterized in
terms of commonly measured or easily predicted variables describing the beach profile,

wind waves, and current field.

Incident wave oscillations were limited by depth-dependent saturation over the
adjacent bar crest and varied only with the tide. The infragravity wave rms oscillations
on this barred beach are best parameterized by the offshore wave height, consistent with
previous studies on planar beaches. Comparison with data from four other beaches of
widely differing geometries shows the shoreline infragravity amplitude to be a near

constant ratio of the offshore wave height, dependent on the Iribarren number, &; =




B(H/LO)'»”Z. Shear waves are significantly correlated with a prediction of the seaward-

facing shear of the longshore current.

Peculiarities observed in the data lead to the derivation of a form of the linear,
inviscid shallow water wave equation which includes arbitrary longshore currents and
bathymetry. Interestingly, the current effects can be uniquely accounted for in terms of

a modification to the true beach profile, allowing the definition of the ‘effective beach
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profile’, &' (x) = h(x) [1 -~ -—(?x-)—] , where h(x) is the true profile, V(x) is the mean

longshore current and c is the edge wave celerity.

The dispersion relationship and the cross-shore shapes of edge waves on a plane
beach were solved for under a range of current conditions. Changes to the edge wave
alongshore wavenumber, x, of nearly 100% are found for reasonable current profiles.
As expected, as || increases (decreases), the cross-shore nodal structure shifts land-
ward (seaward) from the positions found on the test beach in the absence of a current.
In addition, the predicted variances away from the nodes, particularly for the along-
shore component of edge wave orbital velocity, may change dramatically from the no-

current case.

Inclusion of the longshore current also has implications regarding the role of edge
waves in the generation of nearshore morphology. The modifications to the wavenum-
bers of any two phase locked edge wave modes will change the morphology of a poten-
tially resulting sand bar. A more interesting effect is the possibility that modifications
to the edge waves due to the presence of a virtual bar in the effective profile could lead
to the development of a real sand bar on the true profile. These modifications appear to
be only weakly sensitive to frequency, in contrast to the relatively strong dependence

of the traditional model for sand bar generation at infragravity wave nodes.
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EDGE WAVES IN THE PRESENCE OF STRONG LONGSHORE CURRENTS
CHAPTER ONE: GENERAL INTRODUCTION

The problem of coastal erosion has become a matter of national concern amid
growing speculation of global warming and associated sea-level rise. While the slowly
advancing ocean is no doubt partially to blame for the problem, we most commonly as-
sociate erosion of the coastline with the passage of major storms or hurricanes. These
dramatic events provide the big waves to move the sand. However, as we will see, it is
not altogether obvious which waves are responsible for determining where the sand

goes.

Incident wind waves, the waves we see approaching the beach from the open
ocean, are depth limited in shallow water, giving a linear, empirical relationship be-

tween water depth, A, and the wave height, H

H=17h 1.1)

so that at the shoreline, where & = 0 by definition, we expect the incident wave height
to be very near zero. The primary effect of increasing the incident wave height during
a storm is simply to increase the width of the surf-zone; waves begin to break further

| offshore (Figure I.1).

As field data were collected from natural beaches, waves with much lower fre-
quencies than the incident waves were discovered. These infragravity waves, with pe-
riods generally ranging from 20 to 300 seconds, posess the unique characteristic of
having their maximum amplitude at the shoreline (on a plane sloping beach), rather than

offshore. The observation that these waves are not depth limited in the manner of inci-



WAVE HEIGHTS IN THE SURF ZONE

Incident Waves: H;, =y h, a constant proportion of water depth
Infragravity Waves: Hj, = o H;y, a proportion of incident height

Hjj, - storm

......
......
........................

mean sea level

Figure I.1. A schematic representation of the behavior of incident wind waves and
infragravity waves in the surf zone. During a storm, the maximum incident height in-
creases, resulting in an increase in surf-zone width and infragravity wave height, but the
depth-limited behavior of the incident waves gives an unchanged wave height decay

through the inner portion of the breaker zone.



dent waves means that if they become large they may become more important than the

incident waves at the shoreline, the biting edge where erosion occurs.

Numerous authors have since proposed that infragravity waves play an important
role in a number of specific nearshore processes, including mean circulation patterns
[Bowen and Inman, 1969], the generation of nearshore morphology [Holman and Bo-
wen, 1982], and momentum and energy transfer [Elgar and Guza, 1985]. Studies have
shown that the shoreline expression of wave energy, the swash, can be dominated by
infragravity motions, with magnitudes of up to 70% of the incident gravity waves off-
shore [Holman and Sallenger, 1985). They are also an energetic part of the wave spéc-
trum in the surf zone, with their amplitudes a nearly linear function of the offshore
height of the incident waves [Holman, 1981; Guza and Thornton, 1985; Howd et al.,

19914a].

This thesis has three primary objectives. The first is to provide an overview of the
contributions of these different waves to the total current variance on a barred beach,
concentrating on the infragravity wave field. The second objective is to determine the
effects of the longshore current on edge wave dynamics and kinematics. The third ob-
jective is to determine if the interaction of the mean longshore current and the edge

waves provides a mechanism for the generation or evolution of nearshore bathymetry.

Chapter Two, titled “Wave Variance Partitioning in the Trough of a Barred
Beach”, has been accepted for publication in the Journal of Geophysical Research
[Howd et al., 1991a], and is co-authored by Dr. Joan Oltman-Shay, who provided many
of the software tools used in the data analysis, and Dr. Rob Holman, who provided a
great deal to the evolution of the text into its present form. This chapter provides an in-
troduction to the different bands of wave motion on a beach, followed by a discussion

of the partitioning of variance between them on a barred beach. We determine that in-



fragravity waves are an important contributor to the total current variance in the surf

zone.

Over the 10 day period, the mean contributions (to the total variance) of the infra-
gravity band at a location approximately 55 m from the shoreline were 14.3% for the
alongshore component of flow (mean rms oscillation 20 cm s‘l), and 10.9% for the
cross-shore component (mean rms oscillations of 32 cm s'l). However, the values var-
ied considerably. The contribution to the alongshore (cross-shore) component of flow
ranged from 6.2%-26.6% (2.5%-32.4%). Incident wave oscillations, as expected, were
limited by depth-dependent saturation and varied with the tide. The infragravity wave
rms oscillations on this barred beach are best parameterized by the offshore wave

height, consistent with previous studies on planar beaches.

Chapter Three, titled “Edge Waves in the Presence of Strong Longshore Cur-
rents”, presents the linear theory for edge waves coexisting with large mean longshore
currents. It will be submitted to the Journal of Geophysical Research with co-authors
Dr. Tony Bowen and Dr. Rob Holman. Dr. Bowen collaborated on the development of
the theory during his sabbatical year at Oregon State University. Dr. Holman kept the
numerical approach on target, and his clear thinking helped discussions of the relevant

physics.

In this chapter we explore the expectation that longshore currents modify refrac-
tion in the nearshore wave guide, changing the dynamics and kinematics of infragravity
edge waves. A form of the linear, inviscid shallow water wave equation which includes
arbitrary longshore currents and bathymetry is derived. This formulation provides a
continuum between gravity waves (either leaky or edge waves) on a longshore current,
and the recently discovered shear waves. This thesis will concentrate on gravity wave

solutions for which V/c < 1, where V is the longshore current, and c is the edge wave



alongshore celerity. Interestingly, for gravity waves, the current effects can be uniquely

accounted for in terms of an apparent modification of the true beach profile, allowing
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the definition of the “effective beach profile”, &' (x) = k(x) [1 - ——(c{)—] , where

h(x) is the true profile. The effective profile is particularly useful in conceptualizing the

combined effects of longshore currents and variable bottom topography.

To test the sensitivity of edge waves to mean longshore currents, numerical solu-
tions for the dispersion relationship and the cross-shore shapes of edge waves on a plane
beach are found under a range of current conditions. Changes to the edge wave along-
shore wavenumber, x, of nearly 100% are found for reasonable current profiles, show-
ing that the departure from plane beach dispersion due to longshore currents can be of
the same order as the effect of introducing non-planar topography. These changes are
not symmetric as they are for profile changes; || increases for edge waves opposing the
current flow (a shallower effective profile), but decreases for those coincident with the
flow (a deeper effective profile). The cross-shore structure of the edge waves is also
strongly modified. As expected, as [k} increases (decreases), the nodal structure shifts
landward (seaward) from the positions found on the test beach in the absence of a cur-
rent. In addition, the predicted variances away from the nodes, particularly for the
alongshore component of edge wave orbital velocity, may change dramatically from
the no-current case. Failure to account for these changes can lead to incorrect identifi-
cation of modes and large errors in the estimation of the corresponding shoreline am-

plitude.

Inclusion of the longshore current also has implications regarding the role of edge
waves in the generation of nearshore morphology. The modifications to the wavenum-
bers of any two phase locked edge wave modes will change the morphology of a poten-

tially resulting sand bar. For example, in the absence of a current, two phase locked



edge waves of equal frequency and mode progressing in opposite directions are expect-
ed to produce a crescentic bar. However, in the presence of a current, the wavenumbers
would differ, stretching the expected crescentic bar into a welded bar. A more interest-
ing effect is the possibility that modifications to the edge waves due to the presence of
a virtual bar in the effective profile could lead to the development of a real sand bar on
the true profile. These modifications appear to be only weakly sensitive to frequency,
in contrast to the relatively strong dependence of the traditional model for sand bar gen-

eration at infragravity wave nodes.

Chapter Four, titled “Infragravity Waves, Longshore Currents, and Linear Sand
Bar Formation”, which will appear in the Proceedings of Coastal Sediments ‘91 [Howd
et al., 1991b], looks at beach profile evolution during a large field experiment in light
of the model presented in Chapter Two. The findings, while preliminary, support the
new model. The paper relies on the techniques and models of Chapters One and Two,

and is thus co-authored by Drs. Bowen, Holman, and Oltman-Shay.



CHAPTER TWO:

WAVE VARIANCE PARTITIONING IN THE TROUGH OF A BARRED BEACH

Abstract

The wave-induced velocity field in the nearshore is composed of contributions
from incident wind waves (f > 0.05 Hz), surface infragravity waves (f < 0.05 Hz, Il <
(0'2/g[3) and shear waves (f < 0.05 Hz, Ikl > 0'2/g[3), where f is the frequency, o = 2nf, ¥
the radial alongshore wavenumber (21/L, L being the alongshore wavelength), 5 is the
beach slope, and g is the acceleration due to gravity. Using an alongshore array of cur-
rent meters located in the trough of a nearshore bar (mean depth = 1.5 m), we investi-
gate the bulk statistical behaviors of these wave bands over a wide range of incident
wave conditions. The behavior of each contributing wave type is parameterized in
terms of commonly measured or easily predicted variables describing the beach profile,

wind waves, and current field.

Over the 10 day period, the mean contributions (to the total variance) of the
incident, infragravity and shear wave bands were 71.5%, 14.3% and 13.6% for the
alongshore component of flow (mean rms oscillations of 44 cm s™!, 20 cm 571, and 19

1

cms™ respectively), and 81.9%, 10.9%, and 6.6% for the cross-shore component (mean

1 respectively). However, the

rms oscillations of 92 cm 51, 32 cm 571, and 25 cm §°
values varied considerably. The contribution to the alongshore (cross-shore)
component of flow ranged from 44.8%-88.4%, (58.5%-95.8%) for the incident band,
6.2%-26.6% (2.5%-32.4%) for the infragravity band, and 3.4%-33.1% (0.6%-14.3%)

for the shear wave band.

Incident wave oscillations were limited by depth-dependent saturation over the



adjacent bar crest and varied only with the tide. The infragravity wave rms oscillations
on this barred beach are best parameterized by the offshore wave height, consistent with
previous studies on planar beaches. Comparison with data from four other beaches of
widely differing geometries shows the shoreline infragravity amplitude to be a near
constant ratio of the offshore wave height. The magnitude of the ratio is found to be de-
pendent on the Iribarren number, &y = B(H/Lo)'” 2, Shear waves are, as previous obser-
vation and theory suggest [Oltman-Shay et al., 1989a; Bowen and Holman, 1989],
significantly correlated with a prediction of the seaward-facing shear of the longshore

current.



Introduction

For nearly two decades one of the primary interests in the study of nearshore pro-
cesses has been the characterization of two frequency bands of gravity waves, incident
wind waves (0.33 Hz > f> 0.05 Hz) and infragravity waves (f < 0.05 Hz). The recent
discovery of a third “band”, shear waves, [Oltman-Shay et al., 1989a; Bowen and Hol-
man, 1989] has added a new twist to the difficult problem of quantifying wave energy

in the nearshore.

This chapter has two primary objectives. The first is to provide an overview of the
variance contributions of these different waves in the trough of a barred beach. Of par-
ticular interest is the contribution of shear waves, which has not been previously quan-
tified. The second objective is to examine the lowest order controls of infragravity wave
variance on a barred beach with strong longshore currents and compare our findings
with those of previous studies. In the remainder of this section we will review some of
the relevant literature concerning the three wave types and their behaviors in the surf
zone. We then discuss the acquisition and analysis techniques for the present data, fol-

lowed by the presentation of our findings and a comparison with other field data.

It has been consistently shown that statistical measures of incident wind wave
height become depth-limited in the inner surf zone of natural beaches, and thus inde-

pendent of the offshore wave height, according to the linear relation

H__ =1k (L1)

rms
where H,,,, . = (8s2)1/ 2, where s2 is the incident wave variance, and # is the local water

depth. For monochromatic laboratory waves Galvin and Eagleson [1965] found y to

have a value ranging from 0.7 to 1.2. For field data, Thornton and Guza [1982] found
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v to be much lower, approximately 0.42. Many researchers have reported yto be a func-
tion of beach slope and/or wave steepness [Bowen et al., 1968; Weishar and Byrne,
1978; Sallenger and Holman, 1985b]. Statistical representations of random waves from
field experiments include both broken and unbroken waves, one reason why the satu-
ration value of s significantly lower for field data than for monochromatic laboratory

waves.

Infragravity waves are traditionally considered to be those surface gravity waves
which result from the second order interaction of incident wind waves. Under most con-
ditions in surf zones on coasts open to the ocean, these waves have frequencies ranging
from 0.005 to 0.05 Hz. The free infragravity waves can be broken into two distinct
groups, a discrete set of edge wave modes which are trapped to the shoreline, and a con-
tinuum of leaky waves which reflect from the shoreline and radiate energy back out of
the nearshore zone. Bound waves, the forced displacement of the free water surface by
the structure of wave groups [Longuet-Higgins and Stewart, 1964], also contribute to

infragravity wave energy [Guza et al., 1985; Elgar and Guza, 1985].

Edge waves on a plane beach of slope B have a discrete set of possible alongshore
wavenumbers, X, in the range 0‘2/g < Ikl < 6%/gP satisfying the relationship o = gl
(2n+1)B [Eckart, 1951], while for leaky waves there is a continuum with Ikl < 0‘2/g [Su-
hayda, 1974; Guza and Bowen, 1976]. Bound waves have no constraint on X. Analytic
solutions to the linear, shallow water equations of motion on a plane sloping beach give

the free wave velocity potential, @, as

® = ag/o cos(xy-of) ¢(x) (11.2)

where x is the cross-shore coordinate, y the alongshore coordinate, and a is the wave

amplitude at the shoreline [Eckart, 1951; Suhayda, 1974; and Guza and Bowen, 1976].
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The cross-shore nodal structure, ¢(x), follows

e L, (2xx) edge waves
¢(x) = 46?x 12 (I1.3)
Jo (—E) =0 leaky wave

with L, being the Laguerre polynomial of order n (where n is the mode number of the
edge wave) and Jj is the zeroth order Bessel function. The cross-shore structure of the
higher mode edge waves (n > 2) and the normally incident leaky wave are very similar
near the shoreline and can be represented by the J, solution for approximate calcula-

tions [Holman, 1981; Sallenger and Holman, 1985a].

The cross-shore structure of infragravity waves has made frequency spectra of
surf-zone currents difficult to interpret and compare between beaches. Wavenumber-
frequency spectra estimated from cross-shore currents are also difficult to interpret, be-
ing dominated by some unresolved combination of high mode edge waves, leaky
waves, phase-locked edge waves, and bound waves [Elgar and Guza, 1985; Oltman-
Shay and Guza, 1987; Huntley, 1988; Haines and Bowen, 1988]. However, wavenum-
ber-frequency spectra of the alongshore component of currents have been shown to be
particularly useful in determining the progressive low mode edge wave content of the

infragravity wave field (Huntley et al., 1981; Oltman-Shay and Guza, 1987].

Past field studies have shown a dependence between the magnitude of the local
infragravity wave oscillations, u;; and aj; (the cross-shore oscillation and the wave
amplitude), and the offshore wind wave height [Holman, 1981; Guza and Thornton,
1985]. Holman and Sallenger [1985] and Sallenger and Holman [1985a] concluded
that the dependence was also function of the deep water Iribarren number, &y = P/(H/
Lo)m, where H and L are representative of the deepwater height and wavelength of

the incident waves, and of the dimensionless cross-shore distance, ¥ = sz/gﬁ, to the
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location of the measurements

ug = m, (X, &) H (11.4)

and

a = m, (X.§) H (L.5)

where m is the slope of the linear regression.

Shear waves, a new class of nearshore wave, are distinguished by large wavenum-
bers, well outside the wavenumber range of gravity waves, Ikl > 02/gP [Oltman-Shay et
al., 1989a]. On the one beach studied to date, a typical energetic period is 200 s with an
alongshore wavelength of 200 m. This distinctive signature permits their contribution
to total current variance to be separated in wavenumber-frequency space. Bowen and
Holman [1989] show theoretically that these waves may be an instability of the mean
longshore current which conserves potential vorticity. The cross-shore shear of the
mean longshore current provides the background vorticity (the role of Coriolis in larger
scale flows). Using a simple model, they show there is a frequency range where a per-
turbation to the mean current (the shear wave) will grow exponentially at a rate which
depends on the magnitude of the shear on the seaward face of the current (dV/oxlgg,.
waArD)- While only the growth rate is predicted, we will test the assumption that the rms
velocities of the shear waves also scale as the maximum seaward shear of the longshore

current

oV
= il 11.6
Hsw = Mswax SEAWARD (116)
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Methods

In this section we first briefly describe the field site, the instrumentation used in
this study, and the data sampling. Then we present the analysis techniques and the sen-

sitivity of these techniques to different processing options.

The data used for this study were collected as part of the SUPERDUCK experi-
ment [Crowson et al., 1988] hosted by the Coastal Engineering Research Center’s Field
Research Facility (FRF) in Duck, North Carolina during October, 1986 (Figure II.1).
The beach is located near the center of a 100-km-long barrier island. The mean slope is
approximately 1 in 10 on the foreshore, decreasing offshore to 1 in 100. Sand bars are
consistently present, most commonly in a 3-dimensional configuration which becomes
linear during most storm events [Lippmann, 1989]. The extreme tide range during the

experiment was 137 cm.

An array of 10 Marsh-McBirney bidirectional electromagnetic current meters was
deployed approximately 55 m seaward of the mean shoreline position in the trough of
a nearshore bar system. The depth ranged from ~0.5 m to ~2.5 m over the course of this
study. Only the 7 southernmost sensors were used in this study to minimize spatial in-
homogeneity. The sampled array was thus 290 m in length, sufficient to resolve typical
wavelengths at this site [Oltman-Shay et al., 19894]. Sensors were oriented such that
their axes coincided with the longshore (+v currents flow north) and cross-shore (+u

currents flow offshore) directions. All gages remained submerged at low tide.

Complementary data were collected by other investigators. A pressure sensor
(maintained by Asbury Sallenger, Jr., U. S. Geological Survey) was located 3 m south
of the central current meter. The wind wave climate was sampled in 8-m depth using a

255-m-long array of bottom mounted pressure sensors as part of the routine monitoring
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Figure II.1. Plan view of the SUPERDUCK field site at the Coastal Engineering
Research Center’s Field Research Facility in Duck, North Carolina. Shown are the
nearshore current meter array, the nested pressure sensor and the offshore wind wave
directional array relative to the location of the pier. All measurements were made out-

side the known region of the pier’s influence.



15

program of the FRF. The surf-zone morphology was measured using the FRF CRAB
(Coastal Research Amphibious Buggy, Birkemeier and Mason, 1984).

All current meters and pressure sensors were hard-wired to the data collection
system. Gages were sampled at 2 Hz for 4 hours centered on high and low tides. High
quality data from the majority of the gages were collected for 10 days, with the excep-
tion of approximately 22 hours lost due to a power failure. Each time series was exhaus-
tively checked for reliability in both time and frequency domains. Suspect gages were
excluded from further analysis as were time periods marked by large spatial inhomoge-
neities or temporal non-stationarity. From a total of 36 collections, 21 were processed

further.

The current meter array data were used to calculate the alongshore wavenumber-
frequency spectra for both the cross-shore and alongshore components of flow. First,
each of the 21 time series was divided into 13 ensembles with 50% overlap, 2048 s in
length, demeaned and then detrended (using a least-squares quadratic fit) prior to being
tapered with a Kaiser-Bessel window. Wavenumber-frequency spectra were estimated
using the Iterative Maximum Likelihood Estimator (IMLE) developed by Pawka
[1982, 1983] and previously applied to surf zone data by Oltman-Shay and Guza [1987]
and Oltman-Shay et al. [1989a].

Variance for each 4-hour run was then partitioned between the three bands in
wavenumber-frequency space (Figure I1.2). Integrated variances for each band were

given by

0.33 [+
Stne = jo.osj_ ,;”:S(K,f) dxdf (IL7)
0.05 [ (x,+8)
S?c = jo (_,‘LO_B)S(K,I) dxdf (11.8)
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VARIANCE PARTITIONING SCHEME

Cross-shore Current Longshore Current
025

02s ]

0225 0225 ]

02 02

0.175 0.175 ]

ot

@
e
a

Frequency (Hz)
o
2
1

Frequency (Hz)

e
1

=3
=
S
!

0075

o
&

0.0s

E

0025 ]

°
°

00

0.
0.
0.
-0.
0.01
0.02
0.0:
0.
0.05

Figure I1.2. Cyclic alongshore wavenumber (k = 1/L) vs. frequency (f= 1/T) spec-
tra for with lines showing the bounds of each of the three wave types. The boxes repre-
sent peaks in S(kf) with the darkness indicating the percent of variance in that
frequency band contained in that peak. The width of the box indicates the half- power
wavenumber bandwidth. The array was designrd for infragravity frequencies, thus the

incidend band is shown for reference only. Left: Estimate from cross-shore () current.

Right: Estimate from longshore (v) current.
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0.05 fx
stw = o | s (6. didf-sig (IL9)

where s? is the integrated variance for each of the bands, Xy is the nyquist radial wave-
number of the array, +K; are the estimated mode zero wavenumbers, & is a constant
wavenumber offset used to account for wavenumber bandwidth of the mode O spectral
peak (set at 0.0094 m™1 in radial units; this accounts for the variation in x from the bot-
tom of the frequency bin to the top, see Oltman-Shay and Guza, 1987) and S(xf) is the
spectral density. The subscripts refer to the incident (INC), infragravity (IG), and shear

wave (SW) bands, respectively.

The incident band integration limits (in frequency) were chosen based on the
spectral characteristics of the offshore pressure gage array data. The upper limit, 0.33
Hz, was the highest frequency for which the depth attenuated wave signals reliably ex-
ceeded instrument noise. The lower limit (0.05 Hz) was chosen such that all wind wave
variance would be excluded from estimates of the infragravity motions (but not the op-
posite). Examination of spectra from the 8 m array showed no energetic swell at fre-
quencies below 0.05 Hz. The 0.05 Hz cutoff results in a small underestimate of the
infragravity band variance.Varying the cutoff from 0.04 to 0.06 Hz resulted in typical
changes of £5% of the total variance, with the trade always being between incident and

infragravity regimes. The results were not sensitive to reasonable choices for 3.

The wavenumber limits for the infragravity band calculation are based on esti-
mates of +x, the largest wavenumbers possible for free surface gravity waves (the plus
and minus signs indicating direction of propagation). We have assumed txg can be
closely approximated by the plane beach solution with a simple correction for the mean
longshore current 9
(o= V)

K, = 2P (11.10)
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Kenyon [1972] demonstrated that the dispersion curve for the mode 0 edge wave,
in the presence of a current with constant shear, behaves as if it were Doppler shifted,
as above, by the longshore current at an offshore distance of L/4w, which is approxi-
mately 33 m for the ‘typical’ mode 0 edge wave in this study. This behavior has also
been reported by Oltman-Shay and Guza [1987] for field data. Values chosen for the
beach slope and mean longshore current at x = 33 m were based on average values over
the length of the alongshore array. A constant B was chosen to match the observed

mode O dispersion lines.

Tests were conducted concerning the sensitivity of the analysis to different data
windows and ensemble length, detrending, and changes in the wavenumber/frequency
partitioning scheme. There were no statistically significant differences from varying the
ensemble and window characteristics. As expected, detrended data contained less total
variance than data with trends, but the differences occurred only in the lowest frequency

bin.
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Results

Statistics. Tables I1.1 and I1.2 and Figures I1.3 and I1.4 present a summary of basic
wave and current statistics. In all cases, the root mean square (rms) statistics, calculated
as (8s2) 1/2, are presented for wave heights and current oscillations. Because of the
processing techniques, rms current oscillations represent the average over the array.
Percent contributions always refer to the percent of total variance contributed by the

band.

The data cover a wide range of conditions, with H,,,,; in 8 m-water-depth ranging
from 30 cm to over 215 cm (significant heights in excess of 300 cm), the peak period
varying from 4.4 s to 12.0 s, and the mean longshore current averaged over the current

meter array, <V>, ranging from -159 cm s (southward) to +31 cm 571 (northward).

Statistics for the rms oscillations in each band are found in Table II.2. Mean val-
ues (11 standard deviation) over the experiment for uzyc and vyyc are 92+ 11 cm 51
and 44 + 9 cm s with maxima of 108 cm s™! and 61 cm 5™ respectively. Mean values
of the u and v infragravity wave oscillations (#;; and v;;) were 32.1 £ 16.0 cm s'!and
20.2+7.8 cm s! with maxima of 62.5 cm s™! and 32.6 cm s1, respectively. The mean

shear wave oscillations were 25.1 £10.6 cms "1 and 19.5+7.3 cm s°! for u sw and vow.

Maxima were 41 cm s™! and 35 cm 57! respectively.

The percent contributions of each band to the total variance are shown in Figure
I1.4. The incident band oscillations on average provided 71.5% of the alongshore cur-
rent variance and 81.9% of the cross-shore current variance. The percent contribution
of the infragravity band waves ranged from 6.2% to 26.6% of the longshore variance
and from 2.5% to 32.4% of the cross-shore variance at the surf zone location of the

alongshore array. Shear wave oscillations contributed up to 33.1% of the total long-



TABLEIIL1
BASIC ENVIRONMENTAL CONDITIONS

Run/Day/Time/Tide = H T o Hyne <U> <V>
(cm) (s) (0 (cm) (cm/s)  (cm/s)
190930 H 57.8 64 -319 -4.5 16.3
292200 H 35.8 5.8 299 19.6 2.8 3.6
3101030 H 184.2 7.3 243 53.5 315 -159.3
4101700 L 205.5 7.9 16.0 36.4 12.9 -114.4
5102320 H 216.5 8.9 8.9 55.8 22.2 -88.1
6110540 L 216.2 9.7 42 35.0 7.5 -52.7
7111200 H 213.7 9.7 49 69.4 23.6 -41.3
8111820 L 190.3 10.0 0.3 35.7 3.6 -13.0
9120040 H 172.6 119 -3.7 61.3 14.4 30.5
1013 0130H 126.2 120 -104 57.2 16.4 29.1
1114 1500H 57.1 9.7 -253 49.6 4.8 21.4
12150330H 110.5 5.5 36.1 63.3 8.9 -87.1
13150945 96.2 6.0 25.0 233 5.9 -91.1
14151600 H 71.3 6.4 22.7 49.8 5.0 -35.5
15152200L 71.4 44 25.8 20.2 2.8 -64.2
16 16 0400 H 79.3 4.6 27.9 50.5 5.0 -40.0
1716 1630 H 75.8 5.2 244 453 4.9 -35.3
18162240 L 69.1 5.5 16.5 214 3.8 -52.8
19170450 H 75.5 5.1 18.4 48.5 5.2 -29.5
20171100L 70.1 5.8 6.6 21.4 3.7 -40.7
21 180530H 91.3 9.7 204 51.8 9.6 -45.3

Day - Day of the month October 1986

Time - Hours Eastern Standard Time

Tide - H=High L =Low

H - Incident Root Mean Square wave height in 8 m depth

T - Peak spectral period in 8 m water depth

o - Median spectral direction in 8 m water depth (CCW from shore normal)
Hync - Incident Root Mean Square wave height in the surf zone (from pressure)
<U> - Mean cross-shore current averaged over the array of current meters

<V> - Mean longshore current averaged over the array of current meters



MEAN
OFFSHORE
Hp (cm) 118.4
T (s) 1.5
o (®) -8.3
SURF-ZONE

HINC (cm) 43.5

UINC (cm S-l) 92.0
ug(emsl) 321
ugw (cm s'lP 25.1
VINc (cms™) 44.4
vig ems™) 202
vgw (cms) 195

% uINC 81.9
% l_lIG 10.9
% uSW 66
% VINC 71.5
% viG 14.3
% Vw 13.6

TABLE I1.2
BASIC STATISTICS

21

ST. DEV. MAXIMUM MINIMUM

61.1
23
19.1

154

11.0
16.0
10.6
8.8
7.8
73

11.8
8.5
4.1

11.2
6.0
6.7

216.5
12.0
6.1

69.4

108.5
62.5
40.6
60.8
32.6
34.8

95.8
324
14.3
88.4
26.6
33.1

MEAN - The mean value of the variable for the 21 data runs.

ST. DEV. - The standard deviation about that mean value.
MAXIMUM - The maximum value of the variable for these 21 runs.
MINIMUM - The minimum value of the variable for these 21 runs.

35.8
4.4
319

19.6

74.2
150
6.0
27.5
8.4
8.4

58.5
25
0.6

48.8
6.2
34

Note: The mean value for each run is the result of an average of many sensors,
with the exception of Hyyc, which is calculated from a single pressure gage.
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Figure I1.3. Time series of 4-hour mean statistics for wave parameters at the off-
shore array pressure sensors and for the current meters/pressure sensor in the surf zone.
H and L refer to the tide stage. See the text for details of how the variances were parti-

tioned between wave types.
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Figure I1.4. The percent contributions made by each band to the total variance of
the cross-shore component (top) and the longshore component (bottom). The incident
band contribution brings the total to100%. The incident band is clearly dominant at this

cross-shore location for both the alongshore and cross-shore flows.
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shore current variance, but only up to 14.3% of the cross-shore variance.

Parameterization. Incident band rms current oscillations, uzpyc and vpyc, and
wave heights, Hyyc, in the bar trough were observed to be depth limited, but not satu-
rated, in agreement with the previous observations of Wright et al. [1986]. However,
there was evidence for saturation seaward of the array, as there was a lack of statistical-
ly significant correlations between the incident wave heights in the trough and the off-
shore wave height (Table I1.3). The oscillations were, however, significantly correlated
with the tide (Table I1.3, Figure I1.5), clearly showing that the incident band was typi-
cally limited by depth, presumably at the bar crest. Given that the surf-zone instruments
were in the trough of the nearshore bar for much of the experiment, it is no surprise that
the local mean value of v (0.20 % 0.03) was considerably lower than saturation value
(0.30£0.01) previously predicted for this beach at the bar crest [Sallenger and Holman,
1985b].

The percent contributions of u;; and v;; were found to be significantly correlated
with the offshore wave height (Figures I1.6a and I1.6b), in agreement with current meter
data from similar water depths on three other beaches [Holman, 1981; Guza and Thorn-
ton, 1985]. Comparison with these data sets will be presented in the discussion. Holman
and Sallenger {1985] and Guza et al. [1985] also found that, for the infragravity band,
the slopes of the regression lines for swash amplitude versus offshore wave height de-

pended on the Iribarren number (larger slopes for larger ). To test this dependence for

the velocity oscillations, we have divided the data set into two subsets (§y < 0.40 and

€y > 0.40) and calculated the regression slope for each group (Table I1.4). While there
is an increase in slope for the higher &, the difference is not statistically significant for

this small sample.
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Hine
Hine

UiG
VIG
% UG
% YIG

usw
vsw
% uSW
% vew
ugw
vsw
% ugw
% vsw

TABLEI1.3
REGRESSION RESULTS

X

Hrms
Tide

Herwms
Hpwms
Hpwms
Hrms

l<V>l
<V>l
l<V>l
l<V>l
aVM/ 8x
aVM/ ox
aVM/ ax
aVM/ ax

(19 DOF) Y =mX + b + error

m *+ 95% Conf.
0.100+0.111
0.261 £ 0.063

0.224 +0.064
0.110£0.030
0.001 £ 0.0004
0.059 £ 0.001

0.143 £0.117
0.130+0.071
0.0007 £ 0.0004
0.0009 % 0.0007
868.7 +388.9
637.7+£249.2
3.491 £1.457
4.172 £2.981

2 > 0.185 correlation different from 0 at 95 % level
2 > 0.303 correlation different from 0 at 99% level

b
313
30.0

5.6

7.1
-0.023

0.007

17.7
12.7
0.032
0.088
13.9
11.2
0.021
0.083

o
0.158
0.798

0.729
0.746
0.641
0.526

0.245
0419
0.342
0.260
0.521
0.587
0.555
0.300

25
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Figure IL.5. The magnitude of the incident band rms wave height measured in the

trough plotted versus the tide elevation. This, combined with the lack of correlation be-

tween offshore wave height and rms oscillation, indicates the incident band is depth-

limited during the majority of the experiment. The one outlier represents the lowest

wave conditions (October 9 2200 EST) when oscillations were not depth limited.
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Figure IL.6. u g (top) and v (bottom) plotted versus the offshore wave height,

H,,.s. Both show a linear relationship with increasing wave height as has been seen on

other beaches.
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The large range of conditions experienced during SUPERDUCK also allowed ex-
amination of the impact of the wind wave incident angle on infragravity band variance
levels. Multiple regression analysis shows a significant negative relation between ¥
and |o, while there is not a significant relationship between vy and | (Table I1.5). The
directional dependence is most clearly illustrated (Figure 11.7) during the passage of the
storm (October 10 to 12) when the direction of wave approach was highly variable, but
the wave height was nearly constant. The u;; oscillations‘clea.rly decrease as |of in-
creases, while the vy oscillations are essentially constant. Preliminary analysis sug-
gests that uj¢; oscillations in the presence of a large | (low u;¢) are dominated by high
mode edge waves, while the low |o] ;¢ oscillations are dominated by more energetic
leaky or bound waves [Elgar et al., 1989; Oltman-Shay et al., 1989b].The v oscilla-
tions are expected to be dominated by low mode edge waves regardless of the leaky/

high mode contributions to ;.

Shear waves are hypothesized to scale with the longshore current shear (Eq. II.5),
but no measurements of the longshore current shear were obtained for extended periods
of the experiment. Thus, based on the observations of Oltman-Shay et al. [1989a], we
assume the absolute value of the measured mean longshore current, |[<V>|, is a proxy
for the dynamically important shear (Figures I1.8a and I1.8b). The mean current, <V>,
was estimated as the mean of the 4-hour averages of the current meters used in the
wavenumber-frequency spectral analysis. ugy and vew were significantly correlated

with |<V>|, but with considerable scatter.

In an attempt to better parameterize the shear waves, we have modeled the long-
shore current, and its theoretically important shear, based on the work of Thornton and
Guza [1983, 1986]. Wave heights in the surf zone were assumed to be Rayleigh distrib-

uted with a probability, p, of



29

TABLE 11.4
IRIBARREN REGRESSION RESULTS
(8 DOF) Y =mX + b + error

Y X m*95% Conf. b 2
ug €p<040) & 0.157+0.054 8.26 0.808
ug € >040) & 0256 +0.076 6.14 0.872

vig &g <040) & 0.093+0.046  8.00 0.677
vig €o>040) & 0.121+£0.043  7.00 0.819

2 > 0.400 correlation different from 0 at 95% level
2 > 0.585 correlation different from 0 at 99% level

TABLE I1.5
DIRECTIONAL DEPENDENCE
Y =myX; + myX, + b + error
Y X m * 95% Conf. b ?  mean square error
UG
Hpms alone 0.22 £ 0.06 5.62 0.73 76.70
Hpums 0.14+0.06
(o4 -0.74 £ 0.38
28.80 0.85 43.38
ViG
Hpms alone 0.11 £0.02 7.14 0.75 17.08
Hgrwms 0.10+0.04
la -0.14 £ 0.24

11.44 0.76 16.74
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Figure I1.7. The dependence of rms infragravity oscillations on the absolute value

of the incident direction, |af, for H,,,,; > 125 cm.
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Figure IL.8. ugy (top) and vgy (bottom) plotted versus the absolute value of the

measured m

ean longshore current, [<V>l.
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-G
p(H) = g Hm (L11)

This distribution is modified by a weighting function to provide a statistical estimate of
those waves which are breaking. The mean dissipation due to wave breaking, <e>, (in-

tegrated through the wave height distribution) is given by

- b

12 5
H
<e> = CF o RS || 1- 1 (IL12)
16 Y?wshs Has V)
1 ( RMS) )
L ( Yrmsh

where p is the density of water, B is an empirical coefficient representing the portion of

the bore face actively breaking, and fis the peak incident frequency. It is then simple to
step shoreward from the input conditions at the 8 m array calculating wave height based

on energy flux balance with the incident angle varied according to Snell’s law of linear

wave refraction.

The wave height and dissipation profiles across the surf zone were then used to

predict longshore current following Thornton and Guza, [1986]

7 sin(a(x)

where ¢f is an empirical drag coefficient, o(x) is defined as in Thornton and Guza
[1986], C is the phase velocity of the incident waves and u is given for a Rayleigh dis-

tribution by

u(x) = [_:"—] Hpgpys () (IL14)
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We have assumed the bottom stress to be linear, ignored the turbulent Reynold’s stress-

es and assumed constant values for Y= 0.45, B = 1.0, and ¢r=0.009.

A typical output of the model is shown in Figure I1.9. The predicted maximum
longshore current was significantly correlated with the observed current (r2 = 0.942).
We assume the model does a reasonable job of predicting the relative changes (between
the 21 data collections) in the cross-shore structure of the longshore current in the ab-
sence of the mixing induced by the shear waves and Reynold’s stresses. No attempt was

made to further tune the model to match conditions observed in the surf zone.

The dependence of shear wave magnitude on the maximum of the modeled shear
on the seaward face of the longshore current is shown in Figure I1.10. The correlations
are not significantly improved over that with the mean velocity measured in the trough
(Table I1.3). Clearly more field data are needed to better define the forcing of this new

phenomenon.
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Figure I1.9. Model results for H, V)4, and 0V),/dx on the measured profile. The in-
put values for H and o were those measured at the offshore array at the offshore bound-
ary of the model. Two jets are seen in the current, one over the bar, and one at the
shoreline. The shoreline jet is large due to the assumption that all incident energy is dis-
sipated (no reflection). Shear wave theory predicts that the shear on the seaward face of

the bar is the dynamically important variable.
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Discussion

The SUPERDUCK data, collected in the trough of a barred beach, have a ‘process
signature’ which qualitatively agrees with the results of Wright and Short [1983], and
Wright et al. [1986]. They presented distinctive ratios between the different compo-
nents of the flow field based on the morphodynamic state of the beach. The SUPER-
DUCK data clearly fall into the intermediate (longshore bar and trough/thythmic bar
and beach) state between fully dissipative and fully reflective. The signature is charac-
terized by low frequency oscillations in the surf zone approximately half the magnitude

of the incident band oscillations.

Four large data sets of ;¢ oscillations and incident wave heights are available for
quantitative comparison with the SUPERDUCK data. Guza and Thornton [1985] pre-
sented data from the NSTS experiments at two non-barred beaches of very different
slopes, Torrey Pines (TP) and Santa Barbara (SB). These data represent the variance
integrated over the frequency range 0.005 - 0.05 Hz and averaged over a variable num-
ber of current meters positioned at depths between 1 m and 2 m. The authors note that
less than 10% of the energy lay at frequencies below 0.005 Hz. Wright et al. [1986] re-
ported statistics for 8 moderate to high energy (H > 160 cm) data runs of 2 to 4 sensors
between 1 m and 2m depth (with highly variable cross-shore locations) from a barred
section of Ninety Mile Beach in southeast Australia (AU). We chose one representative
sensor for each data run (rather than average different cross-shore locations) and com-
bined the subharmonic and infragravity bands (their infragravity band was f < 0.03 Hz).
Holman [1981] presented data from a single sensor at 2 m depth, integrated from O to
0.05 Hz, on Martinique Beach (MA). The SUPERDUCK (SD) variances for this com-
parison include contributions from all wavenumbers in the frequency band 0to 0.05 Hz.

All data were converted to rms oscillations.
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Figure I1.11a shows these five data sets of u;g oscillations plotted versus offshore
H. The four North American locations show statistically significant positive regression
slopes (Table I1.6) even while these slopes vary between the different beaches (except
between TP and SB). This is reflected in the low skill (rz) of linear regression models
between uj; and offshore H for the beaches as a group, but the high 7 for each beach
individually. The regression slope for the Australian data is negative, a result of the
highly variable cross-shore location of the chosen sensors (no one sensor was opera-

tional for all runs).

These results are not unexpected because infragravity waves have an offshore de-
cay dependent on $. In an effort to remove complications arising from the cross-shore
decay and varying instrument positions for the four data sets, we have calculated an
‘equivalent shoreline amplitude’, dyg, by scaling the data from each beach by the pre-
dicted u;¢ variance, SZIGP, contributed by a white shoreline spectrum of normally inci-

dent standing waves

. gcos (o1) ¢ (x) 77"
2ep = afaﬁ"‘o"s’ j ;" B’;{ _ ¢ ﬂ dids  (IL15)

where x; is the instrument location and the point at which the derivative with respect to
x is evaluated. This approach is very similar to that of Sallenger and Holman [1985a].
Assuming a white spectrum allows @° 1G to be taken outside the integrals. We assume
that the cross-shore shape, ¢(x), can be represented by the leaky wave solution given in

(3). Substitution and solution for 4% 1G yields

J‘ZR(0.0S) S(O') do
ayg = >— (IL16)

J. (2)1((0.05) _‘.(2),t (‘% {g cos (o) Jo{ (4:;)1/2]} ) dido
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Figure I1.11. Comparison of u;¢; oscillations from 5 beaches plotted versus the

offshore wave height (top) and scaled to estimate the ‘equivalent shoreline height’

Hy = 24;¢ of the infragravity oscillations (bottom). There is considerable scatter in

the u;; data as a whole, yet each beach taken by itself is quite well behaved (Table 5).

While the scaled data collapse considerably, they are not statistically better correlated

with offshore wave height at the 95% level (Table 5).




TABLE II.6
INTERCOMPARISON OF BEACHES
SURF-ZONE u;g RMS OSCILLATIONS vs. OFFSHORE INCIDENT H

BEACH m=95% Conf. b 2 DOF
AllBeaches  0.174+0068 3126  0.521 102
Torrey Pines  0.847+0.153 024  0.924 11

Santa Barbara 0.839 £0.162 71.35 0.751 33
Duck 0.272 £0.065 8.90 0.790 19
Martinique 0.419 £0.095 3.73 0.759 25
Australia -0.339+£0.315 127.69 0.479 6

‘EQUIVALENT SHORELINE HEIGHT’, f;; vs. OFFSHORE INCIDENT H

BEACH m#*95% Conf. b r? DOF
All Beaches 0.215+0.031 13.92 0.646 102
Torrey Pines  0.554 £0.100 0.15 0.924 11
Santa Barbara 0.459 % 0.089 4.02 0.751 33

Duck 0.232 £ 0.027 7.80 0.776 19
Martinique 0.323+£0.073 2.87 0.759 25
Australia 0.185+0.157 14.26 0.525 6

* Model: uig=mH + b +emror or A;g=mH +b +error
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This approach is particularly useful method to remove the site-specific nature of point
measurements in the surf zone, thus facilitating the comparison of data collected either

on different beaches, or at different cross-shore locations on the same beach.

While there is visual improvement in the clustering of the data (Figure I1.12b), the
improvement in 2 from 0.521 to 0.646 is not significant at the 95% level. This would
seem to imply that, to the lowest order, the magnitude of cross-shore infragravity oscil-
lations are much less sensitive to the details of the incident wave spectrum or the beach
topography, than they are to the wave height. The lack of significant dependence on the
cross-shore measurement location may be due to the limited range in dimensionless
cross-shore space, y = o-zx/gﬁ, for these measurements. There are indications however
(Figure I1.12), that there is a €y dependence for the regression slopes (Eq. IL4) in agree-
ment with the prediction of Holman and Sallenger [1985] that infragravity energy lev-

els depend on the Iribarren number.

Itis important to note that these new measurements of infragravity and shear wave
variances are representative of only one cross-shore distance, that of the array. It is clear
that these results are influenced by the array location as Sallenger and Holman [1985a]
have shown u; to be a strong function of x on this same beach. The shear wave mea-
surements, while clearly showing an important and energetic phenomenon, also need to
be taken in the context of some (presently unknown) cross-shore variance structure. Re-
cent measurements made during the 1990 DELILAH experiment should provide a
clearer framework for understanding the cross-shore structure of these low frequency

motions.
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REGRESSION SLOPE vs. IRIBARREN NUMBER
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Figure I1.12. Regression slopes for the five beaches (with 95% error bars) as a
function of the mean Iribarren number (1 st. dev.) for that beach. There is a significant
increase in regression slope with an increase in Iribarren number, confirming observa-
tions that infragravity waves tend to be larger on dissipative beaches than on reflective

beaches for a given offshore wave height.
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Summary

We have used 21 four-hour data runs collected over a wide range of incident wave
conditions to quantify the bulk statistical behaviors of the alongshore and cross- shore
flow components of three classes of waves in the trough of a nearshore bar. The incident
band oscillations, while not locally saturated, were limited by the presence of a depth
minimum at the offshore bar. Thus, the incident band, while not significantly correlated
with the offshore wave height, was correlated with the tide elevation. The incident band
at this location, approximately 55 m from the shoreline in the bar trough, is the largest

contributor to total variance, typically providing 70 to 80%.

The infragravity wave oscillations averaged 20 cm/s and 32cm/s for v;g and 4
respectively and are best parameterized by the offshore wave height. During storms
they provided up to 33% of the total variance with an average of approximately 12%.
These percentages are expected to be higher at the shoreline. We have also found evi-
dence that ujg, the cross-shore component of infragravity wave oscillation was, to a

lesser degree, sensitive to the directional character of the incident waves.

Shear waves were found to be an important contributor to the energetics of this
beach, typically comprising approximately 10% of the total variance, but at times con-
tributing up to 35%. The magnitudes of the oscillations exceeded 40 cms 1 in the cross-
shore and 30 cms™! alongshore. Shear wave magnitudes were correlated with the sea-
ward-facing shear of the longshore current (which was modelled, not measured), as ex-
pected from theory. It is difficult to place these measurements in cross-shore context
with this data due to the lack of adequate measurement of the cross-shore structure of

the longshore current.

Comparison of the cross-shore component of the infragravity band with data col-
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lected on other beaches and previously reported in the literature shows that while each
experiment’s data scales approximately linearly with offshore wave height, the trend of
the relationship varies as a function of the Iribarren number. For these data, all collected
in a similar depth of water, correcting for the cross-shore location of the sensor ;;rovides

only a minor improvement in the correlation with the offshore wave height.
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CHAPTER THREE
EDGE WAVES IN THE PRESENCE OF STRONG LONGSHORE CURRENTS

Abstract

It is well known that currents are capable of refracting surface gravity waves in
much the same manner as variable water depth. Thus longshore currents are expected
to modify refraction in the nearshore wave guide, changing the dynamics and kinemat-
ics of edge waves. A form of the linear, inviscid shallow water wave equation which
includes arbitrary longshore currents and bathymetry is derived. This formulation pro-
vides a continuum between gravity waves (either leaky or edge waves) on a longshore
current, and the recently discovered shear waves. In this paper we will concentrate on
gravity wave solutions for which IV/cl < 1, where V is the longshore current, and c is the
edge wave alongshore celerity. Interestingly, for gravity waves, the effects of the cur-

rent can be uniquely accounted for in terms of a modification to the true beach profile,

-2
Vix) } ’

allowing the definition of the ‘effective beach profile’, &' (x) = h(x) [1 -
where h(x) is the true profile. The effective profile is particularly useful in conceptual-

izing the combined effects of longshore currents and variable bottom topography.

To test the sensitivity of edge waves to mean longshore currents, we have numer-
ically solved for the dispersion relationship and the cross-shore shapes of edge waves
on a plane beach under a range of current conditions. Changes to the edge wave along-
shore wavenumber, «, of nearly 100% are found for reasonable current profiles, show-
ing that the departure from plane beach dispersion due to longshore currents can be of
the same order as the effect of introducing non-planar topography. These changes are
not symmetric as they are for profile changes; |} increases for edge waves opposing the

current flow (a shallower effective profile), but decreases for those coincident with the
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flow (a deeper effective profile). The cross-shore structure of the edge waves is also
strongly modified. As expected, as |k} increases (decreases), the nodal structure shifts
landward (seaward) from the positions found on the test beach in the absence of a cur-
rent. In addition, the predicted variances away from the nodes, particularly for the
alongshore component of edge wave orbital velocity, may change dramatically from
the no-current case. Failure to account for these changes can lead to incorrect identifi-
cation of modes and large errors in the estimation of the corresponding shoreline am-

plitude.

The magnitudes of many of the edge wave responses are related to the ratio
Vax’ € Where Vp . is the maximum current, and to the dimensionless cross-shore
scale of the current, [kp(V,,,,), where x(V,,,,) is the cross-shore distance to V,,,,. This
is most easily understood in terms of the effective profile and the strong dependence of

the edge waves to the details of the inner part of the beach profile.

Inclusion of the longshore current also has implications regarding the role of edge
waves in the generation of nearshore morphology. The modifications to the wavenum-
bers of any two phase locked edge wave modes will change the morphology of a poten-
tially resulting sand bar. For example, in the absence of a current, two phase locked
edge waves of equal frequency and mode progressing in opposite directions are expect-
ed to produce a crescentic bar. However, in the presence of a current, the wavenumbers
would differ, stretching the expected crescentic bar into a welded bar. A more interest-
ing effect is the possibility that modifications to the edge waves due to the presence of
a virtual bar in the effective profile could lead to the development of a real sand bar on
the true profile. These modifications appear to be only weakly sensitive to frequency,
in contrast to the relatively strong dependence of the traditional model for sand bar gen-

eration at infragravity wave nodes.
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Introduction

Numerous authors have proposed that edge waves play an important role in a
number of nearshore processes, including mean circulation patterns [Bowen and Inman,
1969], the generation of nearshore morphology [Holman and Bowen, 1982], and mo-
mentum and energy transfer [Elgar and Guza, 1985]. Studies have shown that the
shoreline expression of wave energy, the swash, can be dominated by infragravity mo-
tions with up to 70% the variance of the incident gravity waves offshore [Holman and
Sallenger, 1985]. They are also an energetic part of the wave spectrum in the surf zone

[Holman, 1981; Guza and Thornton, 1985; Howd et al., 1991a].

Much of the interest in edge waves arises from the observation that their length
scales were similar to those of sand bar systems, both in the cross-shore [Short, 1975;
Bowen, 1981], and in the longshore for three-dimensional systems [Bowen and Inman,
1971; Holman and Bowen, 1982]. In all these cases, the sand bars are hypothesized to
result from the nodal structure of the infragravity wave drift velocities. Unlike reflected
incident waves, which have nodes every 10-20 m in the cross-shore, infragravity wave
nodes are typically spaced at 50-100 m intervals, closely matching the observed scales

of sand bars.

The description of edge wave dynamics on beaches began with the consideration
of two analytically tractable cases, the plane sloping profile, (x) = Bx, [Eckart, 1951],
and the exponential profile, h(x) = ho(1 - €%%), [Ball, 1967]. Holman and Bowen [1979]
and Kirby et al. [1981] used numerical models to predict the dispersion relation and
cross-shore shape of edge waves on arbitrary topography. Holman and Bowen [1979]
showed that assuming a profile shape for which an analytic result exists may lead to er-

rors of up to 100% in x for predictions of the dispersion relationship. Numerical solu-
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tions in both studies show two related kinematic effects, the relative change of edge
wave amplitudes away from the shoreline (compared to the plane beach case) and the
associated movement of the nodal structure. Kirby et al. [1981] found that, over a lim-
ited frequency range, distortion of edge wave shapes occurred such that elevation anti-
nodes were attracted to the cross-shore location of a bar crest. The complexity of these
numerical approaches is great however, and many later researchers have simply as-
sumed one of the analytic forms of the beach profile to be adequate [Holman and Bo-
wen, 1984; Sallenger et al., 1984; Howd et al., 1991a].

Kenyon [1972] considered the influence of longshore currents on edge waves, an-
alytically modelling the case of a plane beach with a longshore current constantly in-
creasing in the offshore direction (V(x) = ¥;x). He found systematic variations in edge
wave dispersion, although his theory was only valid for a current, V(x), that remained
very small compared to the celerity of the edge wave. While this approximation may
hold for shelf-scale phenomena, it is routinely violated in the nearshore, both in terms

of the constant shear and the magnitude of V(x) relative to the edge wave celerity.

To test hypotheses regarding the generation of edge waves (for instance, Gallagh-
er [1971]) and to correctly interpret measurements made in the field, the dispersion re-
lationship and the cross-shore structure of the edge waves must be well understood.
Because many measurements are made in the surf zone, and the data transformed to
predict the shoreline amplitudes of the edge waves, it is important that the cross-shore
shape of the edge waves be accurately predicted. It is necessary to be able not only to
determine the edge wave mode through the dispersion relationship, but also to be able
to relate the variance at any cross-shore location to the reference value at the shoreline.
It will be shown that incorporation of both bathymetric and current effects are required

for this task.



51

In the next section we will explore the role of the cross-shore structure of the mean
longshore current, V(x), in modifying edge waves in the nearshore. A conceptual frame-
work for understanding the longshore current effects is followed by the derivation of
the governing equations for low frequency waves in the presence of arbitrary topogra-
phy, h(x), and longshore current, V(x). While the equation is valid for all low frequency
motions (edge waves, leaky waves, and the recently discovered shear waves), we will
concentrate for the remainder of this paper on edge waves. Results from a series of syn-
thetic tests designed to examine the role currents play in modifying edge wave proper-
ties will be presented. Implications of these effects are then discussed. The
improvements in describing edge wave dispersion and the cross-shore variance struc-
ture by the inclusion of longshore currents are shown using data collected during a large
field experiment. Finally, we will present a new hypothesis for the generation of sand
bars based on changes in sediment transport resulting from edge wave modification by

a strong longshore current.
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Theory

The nearshore, where shallow water wave celerities are a function of the water
depth, Jg—lz , has the possibility of trapping wave motions through refraction offshore
and reflection at the shoreline (where the depth goes to zero). This behavior can be
viewed as a wave guide, in direct analogy to other geophysical wave guides.The dis-
crete set of resonant motions trapped in the nearshore wave guide are called edge
waves, while leaky waves are those free waves which, upon reflection from the shore-
line, escape the nearshore wave guide to deep water. A critical value of the alongshore
wavenumber, X = 21t/Ly, of the motion separates the two regimes. The sign of k deter-

mines the direction of wave progression.

Two major modifications to the properties nearshore wave guide are sand bars
and longshore currents (Figure II1.1). A comparison of their refractive effects is instruc-
tive. Sand bars modify the wave guide by changing the water depth. The sand bar crest,
a depth minimum, is the location of a local celerity minimum and provides a focussing
of wave rays at that location. A bar trough, meanwhile, is a local celerity maximum and
leads to divergence of wave rays. While topography may be generally expected to
change the cross-shore structure and wavenumber of an edge wave, the changes should
be symmetric for waves progressing either direction along the coast. A longshore cur-
rent modifies the wave guide in a similar manner. Edge wave travelling into the current
experience refractive focussing of the wave rays at the cross-shore location of the max-
imum longshore current, the location where opposition to their progression is the great-
est. This response is the same as we expect for the sand bar. In contrast, the wave rays
of edge waves travelling with the current diverge at the longshore current maximum,
behavior that would also be expected over trough topography. The current has added

asymmetry to the edge wave field.
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MODIFICATIONS TO THE NEARSHORE WAVE GUIDE

V(x)

A2

Figure III.1. Modifications to the nearshore wave guide by the presence of a long-
shore current is analogous to that of bar and trough topography. The edge wave re-
sponse to a sand bar is independent of the direction of edge wave propagation, wave
rays refract and focus on the crest and diverge in the deeper trough. In the case of the
longshore current, the effects are opposite for the different directions of edge wave
propagation. Edge wave rays progressing into the current are refracted to focus on the
current maximum (as if it were a bar), while those progressing with the current diverge

as if they were in the trough of a bar.
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General changes in the dispersion relationship due to longshore currents can also
be predicted. We expect that edge wave travelling into (with) a current will have larger
(smaller) |« values than those on the same beach in the absence of a longshore current.
The current acts to either decrease or increase (edge waves travelling with the current)
the observed celerity at any frequency. To summarize, we expect there to be a relation-
ship between longshore currents and apparent modifications to the beach profile seen
by the edge waves. These changes are no longer the same for both directions of edge

wave progression, introducing dynamical asymmetry to the problem.

This conceptual treatment of the nearshore as a wave guide can be formalized in
atheoretical description of edge wave behavior by inclusion of variable topography and
longshore currents in the inviscid shallow water equations for conservation of momen-
tum and mass with the total velocity vector U(x,y,?) = (u(x,y,1), v(x,y,)+V(x)). We will
assume the edge wave velocity components, « and v are small, », v << V and the depth,

h = h(x) only. Retaining only those terms that are linear in u and v gives

U+ Vuy = -gn, (I11.1)
v, +uV_ + Vvy = - gny (I11.2)
n+VMm+nU=0 (I11.3)

Subscripts indicate partial differentiation, and V is the horizontal gradient operator. The
x axis is taken positive in the offshore direction and 4 is positive downward from mean
sea level. Taking the form fix,y,f) = fx)e'®°? for u, v, and 1) and substituting in (1) to
(3) yields

R } (ITL4)

i(-o+xV)

u(x) = SK[
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(-igxm = V,u)

vix) = 9([ G(oT e | (I1L.5)
- (hu)x—iKhv“

nx) = ‘ﬁ[ (o1 kW) (1IL6)

where subscripts indicate differentiation, R indicates the real portion, and the x-depen-
dencies on the right hand sides of the equations are understood. These equations can be

manipulated to give a second order differential equation in terms of either n

h
[ g, ] +n[1_—"23h }: 0 (IIL7)
X

(-cs+1<V)2

or u,

Y ’ .
[(1-72) [(-o}-lmv) ux‘yz“z[_oiw] =0 (111.8)

where
P2 = (-cs+1<V)2

(111.9)
2 gh

is a measure of the divergence of the motion.

In the non-divergent case (72 — 0), (III.8) reduces to Equation 8 of Bowen and
Holman [1989] for nondivergent shear waves. For V(x) = 0, (II.7) reduces to the clas-
sical edge wave equation in the absence of a current (for instance, Holman and Bowen,

1979)

[g:l;"] +n[l—%] =0 (I11.10)
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Of particular interest is the observation that if we make the substitution in (IIL.7) of

B (x) = _ k™ (IL11)

-]

c
where A'(x) is defined as the effective beach profile and ¢ = 6/x is the edge wave celerity

(and carries the sign of k), we get the result

h' . '
[g "x} +n[1 _Kgr } =0 (IL12)
=N =
which is fun%tionally identical to the classical edge wave equation (III.10). The term
Vv
[1 - —%] is not surprising as it also appears in the modification of Snell’s Law for

the refraction of surface gravity waves by currents [Kenyon, 1971]. The concept of the
effective beach profile, h'(x), is very useful in gaining a conceptual understanding of the

combined role of the current and topography in modifying edge wave characteristics.

Normal mode (edge wave) solutions are obtained by expressing (IIL.7) as two
coupled first order differential equations subject to the boundary conditions that 11(0) =
finite and (o) = 0. The coupled equations can be solved using a Runge-Kutta tech-
nique [Press et al., 1986] starting from initial conditions at the shoreline. These are

found by expanding A, V, and 1 in the form

h(x) = Bx+PBx’+.. (IIL.13)

V(x) = 9 x+0,0+.. (IIL.14)

2

M) =Ny (1+0x+0,x"+..) (I1.15)
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Substituting in (II1.7) and equating terms of like powers of x gives

n) =n, = given (11.16)
-0'2
n,(0) = gﬁ;“o = oM, (I11.17)

2 2
n,,(0) = nolii{(?ﬁ;) +1<} +§EIBI+_8—BI_ = a,n, (L18)

These are identical to those found by Holman and Bowen [1981] with the exception of

the 9, term in (II1.18) expressing the added role of the longshore current shear.

As Holman and Bowen [1979] report, for any o, x pair the trial solution ‘blows
up’ at large x. The values of k (holding ¢ constant) for which x is a local maximum rep-
resent the set of edge wave modes which satisfy the edge wave dispersion relation and
solve III.7. The solution method gives u(x) and n(x), while v(x) is calculated from

(IILS).

The results of the numerical scheme were tested against the two known analytical
solutions for plane and exponential beaches, and against the approximation of Kenyon
[1972] for very small currents. The dispersion relationship and other edge wave char-
acteristics, suqh as nodal locations, were reproduced to arbitrary accuracy for the ana-
lytic cases, and Kenyon’s approximation was found to be valid subject to his stated

constraints. The following results satisfy the dispersion relationship to +0.1% in x.
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Results

A total of 16 test cases were run in order to explore the sensitivity of edge waves
to current magnitude and shape. Current profiles were constructed from two regions of
constant shear, with the shear discontinuities smoothed using a 10-m wide moving av-
erage. Three parameters were used to describe the current: the maximum current, V,,,,,
the cross-shore location of the maximum current, x(V,,,,), and the width of the current,
x,. Figure II1.2 summarizes the different current profiles used in this study. Much of
the discussion is based on an example case, Run 2 (which is common to the four group-
ings in Figure 2), with V,,,,, =1.00 m s”1 at x = 50 m with a width of ~100 m. For each
current profile, solutions for modes 0-4 were determined at steps of 0.025 Hz from 0.2

to 0.05 Hz and at steps of 0.0025 Hz from 0.05 to 0.005 Hz.

All simulation runs used the same plane beach profile, § = 0.035, in order to fa-
cilitate comparison and more easily determine the current effects. The shallow water

approximation for edge wave dispersion of a plane beach is given by Eckart [1951] as

o’ = gl 2n+1)B (IIL.19)

where n is the edge wave mode number. An effective beach slope felt by the edge waves

in the presence of a longshore current, B.¢r, can therefore be defined as

02

Bey= s D) (I11.20)

allowing qualitative generalizations to be made regarding relative changes between the
beach slopes (true and effective) and edge wave characteristics as we introduce differ-

ent longshore current profiles (changing the effective beach profile).
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Figure III.2. Current profiles used for the test cases. The 16 runs have been broken

into 4 groups. A. Group A holds V,,,,, and x,, constant while varying x(V,,,,,). B. Group

B varies V,,,;,, holding the width and x(V,,,,,) constant. C. Group C holds V,,,, and the

ratio of x(V,,,,)/x,, constant but varies the width and location of the maximum. D.

Group D holds the landward face of the current to a constant shear, but varies all three

of the current parameters. Note the cross-shore scale is different for C.
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Effects on dispersion. Two general predictions can be made about the longshore
current effects on edge wave dispersion. First, we expect the response to be asymmetric
with regard to the direction of edge wave progression, and second, the maximum effect
should occur at an intermediate value of frequency, decreasing for both high and low
frequencies. The frequency dependence is related to the cross-shore scales of the edge
wave and the current. For high frequencies (high wavenumbers), the edge wave is held
tightly to shore and is not expected to see the entire current. For low frequencies, the
edge wave extends well beyond the range of the current and sees it as only a small per-
turbation. The effective beach profile, Eq. III.11, provides a convenient way to address
the changes to dispersion (Figure II1.3). Edge waves progressing into the current (V/c <
0) have an effective profile which is shallower than the true profile, Begs < B, thus [
should increase. The opposite holds for those waves progressing with the current, the
effective profile is deeper, resulting in an expected decrease in [k]. We also expect the
effects to increase as V increases which increases the departure of the effective profile

from the true profile.

Figure I11.4 plots the fractional wavenumber shift, K, for mode 0 edge waves as a

function of frequency for all cases. We define K as

K = P (II1.21)

with K being the wavenumber in the presence of the current and Kp being the wavenum-
ber on the beach in the absence of a current. Throughout these synthetic tests the signs
of k and x;, are negative for edge waves progressing in opposition to the current. Edge
waves progressing into the current are modified such that [k] becomes larger (positive
K). Those edge wave progressing in the direction of the current are modified such that

[x] becomes smaller (negative K).
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Figure II1.3. The effective beach profiles for 0.010 Hz mode 0 edge waves for cur-

rent run 2. The top panel shows the true beach profile and the current, while the bottom

panel plots #'(x). The resemblance of the profiles to either a terrace or bar and trough is

unmistakable. The solid line indicates the effective profile for edge waves progressing

with the current, the dashed line for edge waves progressing into the current.
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Several of the expectations are verified. First, at both high and low frequencies
the modification of the dispersion relation is generally small, with the maximum change
(of up to 80% for these currents), occurring at an intermediate frequency. Second, the
magnitude of the response is clearly asymmetric; the maximum |K] for edge waves pro-
gressing into the current is greater, and the frequency at which it occurs is higher. Third,
the magnitude of the change is a function of x(V,,,,) (Fig. Ill.4a), as well as the magni-
tude of V,,,, (Fig. IIL.4b).

The changes with increasing mode (equivalent to decreasing |x| and increasing the
edge wave celerity) are clarified by Figure IIL.S. The maximum KX shifts to higher fre-
quency as the mode increases. The effect on the mode 0 edge wave is greater than for
the other modes, for which the maximum effects are roughly equal. Figure II1.6 shows
the sensitivity to the match between the cross-shore scales of the edge wave and current
by plotting K vs. Ikix(V,,,,), a dimensionless representation of the scaling between the
offshore extent of the edge wave and the current (k = x/27t). We again see that an inte-
rior maximum occurs. For the high frequencies, (large klx(V,,,,)), the edge waves do
not extend very far seaward, thus only see a small part of the total width of the current.
The effective profile on which they exist does not depart greatly from the true profile.
Similarly, for the lowest frequencies, the increase in edge wave celerity (as || decreas-
es) acts to decrease the ratio (V/c), thus the departure of A'(x) from the true profile.
Throughout equations III.7 - I11.11, the dependence on the term 1-V/c or -6 +xV is ap-

parent.

Effects on cross-shore structure. The cross-shore dependence of an edge wave on

a plane beach in the absence of a current, given by Eckart [1951], is

0 (x) = A ML, (2kx) (II1.22)
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Figure IIL5. The effect on dispersion for modes 0-4 for current Run 2. The max-
imum effects are felt by the mode 0 edge waves. There is a clear increase in the frequen-
cy at which the maximum occurs as the mode number increases, suggesting a
relationship between the cross-shore extent of the edge wave and the magnitude of the

current effect.
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for n(x) and v(x), while u(x) varies as ¢,, where A,, is the shoreline value, and L,, is the
Laguerre polynomial of order n, (n being the mode number). The cross-shore scale of
the edge wave is clearly a function of ||, as |K] increases, the cross-shore scale decreas-
es. As is seen by comparing the different directions of propagation in Figure IIL.7, the
nodal locations are modified as expected; as |« increases for the edge waves progress-

ing into the current the nodal structure moves closer to shore.

It is also instructive to compare the cross-shore structure in the presence of a cur-
rent to that found on the plane beach of slope, B,z which results in the same c—x rela-
tionship (Eq. I11.20). A sample comparison is shown in Figure IIL.8. In this case, the
nodes for all three profiles («, v, and ) are shifted landward of their locations on the
equivalent plane beach. This figure also illustrates that the amplitudes of the antinodes
are also modified by the presence of a current, analogous to the changes reported by

Holman and Bowen [1979] and Kirby et al. [1981].

The impact of the current on the shape of v(x) can become larger than on u or 1.
Equation IIL.5 shows that v(x) includes an advective momentum term, uV,. This term is
important, particularly for the lower frequencies, where u remains relatively large at lo-
cations of sign changes in V,. The spatial structure of the v(x) profile is shown for the
first three modes at 0.01 Hz in Figure II1.9. The regions of large shear in the v(x) profiles
correspond with locations where the longshore current shear, V,, changes sign (x = 50
m), and decreases to near zero (x ~ 100 m). Note that the variance profile, v2(x), will be
different for the two propagation directions, and that, in the case of the mode 1 edge
wave, the uV, contribution is actually great enough to introduce additional zero cross-
ings into the v(x) profile. The +x edge wave profile now has 3 crossings, while the -k
edge wave has two. At the same cross-shore location, it is possible to be at a zero cross-

ing for an edge wave progressing one direction, while near a maximum in variance for
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DIRECTIONAL ASYMMETRY f=0.05 Hz
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into the current.




68

RUN 2 MODE -2 TRUE VS EFFECTIVE BEACH SLOPE f=0.05 Hz
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dle), and v (lower), (the dashed lines) in the presence of a current (Run 2) with the so-
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RUN #2 LONGSHORE f=0.010 Hz
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Figure II1.9. v(x) profiles for the first three modes at f=0.01 Hz for current Run
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5 changing sign at x = 50, then going to 0. at x ~ 100. The effect is to increase the num-
ber of zero crossing in this component of flow, and to significantly alter the variance
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and u (not shown) do not have the additional zero crossings.
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the edge wave progressing the other direction. These additional zero crossings are not
seen in the surface elevation profile, or in u(x). The asymmetry in the v(x) variance be-
tween the two directions of edge waves, obvious from consideration of Figure II1.9, will

be shown to be important for the correct interpretation of field data in the next section.
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Discussion

Implications for field data. The identification of low mode edge waves has recent-
ly been shown possible using the longshore component of flow measured by alongshore
arrays of bidirectional electromagnetic current meters deployed in the inner surf-zone
[Huntley et al., 1981, Oltman-Shay and Guza, 1987]. Critical to the interpretation of
these data has been correct prediction of edge wave dispersion, necessary for determi-
nation of the mode, as well as the cross-shore structure of the edge waves. These two
pieces of information are needed to transform V2(K',0') measured at the array to the

shoreline amplitude (and thus the energy) of the edge wave.

While the effects of longshore currents on edge wave dispersion have been dealt
with in the past by common sense and assumption (Oltman-Shay and Guza, 1987,
Howd et al., 1991a), the effects on the cross-shore structure of the edge wave, particu-
larly v(x), have not been considered. A recent experiment, DELILAH, hosted by the
Coastal Engineering Research Center’s Field Research Facility (FRF) in Duck, North
Carolina during October, 1990, provided an opportunity to test the utility of the im-

proved theory.

The study beach is located on the Atlantic coast of the United States in the center
of a 100-km long barrier island. The primary source of data for this work was the inner
array of current meters deployed in the surf zone, approximately 60 m from the mean
shoreline in approximately 2-m water depth, where they remained submerged at all
stages of the tide (Figure II1.10). Sensors were oriented such that +V currents (along-
shore) flow ‘south’ parallel to the beach. The gages were wired to a computer-based
collection system and were sampled at 8 Hz nearly continuously for a three week peri-

od. The FRF provided daily bathymetric surveys of the nearshore zone.
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A 3-hour time period beginning at 1117 EST on October 11, 1990 and bracketing
high tide has been selected to demonstrate the importance of the longshore current on
edge wave properties. This period of time was characterized by a stable, linear sand bar,
and a steady longshore current. The maximum mean (over the 3-hour period) longshore
current was -108 cm s°! (northward) in the trough of the bar, and decreased to -23 cm
s'! at the outermost current meter. The current was extrapolated beyond that point and

cubic-spline interpolated between the instruments (Fig. IT1.11).

Alongshore wavenumber-frequency spectra were estimated using the Iterative
Maximum Likelihood Estimator (IMLE) previously applied to surf zone data by Olz-
man-Shay and Guza [1987] and Oltman-Shay et al. [1989]. The alongshore component
of flow was used for the analysis as it provides a natural filter to remove high mode and
leaky wave variance as shown by Oltman-Shay and Guza [1987]. The first three edge
wave modes were modelled for the true morphology both with and without the mean
longshore current (Figure II1.12). Three areas will be discussed, the improvement in
prediction of dispersion, prediction of the transition frequency between modes, and pre-

diction of modal amplitudes.

The asymmetry produced by the current manifests itself in two ways (Fig.
I11.12b), asymmetric wavenumber shifts (note the difference between the magnitudes
of predicted plus and minus mode 0 wavenumbers at 0.05 Hz) and the compression of
dispersion lines for the negative wavenumbers (with the current) and the expansion of
the dispersion curves for the edge waves progressing against the current (positive wave-
numbers). The lower modes are shifted more than the higher modes, be it an increase
or decrease in |k]. While this makes separation of modes difficult for the edge waves
progressing with the current (negative wavenumbers in this case), it improves separa-

tion in the direction opposing the current.
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Figure II1.11. Beach and longshore current profiles used to solve for edge wave

characteristics on October 11, 1990.
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Figure I11.12. Frequency-wavenumber spectrum from October 11, 1990. The hor-
izontal axis is the cyclic wavenumber (k =1/Ly), the frequency (f= 1/T) is shown on the
vertical axis. The shaded squares represent concentrations of variance in k-f space, with
the darker boxes indicating a greater percent of that frequency band’s energy. The
height of the boxes is the frequency bandwidth, the width represents the half-power
wavenumber bandwidth of the spectral peaks which exceed the noise floor. The left
panel shows the numerical solutions, indicated by the %, for the dispersion without in-

cluding the effects of the current, the right panel solutions include the current.
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Figure II1.13 presents K as a function of frequency for the field data. Many of the
observations made with the synthetic tests hold here as well. The maximum effect
(~30% for the edge waves opposing the current, ~20% for the edge waves progressing
with the current) occurs at an intermediate frequency for mode 0. The maximum effect
decreases in magnitude and shifts to higher frequencies for the higher modes. In con-
trast with the synthetic cases, the peak effect is felt over a much broader frequency

range.

An excellent example of specific improvement in fitting modes to the data occurs
for positive wavenumbers in the frequency range 0.02 to 0.03 Hz. In the absence of the
current, (Fig. I1I.12a), the observed variance peaks fall cleanly between the predicted
mode 0 and mode 1 dispersion lines. Inclusion of the current in prediction of the dis-
persion lines, (Fig. III.12b), indicates that the edge waves are, in fact, mode 1. Similar
improvement occurs at other frequencies and wavenumbers, particularly the negative

wavenumber mode 0 edge waves.

Close examination of the data presented in Figure II.12 shows some important
details that are indicative of directional asymmetry. Most obvious is the dominance of
the negative wavenumber edge waves, which contain approximately 1.5 to 2 times the
variance of their positive wavenumber counterparts. Also, the mode 0 edge waves dom-
inate the negative wavenumber edge waves up to a frequency of ~ 0.027 Hz where we
begin to see evidence for mode 1 or 2 edge waves, while, for the positive wavenumber
edge waves, the transition from mode 0 to mode 1 occurs at a lower frequency, 0.023
Hz. The asymmetry may have two causes, differences in the forcing of the modes, or

the effects of the longshore current.

The modelled variance structure for mode 0-2 edge waves (all with shoreline am-

plitudes of 1 cm) as a function of frequency at the cross-shore location of the current
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Figure III.13. K vs. f for the field data from October 11, 1990.
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meter array addresses the longshore-current-induced asymmetry (Figure I11.14). In the
absence of a longshore current, the frequency where the mode O variance drops below
that of modes 1 and 2 would be the same for the two directions of edge wave propaga-
tion. The presence of the longshore current has caused shifts in the cross-shore shapes
of the edge waves such that the mode 0-1 transition occurs at 0.0275 Hz for negative
wavenumbers and at 0.024 Hz for the positive wavenumbers. The asymmetry of mode
transition seen in the data (Fig. 111.12) is clearly predicted by the inclusion of the long-

shore current.

As an example of the effect of the longshore current on observed variance levels
in the data, we will examine two frequency bands, those centered on 0.021 Hz and
0.040 Hz. Figure II1.15 plots the observed wavenumber spectra for these two frequen-
cies. The spectral peaks are clearly associated with the mode 1 (0.040 Hz) and mode 0
(0.021 Hz) edge waves predicted by the model.

The observed ratio between the peak variances of the mode 0 edge waves (—x/+K)
at 0.021 Hz is 2.52; in the absence of a current we would expect the —x edge wave to
have a similarly greater shoreline variance (and lead to the assumption of substantial
asymmetry in the forcing). However, the inclusion of the current effects in modelling
v2(x) results in edge waves with identical shoreline elevations having a ratio between
their variances of 1.96 at the array location (Fig. IIL.14). The ratio of these values indi-
cates that the negative mode 0 edge wave should have larger shoreline variance by a
factor of only 1.29 (2.52 +1.96) at the shoreline despite its much larger variance at the
array location. Failure to include the effects of the longshore current would result in an
overprediction by a factor of ~2 in the relative shoreline variances of these two waves.
Indications are that there is less asymmetry in the forcing than would have been previ-

ously predicted.
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A similar situation exits for the mode 1 edge waves at 0.040 Hz. The observed ra-
tio of —x to +« peak variance is 1.90. Again, iﬁ the absence of a current, we would as-
sume that this was a direct reflection of different shoreline variances. However, this is
misleading, as model results predict a much smaller ratio of 0.45 at the array location
for edge waves with equal shoreline amplitudes. In this case, the assumption of no cur-
rent effect would lead to an underprediction of the relative shoreline variance by a fac-
tor of ~4.22. In this case, there is a strong evidence of a much larger directional

asymmetry in the edge wave forcing.

The possibility of such strong asymmetry being introduced into the edge wave
V2(%) profiles by the longshore current make it important that the current be adequately
measured and accounted for in data analysis if the shoreline amplitudes of the edge
waves are required. This topic is discussed further in Oltman-Shay and Howd, in prep.,
in the context of a re-examination of edge wave amplitudes originally presented by Olt-

man-Shay and Guza [1987].

Modification of topography. Perhaps the most obvious impact of the inclusion of
the longshore current effects on models for the generation of topography due to edge
waves is the modification of the dispersion relationship. Edge waves of the same mode
and frequency progressing in opposite directions no longer have equal magnitude
wavenumbers. Thus a crescentic sand bar system, predicted for phase-locked edge
waves of equal frequency and mode, but opposite directions of progression, by Bowen
and Inman [1971], could be stretched into the oblique welded bar predicted by Holman
and Bowen [1982] for the case of two phase locked edge waves of equal frequency but

different |x] of opposite sign.

A more interesting role in the evolution of topography is suggested by the shapes

of the effective profiles. Recalling Fig. II1.3, the effective profiles are very reminiscent
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of either bar and trough topography for the edge waves progressing with the current, or
of terrace topography for those opposing the current. The possibility of feedback from
the effective topography (i.e. due to the longshore current structure) in the determina-
tion of the true topography will be briefly explored using one of the synthetic cases pre-

sented earlier; a test with field data is beyond the scope of this paper.

Following Hunt and Johns [1963] and Holman and Bowen [1982], the cross-shore
drift velocity of a progressive edge wave at the top of the bottom boundary layer, i(x),
can be expressed as
A -1 '
a(x) = ic (Buu, —xuv) (111.23)
and the x-dependencies on the R.H.S. are understood. We will examine the drift veloc-

ity defect, Adi(x), defined as

At (x) = @ (x) - iip (x) (111.24)

where fi(x) is the drift velocity on a plane beach in the absence of a current.

If the existing profile results from the balance between gravity (always working
down slope), the edge wave drift velocities, and the incident waves, we can conceptu-
alize the changes which will result from the modification of the edge waves (due to the
addition of a longshore current) in terms of the differential transport, which, after Hol-
man and Bowen [1982], should be of a form similar to

& C,p 16

Ai = 2T (sugAm

. I p (I11.25)

5 A
f‘ggﬁ)
wdx

where Aiy is the differential suspended transport in the cross-shore direction, uy is a

characteristic incident wave orbital velocity, p and w are the sediment density and fall
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velocity, and €; and C,; are an efficiency and drag coefficient, respectively, and finally,
h is the perturbation to the bed away from its old equilibrium position. The new equi-

librium profile is defined by the condition Ai, = 0 for all x giving

dj(y) = WA 1126
dhew = =5 (1L.26)

Integrating from deep water toward the shoreline gives the perturbation profile. The u,,
profile is specified as in [Holman and Bowen, 1982] for shallow water theory seaward
of the breakpoint (u, increases slowly to the breakpoint). A depth-dependent breaking
region with decreasing velocity has been added from the breakpoint to the shoreline.
Because u,, goes to zero at the shoreline, the integration of Eq. II1.26 is invalid very
close to shore. However, the tendency of the perturbation transport will be toward #,
thus a true bar or terrace on the beach profile will be reinforced if the perturbation pro-

file assumes the shape of the effective profile.

There are two primary contributions to Az(x), thus to the perturbation topography,
the shift of the nodal structure as k changes (due to the dispersion effects of the long-
shore current) and the ‘kinks’ in the v(x) profiles introduced by the longshore current
shear (Fig. I11.9, Eq. IIL.5). It is important to note that while the cross-shore location of
the nodal structure will change (and with it the preferred location of the sand bar) with
frequency and mode, perturbations to v(x) (and through Eq. II1.23, h(x)) resulting
from the longshore current shear change only in magnitude and have a fixed cross-shore
location (Eq. II1.5). This should provide a consistent cross-shore scale for the perturba-
tion topography (for one direction of edge wave progression) even in the presence of a
broad-banded edge wave field (where the nodes are not at a constant cross-shore dis-

tance).
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Figure I11.16 presents the perturbation profile for three (randomly selected) edge
waves progressing with the current. Recall the effective profiles for these edge wave
should look like a bar and trough (Fig. II1.3) . This figure serves to show the contribu-
tions of the two different current effects. The two low-frequency edge waves (the lower
panels) are modified strongly by the shear in the current, and predict a bar-like feature
~100 m offshore. For the higher frequency edge wave (upper panel), the pattern is dom-
inated by shifts in the nodal positions. The value of u(x) is near zero at x = 50 and 100
m where V, changes sign. Thus, the uV, contribution to the perturbation drift velocity
is small for this edge wave (Eq. II1.5 and II1.23).

A logical test of the robust nature of this hypothesis is presented in Figure I11.17
which shows the result of adding the perturbation profiles for all the modelled edge
waves, modes 0 to 4, with x > 0, for the frequency range 0.05 to 0.005 Hz. The total
perturbation profile predicts the formation of a sand bar 100 m offshore, the same loca-
tion predicted by the effective profile (Eq. II1.11). The longshore current effects may in
fact provide a positive feedback mechanism, through the effective beach profile, for the
evolution of the true profile. These results should not be interpreted as quantitative,
rather as a qualitative prediction of the tendency for sediment transport by edge waves
perturbed by a longshore current. Obviously the total transport of sediment in the surf

zone is much more corhplicated than allowed by the simple model presented here.

For the case of edge waves opposing the current, k < 0, the total perturbation pro-
file is indicative of a bar or terrace, much closer to the shoreline, as expected (Figure
I11.18). Note that for the net perturbation profile to look like either a bar and trough, or
a terrace, the edge wave field must be dominated by the “correct” direction of progres-
sion. Field data seem to indicate this is a more plausible senario than having the edge

wave field dominated by a single frequency as required by previous models for linear
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Figure II1.16. Profiles of the perturbation topography for edge waves progressing
with the current resulting from the introduction of a longshore current. The left panel
shows the profile for a 0.02 Hz mode 1 edge wave; the top right panel mode O at 0.01
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PERTURBATION PROFILE — ALL POSITIVE MODES
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Figure I11.17. Total profiles (h + k) for all edge waves modeled in Run 2 (modes
0 to 4) progressing with the current and with f less than or equal to 0.05 Hz. Bar and
trough topography with the same cross-shore scale as the effective profile (Figure 3) is
predicted. The perturbation topography has been arbitrarily scaled (for ease of visibili-

ty) to correspond with an edge wave shoreline amplitude of 50 cm.




87

PERTURBATION PROFILE — ALL NEGATIVE MODES
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Figure II1.18. Same as Figure II1.17, but for the edge waves progressing into the

current. A terrace is predicted.
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sand bar formation. Howd et al. [1991b] present an initial look at field data showing the
evolution of a linear bar during a storm and report that there are indications of the ef-

fective profile providing positive feedback to the evolution of the true profile.
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Summary

We have shown that longshore currents modify refraction in the nearshore wave
guide, changing the dynamics and kinematics of edge waves. A form of the linear, in-
viscid shallow water wave equation, which includes arbitrary longshore currents and
bathymetry, was derived. This equation provides a continuum of solutions between
gravity waves (either leaky or edge waves) and the recently discovered shear waves.
For edge waves and leaky waves, the current effects can be urlié;uely accounted for in
terms the effective beach profile, &' (x) = h(x) [:1 - Y—(cﬂil . The effective profile

is particularly useful in conceptualizing the combined effects of longshore currents and

variable bottom topography provided V/c <1.

Numerical solutions have shown the edge wave dispersion relationship and the
cross-shore shapes of edge waves to be sensitive to the presence of a current. Changes
to the edge wave alongshore wavenumber, K, of up to 80% are found for reasonable cur-
rent profiles, showing that the departure from plane beach dispersion due to longshore
currents can be of the same order as the effect of introducing non-planar topography.
Unlike non-planar topography, the longshore current introduces anisostropy into the
edge wave dispersion relationship, with |i] increasing for edge waves opposing the cur-
rent flow, and decreasing for those edge waves coincident with the flow. The cross-
shore structure of the edge waves is also strongly modified. As expected, as |k| increases
(decreases), the nodal structure shifts landward (seaward) from the positions in the ab-
sence of a current. In addition, the predicted variances away from the nodes, particular-
ly for the alongshore component of edge wave orbital velocity, may change
dramatically from the no-current case. Failure to account for these changes can lead to
incorrect identification of modes and large errors in the estimation of the corresponding

shoreline amplitude.
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The magnitudes of many of the edge wave responses are related to the ratio V,,,,/
¢, where V,,,, is the maximum current, and to the dimensionless cross-shore scale of
the current, [k|x(V,,,,), Where x(V,,,,) is the cross-shore distance to V,,,,. This is most
easily understood in terms of the effective profile and the strong dependence of the edge

waves to the details of the inner part of the beach profile.

Examination of field data supports the importance of correct modelling of long-
shore current effects. Inclusion of the current was needed for correct identification of
the different edge wave modes, and accurate estimates of their shoreline variances. For
the case discussed, the longshore current (maximum mean velocity of -108 cm s'l) pfo-
duced shifts in the dispersion relationship in excess of 20% over much of the infragra\}-
ity band. Errors of greater than a factor of 4 in relative shoreline variance were shown
possible if the current effects were not properly accounted for in interpreting data col-

lected from a current meter array located in the surf zone.

Inclusion of longshore current effects also has strong implications regarding the
role of edge waves in the generation of nearshore morphology. The most obvious of
these is the result of changes to the dispersion relationship. In the absence of a current,
up and down coast edge waves of equal frequency and mode have the same [«]. If the
waves are phase locked, a crescentic bar is expected to result [Bowen and Inman, 1971].
However, in the presence of a current, the |[x] magnitudes differ and presumably a more
complicated pattern would result, perhaps resembling the welded bar result of Holman

and Bowen [1982].

The most interesting effect is the positive feedback between the effective topog-
raphy and the true profile. The cross-shore component of the edge wave drift velocity
is modified in such a way that the effective topography is enhanced in the true profile.

The perturbation profile results from two effects, the shifting of the nodal structure as
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the current changes the dispersion relationship, and the importance of the longshore
current shear on the v(x) profile of the edge wave. Because the longshore current profile
is assumed fixed in time and space, it provides a consistent perturbation regardless of
edge wave frequency or mode. This is attractive because it provides an independent
cross-shore scale for edge wave generation of sand bars, requiring only that one direc-

tion of progression be dominant.
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CHAPTER FOUR:
INFRAGRAVITY WAVES, LONGSHORE CURRENTS,AND LINEAR SAND
BAR FORMATION

Abstract

A new hypothesis regarding the role of infragravity waves in controlling the for-
mation and offshore migration of linear (2-dimensional) sand bars is presented. The hy-
pothesis is dependent on the modification by strong longshore currents of the apparent
beach profile felt by edge waves A simple formulation for this effective beach profile
is presented. An initial test of the hypothesis that the true profile responds to the effec-
tive profile is accomplished using data collected at the DELILAH experiment. The re-

sults are encouraging.
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Introduction

The formation and subsequent migration of linear bars and bar systems is a prob-
lem that coastal researchers have pondered for many decades. Numerous theories have
been proposed, and can be roughly broken into two groups: those relying on incident
wave characteristics and their related cross-shore flow structure [Miller, 1976; Dally,
1987, among many]), and a second group focussing on the role of infragravity waves

[for instance Bowen, 1980; Holman and Bowen, 1982].

The most attractive of the incident wave theories rely on the wave-driven mean
cross-shore flow, the ‘undertow’, to transport sediment to the breakpoint where the cur-
rent disappears and a sand bar should form. Studies of sand bar formation in wave
flumes tend to support this theory [Sunamura and Maruyama, 1987; Dally, 1987,
among many others), however, field studies have indicated that the bar crest location
does not appear to be consistently tied to the ‘breakpoint’ position [Sallenger and
Howd, 1989]. The possible role of incident wave skewness and asymmetry changes

across the surf zone is an interesting, and ongoing topic of investigation.

Theories linking infragravity waves to bar formation began with the recognition
that both the cross-shore and alongshore length scales of the bars and the waves were
similar. Unlike reflected incident waves, which have nodes every 10-20 m in the cross-
shore, infragravity wave nodes are typically spaced at 100-200 m intervals, closely
matching the observed scales of sand bar spacing [Short, 1975; Bowen, 1980]. The re-
sults of Holman and Bowen [1982] convincingly show how many of the naturally oc-
curring beach topographies may be explained in terms of the drift velocity pattern of

interacting edge waves.
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Introduction of barred topography produces kinematic changes in edge waves
[Holman and Bowen, 1979; Kirby et al., 1981). Kirby et al. [1981] present numerical
solutions which show two kinematic effects, the relative amplification of edge wave
amplitudes away from the shoreline (compared to the plane beach case) and distortion
of edge wave shapes so that nodes in the cross-shore current are attracted to the bar
crest. Their results provide a mechanism for the stabilization of the bar crest in a pre-

ferred cross-shore location (the node of cross-shore velocity).

In the next section we will briefly, and to a large extent conceptually, explore the
role of the cross-shore structure of the mean longshore current, V(x), in modifying the
structure of edge waves in the nearshore. We will show that the effect of the current is
to produce an easily calculated ‘effective profile’ which we hypothesize to be respon-
sible for evolution of the true topography. A first test of this hypothesis is presented in

the Results section.
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Theory

One conceptual approach to understanding low frequency waves in the nearshore
is through the concept of a wave guide. A wave guide, either in a fluid such as the
ocean, or in a solid such as the earth’s crust, is simply a zone which contains a celerity
minimum. The nearshore, where wave celerities are a function of the water depth, has
a velocity minimum at the shoreline. The simplest nearshore wave guide, mathemati-
cally and otherwise, is a plane sloping beach (Figure IV.1). How low frequency waves
behave in this wave guide differentiate two types of surface gravity waves. Edge waves
are the discrete set of resonant motions trapped in the nearshore wave guide by reflec-
tion at the shoreline and refraction offshore. Leaky waves are those free waves which
escape from the nearshore wave guide to deep water upon reflection from the shoreline.
A critical alongshore wavenumber, x = 27t/L, of the motion separates the two regimes
with leaky waves satisfying || < 0‘2/g and edge waves falling in the range 0‘2/g <K<
GZ/gB on a plane beach (o is the radial frequency, g is the acceleration of gravity, and

B the beach slope). The sign of x determines the direction of wave progression.

There are two common properties of the nearshore which act to modify the wave
guide, sand bars and longshore currents (Figure IV.2). Sand bars modify the wave
guide by changing the water depth, thus modifying the celerity of waves. The sand bar
crest, a depth minimum, is also the location of a local celerity minimum. This can be
thought of as providing a focussing of wave rays at that location regardless of the di-
rection of wave propagation. A longshore current modifies the wave guide in a more
complicated manner. Those infragravity waves travelling into the current experience
‘refractive focussing’ at the cross-shore location of the maximum longshore current.

This response is very similar to the sand bar case. Infragravity waves travelling with
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THE NEARSHORE WAVE GUIDE: A VELOCITY MINIMUM ZONE

Leaky waves radiate seaward
Edge waves are trapped by refraction

Shoreline

Figure IV.1. The nearshore wave guide for the simple case of a plane sloping
beach. Edge waves are trapped to the shoreline by refraction while leaky waves escape

seaward.
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MODIFICATIONS TO THE NEARSHORE WAVE GUIDE

V(x)

<

SAND BARS LONGSHORE CURRENTS
DEPTH MINIMUM AT CREST CELERITY +V(x)
VELOCITY MINIMUM AT CREST - VELOCITY MIN/MAX AT V MAXIMUM
REFRACTIVE FOCUSSING ON CREST REFRACTIVE FOCUSSING INTO CURRENT
RESPONSE SAME BOTH DIRECTIONS REFRACTIVE DEFOCUSSING WITH CURRENT

Figure IV.2. Modification of the nearshore wave guide by either sand bars or

longshore currents.
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the current are defocussed at the longshore current maximum.

This conceptual treatment of the nearshore as a wave guide can be formalized in
a theoretical description of edge wave behavior by inclusion of variable topography and
longshore currents in the relevant governing equations. Holman and Bowen [1979] pre-
viously included the effects of arbitrary topography as have Kirby et al. (1981]. Howd
et al. (in prep.) were the first to include the effect of arbitrary longshore current as well.
They make three assumptions in their derivation. First, that the total velocity vector can
be written as U = (u, v+V), where the lower case variables, u and v, refer to the edge
wave orbital velocities in the cross-shore and alongshore directions, V to the longshore
current and u,v<<V. Second, they keep the resulting equations linear in u and v; and

third, they assume a wavelike solution of the form fix,y,f) = ¢(x)e’¥-0,

Applying these assumptions and definitions, and substituting in the equations for
conservation of mass and momentum results in the equation

ghn
{—" ]m[l____—“zg" }=0 (IV.1)
X

(-o+xV)° (-o+xV)?

where 1 is the surface elevation of the edge wave, h is the water depth, and g is gravity.
Subscripts indicate differentiation. It is understood that m}, V, and h are all functions of
the cross-shore direction, x. In the case of V(x) = 0, this reduces to the classical edge

wave equation (Eckart, 1951)

{gh?"} +n[1 - "Zih} =0 (IV.2)

10} o]

Of particular interest to this paper is the observation that if we make the substitution
in (1) of
h(x)

h'(x) = _—V()—z
X
=]

(Iv.3)
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where k'(x) is defined as the effective beach profile and ¢ = o/x is the edge wave celer-

ity, we get the result

£50) anf- ) o v

o

which is functionally identical to the classical edge wave solution of (2). This shows
that the effective beach profile, h'(x) as given by (3), is the beach profile which deter-
mines the modification of the edge wave dispersion relation and cross-shore depen-
dence of u, v, and . It is important to note that /'(x) derives its x-dependence from the
true beach profile, A(x), and the cross-shore structure of the longshore current, V(x), hot
from the magnitude of the celerity. The magnitude of the celerity does influence the
degree of amplification of features in the effective profile. The form of the effective
profile is influenced by the sign of the celerity, as one might guess from the discussion

of Figure IV.2.

Figure IV.3 shows the effective beach profiles for two edge waves on a plane
beach in the presence of a longshore current along with the solution for the cross-shore
shape of the cross-shore component of edge wave orbital velocity. There are two points
to be made with this figure; that effective beach profiles may take familiar looking
shapes, and that these shapes modify edge waves in an identical manner as true topog-
raphy. For the edge wave progressing into the current (the dashed lines) the effective
profile shows what could be interpreted as a bar crest or terrace edge at the location of
the maximum of the longshore current, and the second node of the cross-shore flow is
attracted to that location as well. For the edge wave progressing with the current (solid
lines) the effective profile shows a ‘trough’ at the location of the current maximum and
a ‘bar crest’ further offshore. Again the node is attracted to the bar crest as predicted by

Kirby et al., [1981].
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EFFECTIVE PROFILES
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Figure IV.3. Effective beach profiles for a mode 2 edge wave in the presence of
a longshore current. The current and true beach profile are shown in the top panel. The
current reaches a maximum of 1 ms! 70 m offshore. The bottom panel shows the ef-
fective beach profiles and the shape of the cross-shore component of the edge wave ve-

locity field.
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It was the observation of these familiar looking effective profiles and the resulting
modification of the edge waves which lead us to hypothesize the following scenario.
Strong longshore currents aﬁd a dominant direction of edge wave progression combine
to produce an effective beach profile significantly different from the true profile. The
edge waves are modified by the current such that the result is the true profile moving
toward the configuration of the effective profile. Thus we hypothesize that offshore mi-
gration of linear sand bars is due (at least in part) to the modification of progressive
edge waves by the longshore current. We will test this hypothesis in the next section,
but first it is instructive to give the conditions which need to be met by the field data in
order to test this hypothesis. First, we need the profile to evolve in the presence of
strong longshore currents. Next, the infragravity wave field should be dominated by
edge waves (as opposed leaky waves) and they should be dominated by one direction
of progression. This will result in a dominant effective beach profile, rather than a mix
of two shapes (refer to Figure IV.3). Finally, we clearly desire a period of two-dimen-
sional profile change as the theory does not address alongshore gradients of topography

Or mean currents.
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Field Study

The data used for this study were collected as part of DELILAH, a large multi-
agency experiment hosted by the Coastal Engineering Research Center’s Field Re-
search Facility (FRF) in Duck, North Carolina during October, 1990. This beach is lo-
cated on the mid-Atlantic coast of the United States in the center of a 100-km long
barrier spit. The mean foreshore slope is approximately 1:10 and decreases offshore to
1:100. Sand bars are common, are usually three-dimensional, but become linear during
storms [Lippmann and Holman, 1990]. Storms are also commonly accompanied by

strong longshore currents [Oltman-Shay et al., 1989].

The primary source of data for this work was an array of bidirectional electromag-
netic current meters deployed in the surf zone (Figure IV.4). Sensors were oriented
such that +V currents (alongshore) flow ‘south’ parallel to the beach. The gages were
hard wired to a computer-based collection system and were sampled at 8 Hz nearly
continuously for a three week period. The inner alongshore array of current meters (ap-
proximately 55m offshore in 2m water depth, hereafter referred to as the 2m array) re-
mained submerged at all stages of the tide. The incident wind wave climate was
sampled in 8 m depth using a 255 m long array of 9 bottom mounted pressure sensors

(the 8m array). The FRF provided daily surveys of the nearshore zone.

The 2m array current meter data were used to calculate the alongshore wavenum-
ber-frequency spectra for both the cross-shore and alongshore components of flow.
First, 3-hour time series were extracted from the original longer records in order to
bracket either high or low tide. Following routine processing, alongshore wavenumber-
frequency spectra were estimated using the Iterative Maximum Likelihood Estimator

(IMLE) previously applied to surf zone data by Oltman-Shay and Guza [1987] and Olt-
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107

man-Shay et al. [1989]. The cross-shore array of current meters has allowed us to de-
fine the V(x) profile. The 8m pressure sensor array allowed similar alongshore
wavenumber-frequency analysis and provided estimates of incident wave height, direc-

tion, and period.
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Results

For the purposes of this paper we will concentrate on the period from late on Oc-
tober 9 to early in the day on October 12. This roughly 3 day period was the time of
most active bar migration during the DELILAH experiment. Figure IV.5 presents time
series of relevant offshore wave and wind characteristics. Wave height at the 8m array
reached a maximum of 2.0 m early in the morning of the 11%. The peak direction at

that time was 40 degrees south of shore normal, and the peak period was 7.6 s.

Accompanying the increase in wave height and wind speed was the formation and
migration of a linear bar. Figure IV.6 shows the evolution of profile line 235, located
near the cross-shore array of sensors. There is little change in the profile between the
mornings of the 9th and 10%, active offshore migration between the 10® and 11, with
lesser change again by the morning of the 12, In all, the bar migrated 21 m seaward

during this period

In order to evaluate our hypothesis for this example of bar migration, several con-
ditions must be shown to exist. First, we will show strong longshore currents were
present; second, the infragravity wave field was dominated by unidirectional edge
waves; and third, while not shown, the evolution of the beach profile was essentially a
two-dimensional process. We will now turn our attention to these points. If the effec-
tive profile shows evolution which precedes the evolution of the true profile, then fur-

ther, more detailed testing of the hypothesis should be undertaken.

Throughout this time period the longshore current was strong (O 1m/s) and from
the south. Figure IV.7 shows the 3-hour mean V(x) at selected times during the period

of bar migration. The data from the working cross-shore current meters were horizon-
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Figure IV.S. Time series of incident wave parameters and wind speed and direc-
tion. The wave measurements are from pressure sensors in the 8m array. The anemom-
eter was located above the FRF building. All directions are reported in degrees
counterclockwise from shore-normal and are the direction from which the waves are
coming and toward which the wind is blowing. Measurements courtesy of Chuck

Long, FRF.
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tally shifted (based on the tide) to a common shoreline at x=0. Shifts were typically in
the range of 115-125 m. Interestingly, the maximum longshore current was always lo-

cated in the bar trough.

The infragravity wave field was found to be strongly directional and dominated
by edge waves. The direction of progression was north, as was the current. The dom-
inance of edge waves over leaky waves is most vividly seen in data from the 8m array,
but is also visible in k-f spectra calculated using the 2m array data. Typical examples
are shown in Figure IV.8. Spectra dominated by leaky waves would have concentration

of energy about k = 0. This is clearly not the case for these data.

The final check in this preliminary evaluation of this hypothesis is to look at the
evolution of the effective profile as defined by (3). This is shown in Figure IV.9. As
the infragravity wave field is dominated by edge waves progressing in the direction of
the current, a representative frequency (f = 0.02 Hz) and wavenumber (k = 1/L = -
0.0025) were chosen for presentation. Remember, the form of the effective profile, that
is, the location of the effective trough and crest, are determined by the cross-shore vari-
ability of the longshore current and the true profile, not by the magnitude of the edge
wave celerity. It is clear that as the storm progresses, the effective profile evolves in
much the same manner as the true profile (Figure IV.6). The initial response of the ef-
fective profile is for the trough to deepen as the current increases late on the 10th, and

for clear offshore migration of the effective bar crest on the 11th and early on the 12th.

Figure IV.10 shows the relationship between the offshore distances to the effec-
tive bar crest and to the true bar crest. In all cases the bar crest was defined as the cross-
shore location of the local depth minimum associated with the bar topography. We

made 8 estimates of the effective bar crest location, and there were four surveys of the
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LONGSHORE CURRENT EVOLUTION
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Figure IV.7. Evolution of the mean longshore current during the period of active

sand bar migration. Times indicate the start time of the 3 hour averages.
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Figure IV.8. Frequency-wavenumber spectra from late on October 10. From the
left, the data are from the 8m pressure array, the alongshore flow component of the 2m
array, and from the cross-shore flow component of the 2m array. The shaded boxes rep-
resent concentrations of variance in f-k space, with darker shading indicating a greater
percentage. The solid lines mark the dispersion curve for mode 0 edge waves on a plane
beach of slope 0.05, while the dots mark the numerical solutions for modes 0 and 1 tak-
ing into account the true profile and V(x). The two solid-line dispersion curves closely
bracketing k = 0 mark the leaky-edge wave cutoff. Clearly, the dominant infragravity
wave energy falls in the edge wave regime, with the negative wavenumbers indicating
nothward progression (in the direction of the longshore current). Also visible in the 2m
array data at negative wavenumbers with magnitudes larger than the mode 0 edge wave

is the distinctive shear wave pattern.
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true morphology during this period. It is clear that while the current remained large, the
effective bar crest was located seaward of the true bar crest position and bar migration

was in the direction of the effective bar crest.
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EFFECTIVE PROFILE EVOLUTION
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Figure IV.9. Evolution of the effective beach profile through the storm. The re-

sponse clearly mimics the evolution of the true profile.
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Summary

We have demonstrated that the concept of the effective beach profile may be use-
ful in examining the cause and effect of nearshore morphological evolution. The pre-
liminary results of this analysis suggest that the true profile evolves in a direction
toward the effective profile. This is in agreement with earlier results, particularly those
of Kirby et al. [1981] that suggested bars may well modify edge waves in a manner con-
sistent with enhancement of the bar shape. In this case, the bar shape is that provided
by the effective beach profile. A clear goal of future work will be a careful examination
of the modification of edge wave drift velocities by mean longshore currents, much in
the manner of Holman and Bowen [1982]. If the proposed hypothesis is found to with-
stand further scrutiny, it méy well be that longshore currents are responsible for the for-

mation and evolution of nearshore bar systems in ways we had not imagined.
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CHAPTER FIVE: GENERAL CONCLUSIONS

The wave-induced velocity field in the nearshore is composed of contributions

from incident wind waves (f > 0.05 Hz), surface infragravity waves (f<0.05 Hz, Ikl <

(0'2/g[3) and shear waves (f< 0.05 Hz, Ixl > o2/gP), where f is the frequency, ¢ = 27f, ¥
the radial alongshore wavenumber (2r/L, L being the alongshore wavelength), P is the
beach slope, and g is the acceleration due to gravity. Using an alongshore array of cur-
rent meters located in the trough of a nearshore bar (mean depth = 1.5 m), we investi-
gated the bulk statistical behaviors of these wave bands over a wide range of incident
wave conditions. The behavior of each contributing wave type was parameterized in
terms of commonly measured or easily predicted variables describing the beach profile,

wind waves, and current field.

Over the 10 day period, the mean contributions (to the total variance) of the inci-

dent, infragravity and shear wave bands were 71.5%, 14.3% and 13.6% for the along-

shore component of flow (mean rms values of 44 cm s'L, 20 cm s'1, and 19 cm s

respectively), and 81.9%, 10.9%, and 6.6% for the cross-shore component (mean rms

oscillations of 92 cm s'l, 32 cm s'l, and 25 cm s'l, respectively). However, the values
varied considerably. The contribution to the alongshore (cross-shore) component of
flow ranged from 44.8%-88.4%, (58.5%-95.8%) for the incident band, 6.2%-26.6%
(2.5%-32.4%) for the infragravity band, and 3.4%-33.1% (0.6%-14.3%) for the shear

wave band.

Incident wave oscillations were limited by depth-dependent saturation over the
adjacent bar crest and varied only with the tide. The infragravity wave rms oscillations
on this barred beach are best parameterized by the offshore wave height, consistent with
previous studies on planar beaches. Comparison with data from four other beaches of

widely differing geometries shows the shoreline infragravity amplitude to be a near
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constant ratio of the offshore wave height. The magnitude of the ratio is found to be de-
pendent on the Iribarren number, & = B(H/L;) /2. Shear waves are, as previous obser-

vation and theory suggest [Oltman-Shay et al., 1989a; Bowen and Holman, 1989],
significantly correlated with a prediction of the seaward-facing shear of the longshore

current.

It is well known that currents are capable of refracting surface gravity waves in
much the same manner as variable water depth. Thus longshore currents are expected
to modify refraction in the nearshore wave guide, changing the dynamics and kinemat-
ics of edge waves. A form of the linear, inviscid shallow water wave equation which
includes arbitrary longshore currents and bathymetry is derived. This formulation pro-
vides a continuum between gravity waves (either leaky or edge waves) on a longshore
current, and the recently discovered shear waves. In this paper we will concentrate on
gravity wave solutions for which |V/cl < 1, where V is the longshore current, and c is the
edge wave alongshore celerity. Interestingly, for gravity waves, the current effects can
be uniquely accounted for in terms of a modification to the true beach profile, allowing

. . v
the definition of the ‘effective beach profile’, &' (x) = h(x) [ 1- ——C—J , Where
h(x) is the true profile. The effective profile is particularly useful in conceptualizing the

combined effects of longshore currents and variable bottom topography.

To test the sensitivity of edge waves to mean longshore currents, we have numer-
ically solved for the dispersion relationship and the cross-shore shapes of edge waves
on a plane beach under a range of current conditions. Changes to the edge wave along-
shore wavenumber, K, of nearly 100% are found for reasonable current profiles, show-
ing that the departure from plane beach dispersion due to longshore currents can be of
the same order as the effect of introducing non-planar topography. These changes are

not symmetric as they are for profile changes; |«] increases for edge waves opposing the
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current flow (a shallower effective profile), but decreases for those coincident with the
flow (a deeper effective profile). The cross-shore structure of the edge waves is also
strongly modified. As expected, as |x] increases (decreases), the nodal structure shifts
landward (seaward) from the positions found on the test beach in the absence of a cur-
rent. In addition, the predicted variances away from the nodes, particularly for the
alongshore component of edge wave orbital velocity, may change dramatically from
the no-current case. Failure to account for these changes can lead to incorrect identifi-
cation of modes and large errors in the estimation of the corresponding shoreline am-

plitude.

The magnitudes of many of the edge wave responses are related to the ratio Vy,,,/
¢, where V,,, is the maximum current, and to the dimensionless cross-shore scale of
the current, [kx(V,,4,), Where x(V,,,,) is the cross-shore distance to V,,;,. This is most

easily understood in terms of the effective profile and the strong dependence of the edge

waves to the details of the inner part of the beach profile.

Inclusion of the longshore current also has implications regarding the role of edge
waves in the generation of nearshore morphology. The modifications to the wavenum-
bers of any two phase locked edge wave modes will change the morphology of a poten-
tially resulting sand bar. For example, in the absence of a current, two phase locked
edge waves of equal frequency and mode progressing in opposite directions are expect-
ed to produce a crescentic bar. However, in the presence of a current, the wavenumbers
would differ, stretching the expected crescentic bar into a welded bar. A more interest-
ing effect is the possibility that modifications to the edge waves due to the presence of
a virtual bar in the effective profile could lead to the development of a real sand bar on
the true profile. These modifications appear to be only weakly sensitive to frequency,
in contrast to the relatively strong dependence of the traditional model for sand bar gen-

eration at infragravity wave nodes.
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We have demonstrated that the concept of the effective beach profile may be use-
ful in examining the cause and effect of nearshore morphological evolution. The pre-
liminary results of this field data analysis suggest that the true profile evolves in a
direction toward the effective profile. This is in agreement with earlier results, particu-
larly those of Kirby et al. [1981] that suggested bars may well modify edge waves in a
manner consistent with enhancement of the bar shape. In this case, the bar shape is that
provided by the effective beach profile. A clear goal of future work will be a careful
examination of field data for the modiﬁcétion of edge wave drift velocities by mean
longshore currents, much in the manner of the methods of Chapter Three. If the pro-
posed hypothesis is found to withstand further scrutiny, it may well be that longshofe
currents are responsible for the formation and evolution of nearshore bar systems in

ways we had not imagined.
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