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The dynamics of the foreshore region on natural beaches were investigated using

detailed measurements of swash motions and topography under a wide range of

conditions. Swash kinematics, sampled using video image processing and resistance wire

gauges, were found sensitive to sensor elevation with the larger means and variances

nearer the beachface. Infragravity band (f < 0.05 Hz) swash heights were shown

proportional to offshore wave heights, with the proportionality coefficient dependent on

the Iribarren number.

Observations of infragravity band sea surface elevations were found to be consistent

with the linear theory for waves standing in the cross-shore. However, at very low

frequencies (f < 0.02 Hz), the observed, near-bed swash magnitudes were overamplified

relative to a best fit of the linear standing wave model based on the amplitude and phase

of the seaward observations. Alongshore wavenumber-frequency spectra indicated that

on average for frequencies between 0.025 and 0.05 Hz, the measured variance associated

with high mode edge waves andlor leaky waves was almost twice that of low mode (0

and 1) edge waves. At these same frequencies, the normalized wavenumber spectrum was

characterized by a single peaked, gaussian form centered at very low (but non-zero)

wavenumber. The width of the wavenumber peak decreased with increasing frequency.

Nondispersive, nongravity wave variance was also observed at low infragravity

frequencies (f < 0.025 Hz).

The hypothesis that fluid motions with a sinusoidal alongshore structure force

rhythmic topography was also investigated. Significant peaks in swash autospectra were
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typically absent at infragravity frequencies suggesting the lack of discrete wave motions.

Two distinct intervals of cusp formation were tested for synchronous or subharmonic

mode zero edge waves, but few suggestions of edge wave structures at periods consistent

with measured cusp lengths were found. Additionally, a new technique for measuring

rapid foreshore topographic change is presented. Under field test conditions, this

technique, which utilizes trinocular (three view) stereogrammetry, has a vertical accuracy

of between 1 and 3 cm, comparable to that of traditional surveying methods and to

theoretical expectations.
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FORESHORE DYNAMICS: SWASH MOTIONS AND TOPOGRAPHIC

INTERACTIONS ON NATURAL BEACHES

CHAPTER ONE: GENERAL INTRODUCTION

The nearshore has been defined as the oceanographic region where the presence of

the bottom significantly influences the overlying wave action. The motivation behind

research of nearshore processes is to understand the interaction between fluid processes

(waves, currents and swash) and the bottom topography. Under simple and even

moderately complicated conditions (such as those that can be created in the laboratory),

researchers have been moderately successful in describing observations of fluid motions

both theoretically and empirically. However, field studies of natural fluid motions

indicate that our knowledge is far from complete and that some of the dynamics remain

unaccounted for. In addition, existing models of fluid motions typically assume that the

beach is fixed for the timescales over which the waves are stationary, so that changes in

topography and changes in the fluid are viewed to occur independently. The interaction

between fluids and topography is further complicated because it can occur over a variety

of time scales from hours to years.

The topic of foreshore dynamics has been specifically identified as an area of

nearshore research for which significant advances in our understanding are possible

[Holman et al., 1990a]. The foreshore is defined as the section of intermittently wetted

profile between the most landward runup of ocean waves and the furthest offshore

rundown. One reason that makes the study of foreshore dynamics promising is that the

interaction between fluids and topography in the this region is obvious and rapid. For

example, on the Oregon coast, we have observed changes in the foreshore profile on the

order of a meter in just a few hours. A disadvantage of the foreshore is that sampling of

swash motions and corresponding topographic changes is difficult. In addition to being

located in a harsh environment, the ocean, these processes occur over spatially and

temporally extensive scales making traditional measurements of foreshore dynamics

logistically difficult and expensive. Fortunately, advances in the use of video image

processing (described in this thesis) have made accurate and detailed measurements of

swash and foreshore topographic features more feasible.
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For field data, the importance of waves with frequencies lower than the incident

waves has been identified. These infragravity waves, with periods greater than 20

seconds, are of particular relevance to the foreshore because they have been hypothesized

to represent cross-shore standing waves having their maximum amplitude at the shoreline

[Miche, 19511. Incident waves have been observed to be depth limited in shallow water,

such that the primary result of increasing incident wave heights during storms is to move

the location of wave breaking further offshore. In contrast, observations of infragravity

waves, having long length scales compared to their amplitudes, suggest that these waves

generally do not break in shallow water and are reflected at the shoreline [Guza and

Thornton, 1982; Holman and Sallenger, 1985] . Infragravity wave amplitudes also have

been shown to scale with the offshore height of the incident waves [Guza and Thornton,

1985; Holman, 1981; Howd et al., 1991]. These results indicate that during storms,

infragravity waves may become the dominant form of energy at the shoreline.

Although field data describing the dynamics of swash motions are scarce, data from

the surf zone shows the infragravity band to be comprised of gravity waves [Huntley et

al., 1981; Oltman-Shay and Guza, 1987] and energy at very low frequencies that has been

modeled as a vorticity wave resulting from shear instabilities in the mean longshore

current. Gravity waves have traditionally been decomposed into edge and leaky wave

types, which are distinguished from each other and non-gravity wave forms by distinct

dispersion relations. Edge wave modes are trapped by refraction to the nearshore, while

leaky waves propagate into deep water. There have been prior suggestions that the

gravity wave types contribute to infragravity swash variance, although the contributions

of variance by these wave forms to measured swash energy levels has not been

previously quantified. Using measurements from surf zone instrumentation, the majority

of shoreline elevation variance has been estimated to be due to high mode edge waves

and or leaky waves [Oltman-Shay and Guza, 1987]. Approximately 20% of the variance

was identified with low mode edge waves [Oltman-Shay and Howd, 1993].

This thesis has three primary objectives. The first is to characterize natural swash

kinematics at infragravity band frequencies. In Chapter Two, titled 'Runup kinematics on

a natural beach', runup kinematics on a gently sloping natural beach were examined with

detailed measurements from video images, resistance wires deployed at five elevations

(between 5 and 25 cm) above and parallel to the beach face, and pressure sensors located

in the inner surf zone. Observations were compared as a function of sensor elevation

above the bed, over frequency, and with distance offshore. On average, the higher means



3

and variances were found to occur closer to the bed. These trends, combined with the

high coherence and small phase difference between the video and the lowest wire,

demonstrate that the video-based estimates correspond to a very near-bed (less than a few

centimeters elevation) measurement. This chapter is to appear in the Journal of

Geophysical Research [Holland et al., 1995], and is co-authored by Ms. Britt

Raubenheimer, Dr. Robert Guza, and Dr. Robert Holman. Ms. Raubenheimer and Dr.

Guza provided a significant portion of the data and made helpful suggestions for the data

analysis and text improvement. Dr. Holman, co-author on all of the chapters, provided

advice on all aspects of the preparation of this thesis.

The second objective, which is closely linked with the first, is to provide an overview

of the dynamics involved, specifically with regard to the contributing wave types and

environmental parameters controlling swash variance. This objective is addressed in both

Chapters Two and Three. In Chapter Two, we show that the measured increase in runup

excursion with decreasing sensor elevation and the cross-shore variation in measured

amplitudes and phases are consistent with the theory for linear, inviscid, normally

incident standing waves (leaky waves). However, at very low frequencies, where

reflection is typically assumed complete and dissipation negligible, the observed, near-

bed swash magnitudes are overamplified relative to a best fit of the linear standing wave

model. The magnitude of the discrepancy varies as a function of sensor elevation and of

frequency, with the maximum overamplification of the swash measurements

(approximately 2.5 times that predicted using linear theory) occurring at the lowest well-

resolved frequency (0.005 Hz) and lowest sensor elevation.

The contributing dynamics were more fully investigated in Chapter Three. This

chapter describes the wavenumber-frequency structure of infragravity swash motions in

terms of the specific wave types involved. We confirm the correlation between

infragravity energy normalized by offshore wave height and the Iribarren number

describing the ratio of beach steepness to wave steepness. Infragravity swash motions are

shown to have a relatively featureless frequency spectrum and a concentration of gravity

wave energy at low wavenumbers. We also determine that high mode edge and leaky

wave variance dominated low mode variance at the shoreline. Interestingly, energy

outside of the gravity wave regime was often obvious. We note that this energy (which is

a possible explanation for the overamplifications measured in Chapter Two) was

consistent with the typical shear wave signature in frequency and wavenumber space,

however, the variance levels were not significantly correlated with the seaward-facing

shear of the alongshore current. Chapter Three will be submitted to the Journal of
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Geophysical Research and is co-authored by Ms. Christine Valentine and Dr. Holman.

Ms. Valentine provided related results that proved helpful in the synthesis of the swash

frequency spectra.

While the first two objectives pertain primarily to fluid motions, the third objective

concerns how fluids and topography may interact. The objective, to test a simple model

for the development of rhythmic foreshore topography due to infragravity swash motions,

is presented in Chapter Four, Field observations of beach cusps and swash motions."

The idea is that infragravity waves, specifically mode zero edge waves, have longshore

length scales similar to those of observed morphology such as beach cusps. An objective

test was developed to distinguish whether edge waves of the appropriate wavelength were

present during two well sampled events of cusp formation. Measurements of swash

motions were analyzed in terms of a linear model and showed few suggestions of edge

wave presence. This result lead us to conclude that another mechanism may account for

the observed cusp fields. This chapter will be submitted either to Coastal Engineering or

Marine Geology.

In Chapter Five, we present a newly developed, video technique that may aide in the

determination of how cusps form because it measures the fluid forcing and topographic

response simultaneously. This automated technique utilizes trinocular (three view)

stereogrammetry to recover topographic information from a set of synchronous,

overlapping video images. Field testing of the stereographic method suggests that densely

spaced topographic measurements can be made to an accuracy of better than 3 cm. This

chapter has been accepted for publication by the Journal of Coastal Research.



CHAPTER TWO: RUNUP KINEMATICS ON A NATURAL BEACH

Abstract

Runup kinematics on a gently sloping natural beach are examined with detailed

measurements from video images, resistance wires deployed at five elevations (between 5

and 25 cm) above and parallel to the beach face, and pressure sensors located in the inner

surf zone. As suggested in a previous study comparing a single-level resistance wire and

manually digitized films, runup measurements are sensitive to the sensor elevation above

the bed, owing to the elongated shape of the runup tongue. The measured mean runup

elevation (setup) and vertical excursion increase as the sensor elevation decreases, with

the video-based runup estimates having the maximum means and variances. For the six

data runs the average ratios of the video-based setup and significant runup excursion to

estimates based on wires elevated 15 cm above the bed are 2.7 and 1.5, respectively.

These trends, combined with the high coherence and small phase difference between the

video and the lowest wire, demonstrate that the video-based estimates correspond to a

very near-bed (less than a few centimeters elevation) wire measurement. The measured

increase in runup excursion with decreasing sensor elevation and the cross-shore

variation in the amplitudes of pressure fluctuations at infragravity frequencies, are

consistent with the theory for linear, inviscid, normally incident standing waves. For

example, valleys in the pressure spectra occur at approximately the predicted standing

wave nodal frequencies. Also in accord with small-amplitude wave theory, observed

swash excursions are nearly identical to pressure fluctuations at the location of the

measured runup mean (for pressure sensors located seaward of the most offshore bed-

level rundown). However, at very low frequencies, where reflection is typically assumed

complete and dissipation negligible, the observed, near-bed swash magnitudes are

overamplified relative to a best fit of the linear standing wave model based on the

amplitude and phase of the seaward observations.

I. Introduction

Wave runup is loosely defined as the location of the moving point of beach-ocean

intersection and is typically expressed in terms of its vertical excursion. Simple models

{Miche, 19511 assume that runup oscillations represent the standing component of the

incident wave field because the progressive component decays through dissipation to zero



amplitude at the shoreline. Field studies confirm that runup spectra at infragravity band

frequencies are often dominated by waves with a standing structure in the cross-shore

direction [Guza and Thornton, 1985; Huntley, 1976; Suhayda, 1974] (and many others).

Holman and Guza [19841 (hereafter HG84) compared runup measured using

manually digitized photographic films (visually estimated to sample a mean depth of 0.5

cm) with runup measured with resistance wire sensors elevated either 3 or 5 cm above the

bed. Although spectral shapes were generally similar, substantial differences were found

in the runup mean and variance and were attributed to thin tongues of runup sensed by

the photographic technique, but not by the elevated wire. Therefore variations in runup

sensor elevation could greatly affect estimates of surf zone infragravity wave motions

based on runup measurements.

We present observations of runup on a natural beach which further define variations

in runup kinematics as a function of sensor elevation. These detailed observations include

runup from a newly developed video image processing technique and from a stacked

array of resistance wire sensors deployed from 5 to 25 cm above the bed and sea surface

elevation inferred from a cross-shore transect of pressure sensors in the inner surf zone.

The experiment (described in section 2) results further illustrate the sensitivity of runup

measurements to sensor elevation suggested by HG84 (section 3). We chose to explain

these observations using theory for linear, inviscid, normally incident standing waves

(section 4). For the most part, the standing wave theory serves as an excellent description

of our observations. However, at low infragravity frequencies the near-bed swash

excursions are larger than is expected based on the offshore standing wave structure and

linear theory. The implications of these findings are discussed in section 5.

2. Methods

Data were collected at Scripps Beach, California, from June 26-29, 1989. This fine-

grained (mean diameter roughly 0.2 mm) sandy beach has a concave-up profile (Figure

II. 1) with an approximate offshore slope of 0.01. Best fit foreshore slopes
13

over the

region between maximum runup and minimum rundown varied between 0.030 and 0.043

(Table 11.1). Changes between consecutive daily profiles were small, typically about 5cm

in the swash region, so profile changes during the data runs were assumed negligible.

Runup was measured with five resistance wire sensors (each similar to the single

elevation sensor described by Guza and Thornton [1982]) stacked above the bed at
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Table 11.1. Data Summary

Run Date Time, Duration, - H,, RS.RO, P
UT hours ' cm cm

cm
1326 June 26, 1989 1355 1.3 60 64 60 0.043
1327 June27, 1989 1315 1.2 32 87 62 0.041
1228 June28, 1989 1200 1.0 18 82 40 0.030
1428 June28, 1989 1408 0.9 30 82 47 0.039
1229 June29, 1989 1250 1.5 9 59 39 0.035
1429 June29, 1989 1451 1.2 35 58 43 0.040

Abbreviations are rl, still water level; H, significant wave height; RR(, significant
vertical runup excursion at Ro; and 1, best fit foreshore slopes.



elevations = 5, 10, 15, 20, and 25 cm. These sensors are denoted R5, RiO, ... R25. The

1-cm diameter rods supporting the 60-rn long wires had no visible influence on the

measured wave runup. Wires at each elevation measured the cross-shore location

shoreward of which the water depth was less than the appropriate value. The horizontal

resolution of the wires was less than 1 cm. The vertical runup component relative to a

known datum was calculated using the beach profile h(x) and the individual sensor

height. Pressure sensors were located at various positions along the transect and are

denoted by their cross-shore coordinate (i.e., P108 is located at offshore coordinate 108

m, Figure 11.1).

Runup was also measured with video cameras overlooking the runup gauge transect,

following an extension of the method outlined by Aagaard and Hoim [1989]. Using the

known geometric transformation between ground and image coordinates (resolved to

within 1 cm vertically), the light intensity of each picture element (pixel) in the cross-

shore transect was digitized. Plate 1 is a timestack of pixel intensities showing temporal

and spatial runup variations. The runup position at each video sample time is the most

landward identifiable edge (i.e., intensity gradient). The following results suggest a video

sampling depth of less than a very few centimeters, consistent with the rough visual

estimate of 0.5 cm (HG84). For this reason, the video will subsequently be referred to as

a "bed-level" sensor and will be denoted as RO. HG84 discuss the logistical problems and

advantages and disadvantages of the video and wire measurement techniques.

Video and wire runup measurements, superimposed on the timestack, (Plate 1)

overlap when the leading edge of the uprush is a steep faced bore with height exceeding

the elevation of the highest wire but are displaced and roughly parallel when the runup or

rundown has an elongated tongue shape. As the sensor elevation decreases, the

measured uprush extends farther landward, the downrush begins later, and the magnitude

of high-frequency fluctuations appears to decrease relative to low-frequency fluctuations.

The measured swash oscillations are obviously influenced by &

Six data runs were collected over a 4-day period with an 8-Hz sampling frequency

and record lengths varying from 50 to 90 mm. The time series were quadratically

detrended to suppress tidal fluctuations. In the 1326 run (run names correspond to the

starting hour and date of each data record), R5 and R20 were not usable because of kelp

entangled in the wires. As part of an ongoing monitoring program [Seymour et al., 1985],

incident waves were measured every 6 hours in 7 m depth, a few hundred meters offshore
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Plate H. 1. Video timestack for the 1229 run showing runup as a function of sensor
elevation 6. Intensity patterns vary with time (down the page) and with cross-shore
position (across the page). Line colors indicate the runup location at the various sensor
elevations above the bed as follows: red (0 cm), cyan (5 cm), magenta (10cm), blue (15
cm), yellow (20 cm), and green (25 cm).
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and alongshore of the runup measurements. The spectral peak was typically 0.1 Hz, and

significant wave heights H, ranged between approximately 60 and 90 cm (Table 11.1).

The still water level f relative to a mean sea level datum was estimated from a nearby

tide gage outside the surf zone.

3. Runup Statistics

Figure 11.2 shows the dependence of the measured setup elevation (the superelevation

of the mean vertical runup level R above the offshore still water level) and significant

vertical runup excursion R, (calculated as 4s, where s2 is the total variance of vertical

runup fluctuations about the mean) on 6. Consistent with the time series shown in Plate

11.1, both the setup and the significant runup excursion (each normalized by the offshore

significant wave height) increase with decreasing 6. In most cases, owing to the

sensitivity of thin tongues to runup, the increases are largest for sensor elevations less

than 10 cm. For example, the average normalized setup from RO (the video) is

approximately 3 times that measured by R15 (the middle wire), which is itself about 1.5

times the setup on the uppermost wire, R25 (Figure II.2a). Similarly, the significant runup

excursions at RO are roughly a factor of 1.5 greater than those at R 15, whereas 1?,

estimates from the three highest sensors are quite similar.

Runup spectra (representative examples are shown in Figure II.3a) have maximum

power at infragravity frequencies (less than 0.05 Hz), typical of low slope beaches. The

increase in runup excursion with decreasing 6 (Figure II.2b) is due to a monotonic

increase in infragravity energy. Nonmonotonic changes in higher-frequency energy have

little impact on the total variance. Coherence and phase differences between RO and all

higher wires are shown for the 1229 run in Figures II.3b and II.3c. At frequencies below

0.02 Hz the squared coherence is high (>0.6) and the phase difference is nearly zero.

With increasing frequency and wire elevation the coherence drops and phase differences

with RO increase (wires lead RO). The highest coherence and smallest phase differences

are between RO and R5. The trends (with 6) of the runup statistics (Figure 11.2) and of the

coherence and phase (Figures II.3b, and II.3c) appear consistent with a 6R0 of less than a

few centimeters. There is no indication that the video differs substantially from a very

near bed wire.
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4. Comparison With Linear Theory

At approximately 0.035 Hz (a spectral valley for R25) the coherence between RO and

R25 drops and the phase jumps about 180° (Figures ll.3a, II.3b, and II.3c). The R0R20

cross spectrum has similar characteristics. Coherence drops and phase jumps between RO

and the upper wires (also seen in the 1228 run) are similar to those observed between

runup and inner surf zone pressure measurements and attributed to standing wave nodal

structure (Suhayda [1974J and many others). The very similar spectra, high coherence,

and the near-zero phase difference between P62 and R25 (XR25 = 62.2 m) confirm that

runup measured with wires elevated above the bed can closely approximate those from

collocated pressure sensors (Figure 11.4). Note that the P62-RO pair has a phase jump and

drop in coherence very similar to that between R25 and RU. This similarity between

runup measured with the upper wire and sea surface elevation measured with a fixed

pressure sensor (located at the mean runup) is expected for small-amplitude waves,

because the horizontal position of the runup never varies substantially from its mean

cross-shore position XR8. The coherence drop between R25 and P62 that occurs with no

corresponding, consistent change in phase suggests that both sensors are located at a

cross-shore node for 0.035 Hz. Results are similar (not shown) for other approximately

collocated wires and pressure sensors when the cross-shore mean runup location is

seaward of the most offshore bed-level rundown. Spectra from a sensor at lower (such

as RU or R5) and its collocated pressure sensor cannot be similarly compared, because the

pressure sensor is located landward of the most offshore bed-level rundown and therefore

only records a partial swash cycle. During extreme rundown the collocated pressure

sensor measures the roughly constant pressure of the saturated sand overburden, whereas

the runup sensor records the entire swash cycle.
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Figure 11.3. For the 1229 run, (a) spectra for all runup sensors, (b) squared coherence,
and (c) phase for the 1229 run as a function of ö and frequency. Coherence and phase
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The coherence and phase observations appear at least qualitatively consistent with our

expectations for standing waves. To more rigorously test this hypothesis, the data were

compared to the theoretical cross-shore structures of small amplitude, shallow water

waves fully reflected at the shoreline. Assuming surface elevations of the form r = a, cos

(01), where c is the radial frequency and a, is the wave amplitude at the shoreline,

predicted standing wave magnitudes,
I

(x) and the corresponding phase structures were

calculated for the measured bathymetry seaward of the still water shoreline. Following

Holman and Bowen [1979], we numerically solved the linear shallow water equation,

dd)

where h(x) is the water depth below the still water level and g is the gravitational

acceleration. The two shoreline boundary conditions were determined by defining (x=0)

1, expanding h(x) and (x) as power series and equating coefficients of like powers.

Possible setup effects were neglected. Although the above model applies only to leaky

waves, it can be shown that the amplitude decay scale, $Thx at h=0, is the same for all

linear free waves and is, for near planar foreshores, approximately _cy2/(g3) where 13 is the

mean profile slope in the vicinity of the shoreline.

Figure 11.5 shows the measured cross-shore variation in wave magnitude and phase

for run 1229 at frequency 0.035 Hz. The two predictions shown are relative to the

measured shoreline magnitudes of RO and R5. Although there appears to be some

residual progressive energy (indicated by the ramplike phase variation), the observed

magnitudes and phases compare reasonably well with the linear theory predictions for a

normally incident standing wave. The general agreement between theory and

observations strongly supports the standing wave interpretation, as suggested in previous

studies which used a single runup wire and offshore pressure gauges or current meters.

Note, however, that in the present results which use runup measurements at multiple

sensor elevations, the decrease in relative wave magnitude with increased runup sensor

elevation is also well predicted.

The comparison of model and data in Figure 11.5 could be made more diagnostic if

the magnitude and phase information could be combined to produce a single, signed

amplitude plot. In the present paper this was accomplished in two steps. First the

cross-shore structure of the data was quantified using frequency domain, complex

empirical orthogonal function (EOF) decomposition of the cross-spectral matrix between
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all instrument pairs [Wallace and Dickinson, 1972]. Note that a priori selection of a

reference sensor for phase calculations is not required (phase data from Figure 11.5 is

based on only the last column of the cross-spectral matrix). Complex eigenvectors can

also be expressed in terms of real and imaginary components. If the vector elements are

plotted on the real-imaginary plane, the pattern of points is diagnostic of the associated

wave type. The points for a purely progressive wave in constant depth will define a circle

(or the arc of a circle if the array is shorter than a wavelength), while for a primarily

standing wave the points will be distributed along a principle axis. Thus the final step for

calculation of a signed amplitude function A (x) for such a standing wave is the projection

of the vector elements onto the principle axis. A qualitative measure of the relevance of

the standing wave assumption is given by the percentage of variance (in the real-

imaginary plane) explained by that projection. Amplitude distortions introduced by

assuming the magnitude structure is purely real (i.e., neglect of imaginary components)

are estimated to be less than 10% for frequencies less than or equal to 0.035 Hz.

To compare observed, signed amplitude structures, A(x), with the linear standing

wave model a.(x-2)), the best fit shoreline amplitude and shoreline position were

estimated using a least squares approach (for each frequency the sum of squares error was

found for a range of choices of . with the best fit values being associated with minimum

error). At low frequencies for which there is little cross-shore structure, the error is only

weakly sensitive to . At higher frequencies, where the cross-shore structure is more

complex, the estimates of ,, are well constrained. A typical error bar for (based on the

sum of squares error being within 50% of its minimum value) is approximately ±2.5 m.

For run 1229 at 0.03 5 Hz the magnitude and phase (Figures II.6a and II.6b) of the

first (dominant) complex eigenvector, which explains approximately 85% of the variance

in this band, is quite similar to the measured magnitude structure (Figure 11.5) and

consistent with the standing wave interpretation. The observed cross-shore structure of
normalized signed amplitudes [(x) = A(x)/] closely matches the standing wave model

(Figure II.6c). Note that the location of the first node at approximately 62 m corresponds

to the mean cross-shore location of R25, consistent with the spectral valley and phase

jump shown in Figures 11.4 and 11.5. Runup observations landward of the best fit

shoreline cannot be explained in terms of the linear model.
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Figure 11.7 shows the observed normalized amplitude structure, OhS(x), and the

corresponding best fit linear solution 4(x) for three frequencies from run 1327. Measured

and predicted phase structures are also shown for comparison. For each frequency the

linear standing wave model agrees very well with the observed signed amplitude

structure over most of the array despite the drift in phase (Figure 11.7, bottom) that

appears related to a mix of some progressive energy with the standing motion. However,

as decreases, discrepancies from the model are evident as overamplification (most

obvious at lowest frequency), defined as normalized observed amplitudes greater 1.0.

Because the observed /ax slopes of the runup sensors for frequencies 0.005 and 0.0 15

Hz (Figure 11.7, top and middle) are substantially steeper than the shoreline slope of the

linear model, these overamplifications cannot be explained using linear theory in terms of

either edge or leaky waves. In contrast, the near-bed overamplification in Fi.gure 11.7,

bottom, (and also Figure II.6c) could possibly be due to the presence of low mode edge

waves. Comparison of observed and predicted shoreline slopes for all runs indicates that

nearbed signed amplitudes are, on average, incompatible with linear theory for

frequencies below 0.02 Hz.

The consistent overamplification at low frequency and low is demonstrated by the

average and range over the data runs of )/4(ö) (Figure 11.8). All EOFs explain at

least 77% of the band variance (the average percentage is 84%). For sensors with mean

positions landward of the estimated shoreline, () was set to 1.0. A general trend of

decreasing overamplification with increasing is evident for the two lowest frequencies

with the maximum ratios at RO. The largest observed signed amplitude was 2.5 times

greater that expected using linear theory and occurred at lowest frequency. As frequency

increases, however, the consistency of the trend disappears (Figure 11.8, bottom). These

results indicate that overamplifications are largest at low infragravity frequencies and

small ö.



21

V
C

E
C. C.)to 0

I- 0
I- C

0

/.JI

Figure 11.7. Normalized signed amplitude (left) and phase (right) for frequencies
0.005 (top), 0.0 15 (middle), and 0.030 (bottom) Hz for run 1327.



3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.0

2.5

2.0

obs 1.5

0 1.0

0.5

0.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

- .,- T
I

0 5 10 15 20 25

5 [cm]

22
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5. Discussion

Sea surface and pressure fluctuations in the surf zone at infragravity wave frequencies

where the nearshore wave field is primarily standing have previously been qualitatively

well modeled using runup measurements and linear theory in both the lab and the field

[Guza and Bowen, 1976b; Suhayda, 1974] (and others). In these prior studies the mean

shoreline location was defined as the horizontal position of the mean runup and the runup

sensor elevation was implicitly assumed to be unimportant. However, our observations

demonstrate that runup variance depends on 6.

At low infragravity frequencies (f< 0.02 Hz) we observed nearbed runup amplitudes

substantially greater than that estimated from the nearshore wave field assuming linear,

normally incident waves (Figure 11.8, top and middle). The influence of low mode edge

waves has been suggested to explain similar results in previous data sets [Guza and

Thornton, 1985; Oltman-Shay and Guza, 1987]. However, for these very low frequencies,

neither leaky nor edge waves can explain the short cross-shore scale of the

overamplifications. Yet these near-bed discrepancies from linear theory are not entirely

unexpected. Nonlinear bore models for the runup of random waves have been developed

and show marked differences from their linear counterparts (Raubenheimer et al. [1995]

provide an example of a nonlinear model compared to these data). Further investigation

may help clarify the cause of the overamplification and its dependence upon amplitude,

beach slope, and/or some other variable in addition to wave frequency. In any case, users

of linear theory predictions and reflection coefficient estimates that incorporate

infragravity frequency runup measurements on low sloping beaches should be aware of

the potential complexity of this region.

6. Conclusions

Results from a field experiment on a low slope beach demonstrate the dependence of

runup kinematics on sensor elevation 6. Runup mean and excursion measured with

resistance wire and video techniques increase with decreasing 6 with the largest changes

occurring for 6 less than 10 cm. Energy levels in the infragravity frequency band, which

dominate the runup spectra, increase with decreasing 6. No fundamental differences

between video and wire runup sensor types are apparent. In addition, measured runup

excursions at 6 > 20 cm appear equivalent to collocated pressure fluctuations, an

observation in accord with linear small-amplitude wave theory. At low infragravity
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frequencies (f < 0.02 Hz), cross-shore standing wave patterns are observed, however,

discrepancies are evident between the measured near-bed runup and linear standing

waves. The magnitude of the discrepancies varies as a function of and of frequency,

with the maximum overamplification of the swash measurements (approximately 2.5

times that predicted using linear theory) occurring at the lowest well-resolved frequency

(0.005 Hz) and lowest &
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CHAPTER THREE: WAVENUMBER-FREQUENCY STRUCTURE OF

INFRAGRAVITY SWASH MOTIONS

Abstract

Infragravity wave (f < 0.05 Hz) energy at the shoreline has traditionally been

considered to result from surface gravity waves generated by the nonlinear interaction of

incident wind waves; however, the interaction and contribution of gravity (and possibly

riongravity) wave types to swash motions has not been previously quantified. Using video

measurements spaced in the longshore, the present study sampled swash time series over

a wide range of environmental conditions to establish the alongshore wavenumber and

frequency structure of infragravity band swash. Statistics averaged over the 26 longshore

locations showed as strong correlation between significant swash heights and offshore

wave heights. The typical frequency spectrum was white with few statistically significant

peaks. However, peaks in wavenumber-frequency spectra were apparent. Variance

partitioned over wavenumber and frequency (separating low mode (n 1) edge waves

from high mode edge and/or leaky waves, and at lower frequencies, gravity from

nongravity wave types) indicated that on average 64 ±11% of the infragravity band

variance in shoreline motions could be described as the sum contribution of spectral

peaks within the four partitions. Most of this variance was expressed as surface gravity

waves concentrated around a single, low (but nonzero) wavenumber peak. The width of

the peak (in nondimensional wavenumber space) was observed to decrease as frequency

increased. For the frequency band 0.025 <f < 0.05 Hz, 48% ± 16% of the variance was

associated with high mode edge waves and/or leaky waves, while approximately half of

that amount was matched with low mode edge waves. Surprisingly, a substantial portion

of the variance (19 ± 8%, with a maximum of 44%) within the lower infragravity

frequency band (f < 0.025 Hz) was identified as a nondispersive wave form with

wavenumbers well outside of the gravity wave domain. The wavenumber and frequency

characteristics of this energy mimics the signature of a type of instability wave previously

observed in the surf zone, but never at the shoreline, that results from a strong cross-shore

shear of the mean alongshore current. The nongravity swash variance showed no

significant dependence on mean alongshore current or mean alongshore current shear,

and nondispersive wave celerities measured in the swash zone were found to differ from

celerities measured further offshore, suggesting that the forcing mechanism for the

nondispersive swash motions is very likely different from the traditional mechanism for
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shear waves in the surf zone. Leaky and low frequency gravity wave variance levels were

found to be significantly correlated with offshore incident wave height, while low mode

edge and nongravity wave variance was more strongly correlated with foreshore slope.

1. Introduction

Energy at frequencies below those of wind generated surface gravity waves is

commonly recognized as an important factor affecting beach change during storms and

often constitutes a large portion of the total energy expressed at the shoreline [Guza and

Thornton, 1982; Holman, 1981; Holman and Sallenger, 1985 and many others; Huntley,

1976; Suhayda, 1974]. Theory and observations suggest that in most cases incident

energy (energy at frequencies associated with the incident wind wave peak) is 'saturated'

near the shoreline with no dependence on offshore wave energy levels. This saturation is

thought to result from a depth dependent wave breaking in which an increase in wave

height simply results in the onset of breaking being moved further offshore. This does not

appear true for shoreline energy at infragravity frequencies (frequencies <0.05 Hz) which

has often been found to increase with increasing wave height such that shoreline energy

within the infragravity band often dominates the energy within the incident band during

storms [Guza and Thornton, 1982]. Using measurements of swash elevations (the vertical

component of the shoreline sea surface intersection), Holman and Sallenger [1985]

found that the relative magnitude of infragravity swash motions to incident wave motions

at the shoreline depends on the Iribarren number given by

/3

(H0/L0)
(ffl.1)

where 3 is the foreshore slope and H0 andL0 are the deep water wave height and

wavelength respectively. These authors showed that infragravity band energy becomes
dominate in the swash zone for below approximately 1.75, although there was

considerable scatter with that estimate.

There is some debate as to how infragravity wave heights at the shoreline are related

to incident wave heights further offshore. Guza and Thornton [1982] found a linear

relationship between infragravity, significant (vertical) swash heights, Rjg, and

significant offshore wave heights, Hs:

Rsjg 0.7 H (ffl.2)
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On a much steeper beach, Holman and Sallenger [1985] established that infragravity

swash heights are not simply related to offshore wave heights, but depend on the Iribarren

number with the following empirical relationship:

Rsig/Hs = 0.09 + 0.53 O (ffi.3)

Guza et al. [1985] discuss this disagreement and mention that the beach slope term in Eo

may be an important factor; however they were unable to resolve the discrepancy.

Similarly, our knowledge of the frequency distribution of swash energy within the

infragravity band is also incomplete. Several models for the generation of nearshore

morphological features have been developed under the assumption of a monochromatic

peak in shoreline energy at a frequency associated with either an alongshore (as in the

case of beach cusps) or a cross-shore (as with offshore bars) standing oscillation with a

wavelength either equal to or twice that of the morphological feature [Bowen, 1969;

Guza and Inman. 1975]. Given the typical length scales of these features on natural

beaches, the models suggest that frequency spectra will exhibit a concentration of energy

in a narrow peak within the infragravity band. The models give no suggestions for either

the required energy level of the peak relative to the rest of the spectrum or for the

maximum allowable peak width to generate a morphological feature at a particular scale.

Some published shoreline swash spectra show a spectral peak suggestive of a standing

motion at a proper frequency [Holman and Sallenger, 1984], however, others have found

a generally featureless swash spectrum with few, if any, significant peaks [e.g. Guza and

Thornton, 1985]

It is our belief that furthering the current understanding of infragravity energy will

require a characterization of not only swash kinematics (the aspects of the motion), but

also swash dynamics (relationships to the physical forces). To that end, this paper

provides a synthesis of the wavenumber-frequency (k-f) characteristics of infragravity

swash motions on a natural beach based on extensive data acquired over a broad range of

conditions. This synthesis is useful because the dynamics of wave motions can generally

be constrained by dispersion relationships in k-fspace. Two main issues are addressed. Of

primary interest is the partitioning of variance contributions from different infragravity

wave forms. We found that the contributions by gravity wave types to infragravity band

swash motions corresponded to predictions of shoreline variance by previous researchers

using surf zone instrumentation. However, a surprisingly large portion of the measured

variance was at wavenumbers outside of the gravity wave regime. The second issue



involves the determination of how environmental parameters, such as offshore wave

height and beach slope, control the observed variance levels.

The next section summarizes existing theory and observations concerning the

possible contribution to shoreline energy of several wave types. The field site and

sampling method are described in section 3. Results are presented in section 4. The

results are followed by a comparison of our data with previous findings and a summary.

2. Background

Infragravity wave energy is hypothesized to represent surface gravity waves resulting

from nonlinear interactions between incident wind waves of higher frequencies [Longuet-

Higgins and Stewart, 1962]. These free gravity waves have traditionally been considered

to consist of edge waves that are trapped within the nearshore waveguide and leaky

waves that escape to offshore.

by

Ursell [1952], found the dispersion relation for edge waves on a plane beach to given

f2
glklsin[(2n+l)$]

2ir
(ffl.4)

where n is the mode number and sin[(2n+l)13] 1. In terms of cyclic alongshore

wavenumber (k=l/L, where L is the longshore component of wavelength), edge wave

modes exist for wavenumbers 27rf2/g < I kI <27rf2/gJ3, wheref is frequency, g is

gravitational acceleration and /3 is the effective beach slope. The mode for which

sin[(2n+l)] = I is known as the cut-off mode, defined by

k
2,f2

(ffl.5)

and separates discrete edge wave modes from the continuum of leaky waves. Thus wave

types can be distinguished in wavenumber space by the following:

kf k, leaky waves

k <kj*, edge waves

non gravity waves
(ffl.6)
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The cut-off mode is also useful as a scaling for gravity (both edge and leaky) waves.

Normalizing alongshore wavenumber by k we find the wave regimes to be described

by:

1, leaky waves

'k' - edge waves of mode n where k' =
k

(ffl7)
I I sin(2n+I)

k 27rf2/g
ki> -,

non gravity waves

independent of frequency. Edge waves on a planar profile appear at higher wavenumbers,

so that in k space, low modes (n 2) are distinct from higher modes and leaky waves.

For nonpianar profiles andlor in the presence of a mean alongshore current, the dispersion

relation must be calculated numerically [Holman and Bowen, 1979; Howd et al., 1992].

There have been prior suggestions that the edge and leaky wave types contribute to

infragravity swash variance, although the contributions of variance by these waves to

measured swash energy levels has not been previously quantified. Observations from

offshore instruments of frequency-dependent spectral valleys and associated phase jumps

in infragravity band cross-spectra have long been associated with gravity waves standing

in the cross-shore direction [Holland et al., 1995 and others; Holman, 1981; Huntley et

al., 1981; Suhayda, 1974]. Using measurements from surf zone instrumentation, previous

studies have estimated that the majority of shoreline elevation variance is due to high

mode edge waves andlor leaky waves [Oltman-Shay and Guza, 1987]. Between 10 and

20% of the variance (within specific frequency bands) was identified with low mode edge

waves [Oltman-Shay and Howd, 1993].

A third class of infragravity wave motion, shear waves, was recently discovered

[Oltman-Shay et al., 1989]. Shear waves have been modeled as an instability of the mean

alongshore current with potential vorticity rather than gravity acting as a restoring force

[Bowen and Holman, 1989]. The alongshore wavenumber of shear waves greatly exceeds

the alongshore wavenumber of a mode 0 edge wave (Iki = 2irf2/g/3) and shear waves have

an approximately linear dispersion line in k-f space (and therefore do not easily map into

k' space). In general, shear waves are most energetic at far-infragravity frequencies (102 -

iO3 second periods). An explicit assumption of the theory describing their development is

that the rate of change of sea surface elevation is negligible in comparison to horizontal

fluxes (the rigid lid assumption). Bowen and Holman [1989] state that the ratio of

neglected to maintained terms under this assumption, scales as (V-c)2/gh where Vis the

alongshore current, c is the shear wave phase velocity and h is the water depth. For most
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of the nearshore, this ratio is small. However, at the shoreline where h = 0, the rigid lid

assumption is almost certainly incorrect and the shear wave sea-surface elevation signal

may contribute to infragravity band variance in the swash.

Holman et. al. [1990b] examined a limited set of swash data for the presence of shear

wave energy. Expected gravity wave motions including leaky modes and low mode edge

waves were detected. However, even under conditions when shear wave energy was

evident in velocity data taken 50 m offshore, there was no indication of a corresponding

low-frequency, high-wavenumber, nongravity wave structure in the swash zone.

Although the results were by no means conclusive, these findings at the very least

indicate a disparity between far infragravity band energy in the surf and swash zones.

Bound waves resulting from the forced displacement of the free water surface by the

structure of incident wave groups can also contribute to infragravity wave energy, but

have no unique dependence upon wavenumber [Elgar and Guza, 1985; Guza and

Thornton, 1985; Okihiro et al., 19921.

3. Field Experiment.

S wash data were collected during the DELILAH experiment, conducted at the

Coastal Engineering Research Centers Field Research Facility in Duck, North Carolina,

from October 4 19, 1990 [Birkemeier, 19911. These data consist of swash elevation time

series measured along 26 cross-shore transects spaced every 10 m in the longshore

(Figure 111.1). Video recordings of swash were made using a camera mounted 43 m above

mean sea level and positioned looking alongshore. Following digitization of individual

video frames, the intensities of image pixels along the beach profile transects were

searched to find the most landward pixel location exceeding a time averaged threshold

intensity. The survey elevation corresponding with that pixel is defined as the runup

value for that transect at that instant in time. The process was repeated every second for

each run. Total run durations varied between 1.5 and 2 hours (Table 111.1). The vertical

resolution of this technique, estimated by mapping the horizontal resolution to an

elevation along the profile, varies as a function of distance from the camera, but was

typically less than 3 cm. An example of swash time series collected using this method is

given in Figure 111.2.
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Figure 111.1. Video image from the DELILAH experiment showing alongshore swash
structure. The 26 cross-shore transects spaced evenly in the alongshore at which swash
elevation measurements were made appear as lines across the beach and correspond to
the locations of measured beach profiles. The total alongshore coverage is 250 m.
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Table 111.1. Basic Environmental Conditions

Run Da Start End Length Hs Tide I [s] a [O]
- 13

y Time Time [s] [ml [ml V dVldx
[EST] [EST] [rn/si [102/sJ

208 6 917 1116 7168 0.58 0.39 12.19 26.55 -0.04 0.10 0.07 1.48
215 8 813 1012 7168 0.79 0.60 9.96 28.44 -0.21 0.14 0.08 1.15
226 11 630 829 7168 2.00 -0.28 8.22 25.47 -1.38 0.50 0.06 0.42
227 11 847 1046 7168 1.86 0.09 8.05 26.72 -1.24 0.52 0.07 0.51
228 11 1055 1254 7168 1.70 0.57 8.46 27.00 -0.98 0.45 0.08 0.67
230 11 1514 1656 6144 1.55 0.27 8.33 26.54 -0.86 0.42 0.08 0.64
231 12 719 918 7168 1.32 -0.17 7.95 24.19 -0.78 0.34 0.06 0.50
233 12 1226 1425 7168 1.47 0.72 8.09 24.12 -0.51 0.23 0.10 0.84
235 13 645 844 7168 2.31 -0.04 11.42 20.10 -1.13 0.26 0.09 0.83
237 13 1116 1315 7168 2.16 0.32 11.04 19.39 -1.07 0.32 0.10 0.93
238 13 1339 1538 7168 1.94 0.75 10.88 20.56 -0.98 0.48 0.11 1.07
239 13 1554 1719 5376 1.63 0.71 10.59 21.02 -0.88 0.51 0.11 1.10
240 14 800 959 7168 1.12 -0.14 9.67 12.22 -0.37 0.31 0.08 0.96
242 14 1330 1529 7168 1.11 0.55 9.41 12.12 -0.17 0.25 0.11 1.21
244 15 712 911 7168 0.98 0.14 10.95 21.09 -0.34 0.41 0.09 1.25
246 15 1141 1340 7168 1.02 -0.15 11.06 18.59 -0.26 0.31 0.07 1.01
247 15 1351 1550 7168 1.04 0.34 10.90 18.04 -0.17 0.24 0.10 1.35
249 16 728 927 7168 1.61 0.42 6.51 3.83 0.47 -0.07 0.08 0.53
253 17 710 909 7168 1.05 0.57 8.51 10.07 -0.06 0.16 0.10 1.01
256 17 1338 1537 7168 1.06 -0.19 7.82 21.37 -0.28 0.08 0.07 0.71
257 17 1550 1715 5376 1.05 0.27 8.96 20.18 -0.23 0.07 0.09 0.95
258 18 700 859 7168 1.17 0.54 5.21 40.35 -0.21 0.11 0.10 0.59
260 18 1311 1453 6144 1.33 -0.50 5.82 35.88 -0.54 0.19 0.06 0.40
262 19 710 909 7168 1.43 0.73 6.28 -35.48 0.45 -0.08 0.08 0.53
263 19 919 1118 7168 1.42 0.36 6.55 -24.10 0.62 -0.19 0.07 0.49
265 19 1423 1622 7168 1.24 -0.23 6.89 -12.15 0.59 -0.26 0.07 0.50

mea 1.38 0.25 8.84 16.62 -0.41 0.22 0.08 0.83
n

St. 0.43 0.37 1.93 17.01 0.56 0.21 0.02 0.31
dev.

Day, day of month October, 1990; H, significant wave height in 8 m depth; Tide,
tidal elevation calculated at the end of the pier; T, peak spectral period in 8 m depth; a,
wave direction from shore normal; V, mean alongshore current in the trough (negative
values indicate northward flow); dV/dx, mean alongshore current shear; 13, foreshore
beach slope, o, Iribarren number.
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Figure 111.2. Example 5 minute segment of swash time series from the October 17,
1990, 13:38 EST data run. The 26 adjacent transects are plotted with distance North
increasing up the page showing a clear incident wave signal with a period of
approximately 15 sec. The alongshore coherence of the wave motion lends confidence in
the digitization process. A 1 m vertical scale is shown. For simplicity, example results
from this run will be displayed in the following figures unless otherwise specified.
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Complementary data collected by other investigators included bi-directional current

meter data from two alongshore arrays (adjacent to the nearshore bar and trough,

respectively) and one cross-shore array, wind wave spectra sampled in 8 m depth, tide

elevations outside the surf zone, and daily nearshore bathymetry data. Tide, current, and

wind wave climatology along with other associated parameters are listed in Table lU. 1

and displayed in Figure 111.3. Low swell conditions were interrupted by a frontal system

on October 10, which brought maximum wave heights of up to 2 m and strong

alongshore currents to the north (up to 1.4 mIs). Even higher waves, 2.3 m, arrived from

hurricane Lili on October 13 as narrow-banded swell with a smaller angle of incidence.

Following October 15, seas were mixed with two periods of current reversal resulting in

flow to the south. The range in tidal elevation over the period of the experiment was 1.25

m. The mean foreshore slope (defined as the best fit linear slope within the region

between the maximum runup and minimum rundown) varied over the experiment

between 0.06 and 0.11. All of the Iribarren number values during this experiment fall

within Holman and Sallenger's [1985] classification of infragravity band dominance.

4. Results.

The experiment results are categorized in terms of alongshore-averaged statistics,

frequency spectra characteristics, coherence length scales, wavenumber-frequency

spectral structures and environmental dependencies.

a. Alongshore-averaged Statistics.

Of 65 possible data runs, 26 runs spanning a variety of environmental conditions were

selected for analysis (Table 111.1). The remaining runs (39) had to be excluded due to

poor lighting conditions, low tides causing the shoreline along some transects to fall

outside of the camera view, andlor the presence of animals, humans or vehicles

obstructing clear view of the beach transects.

Basic swash statistics are listed in Table 111.2. Alongshore average significant swash

heights, Rs, (defined as

M

i=irvI
(ffl.8)
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Figure 111.3. Tide elevation level, significant wave height, period and direction in 8-
m depth, and alongshore current speed measured in the trough during the DELILAH
experiment. Asterisks on bottom axis indicate timing of swash data runs.
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Table 111.2. Swash statistics

Run - - - - - - - - m
R R R95 R Rsjg RSIWRS L Lmax

208 0.59 0.02 1.25 1.33 0.62 0.47 72.4 130 -6.8

215 0.97 0.32 1.57 1.55 0.80 0.52 110.8 170 5.3

226 -0.07 -0.56 0.46 1.29 1.04 0.81 179.2 230 2.7

227 0.53 -0.14 1.24 1.51 1.06 0.70 172.8 250 3.7

228 1.10 0.38 1.83 1.77 1.21 0.68 165.6 230 3.8

230 0.84 0.18 1.56 1.56 1.10 0.70 132.0 220 8.1

231 0.15 -0.44 0.74 1.51 1.02 0.68 128.4 210 4.1

233 1.44 0.24 2.57 2.87 1.51 0.53 113.6 170 1.1

235 0.66 -0.16 1.58 2.15 1.28 0.59 196.4 250 5.6

237 1.16 0.13 2.29 2.60 1.39 0.53 182.8 250 6.7

238 1.72 0.43 2.75 3.00 1.44 0.48 148.4 230 7.2

239 1.52 0.24 2.71 3.23 1.74 0.54 93.2 230 3.4

240 0.34 -0.38 1.02 1.71 0.95 0.56 126.8 210 2.3

242 1.29 0.17 2.30 2.52 1.18 0.47 120.4 220 4.4

244 0.58 -0.34 1.57 2.19 0.97 0.44 167.2 250 -0.2

246 0.14 -0.51 0.88 1.70 0.75 0.44 191.2 250 5.1

247 0.84 -0.13 1.87 2.39 0.91 0.38 148.0 220 -0.3

249 0.76 -0.02 1.59 1.74 0.83 0.47 83.6 150 -0.1

253 1.23 0.55 1.94 1.53 0.85 0.56 55.2 110 -1.0

256 0.30 -0.18 0.83 1.08 0.63 0.58 114.0 200 1.3

257 0.87 0.25 1.53 1.46 0.89 0.61 60.0 150 1.4

258 0.88 0.02 1.71 2.04 1.05 0.52 71.6 180 0.3

260 -0.26 -0.66 0.19 1.05 0.71 0.68 106.8 160 7.2

262 1.23 0.46 2.00 1.87 0.74 0.39 60.0 150 1.5

263 0.82 0.16 1.50 1.52 0.75 0.49 50.8 110 3.7

265 0.13 -0.35 0.59 1.08 0.64 0.59 73.6 210 7.2

mean 0.76 -0.01 1.54 1.86 1.00 0.55 120.2 197.7 3.0

St. 0.51 0.34 0.68 0.60 0.29 0.11 45.9 44.7 3.3

dev.

- R, the mean swash elevation (tide included); R, 5% swash exceedence elevation;
R95, 95% swash exceedence elevation; R, significant swash height; Rsig, significant
swash height in the infragravity band; L, mean (over frequency) correlation length scale;
Lm, maximum (over frequency) correlation length scale; m, spectral slope in the
infragravity band.
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where y2 is total swash elevation variance, M is the number of transects, and the overbar

denotes the alongshore average) varied over the runs between 1.05 and 3.23 m with a

mean value of 1.86 m. Alongshore average infragravity swash heights, Rsig (calculated as

with Rs, but for the low pass variance in the frequency band f < 0.05 Hz only) were large,

accounting for approximately 55% of R5,. The mean value over the experiment for the

alongshore averaged, temporal mean swash elevation R was 0.76i5 1 cm (± standard

deviation). Experiment mean values for the average 95% exceedence level, R95 (the

elevation value exceeding 95% of the swash observations within an individual time

series) and average 5% exceedence level, R were 1.54 and -0.01 m, respectively.

Distributions of the raw (non-averaged) swash statistics over all of the runs are shown in

Figure 111.4 to illustrate the range of variability.

Figure 11I.5a shows that the ratio Rsig/ R5 is negatively correlated with Iribarren

number, This trend (significant at the 99% confidence level) supports the suggestion

of Holman and Sallenger [1985] that infragravity swash motions become relatively more

important under more dissipative conditions. The critical value for these data marking

equal levels of infragravity and incident band energy is approximately 1.2, a smaller

value than that suggested by Holman and Sallenger. Also, observations of Rsig are

significantly correlated with both H5 and (Figures I11.5b and III.5c) as suggested by

Equations 111.2 and 111.3. The observed slope (0.50) describing the relationship between

Rsig/ H and E, is quite similar to that of Equation 111.3 (0.53), which is encouraging in

that the DELILAH measurements were from the same site as those of Holman and

Sallenger (multiple alongshore estimates were not averaged in this prior study). In

contrast, the slope of the sig versus Hs trend, 0.4 1±0.23, is significantly different from

that given by Guza and Thornton, 0.71, suggesting that the 0 dependence is important.

In both cases, the observed intercepts were significantly non-zero.
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Figure ffl.4. Distributions of swash statistics, a) R5 , b) Rsjg, c) R, and d) R5. The bin
size is 0.2 m. The range of these statistics differ slightly from those in Table 111.2,
because these estimates represent the raw statistics that were averaged over the
alongshore for each run in Table 111.2.
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Figure 111.5. a) Ratio of alongshore averaged infragravity swash height, to
alongshore averaged significant swash height, R5 versus Iribarren number, o. The slope,
intercept and correlation coefficient for the regression are -0.20±0.11, 0.72±0.10 and
-0.58, respectively. Slope and intercept ranges correspond to 95% confidence intervals.
Correlations significantly different from 0 with 95 (99)% confidence have absolute values
greater than 0.45 (0.55). b) Rsjg versus H. Slope, intercept and correlation coefficient
values are 0.41±0.23, 0.44±0.33 and 0.60, respectively. Dashed line represents Equation
111.2. c) Nondimensional swash, RsjglHs versus o. Slope, intercept and correlation
coefficient values are 0.50±0.17, 0.34±0.15 and 0.78, respectively. Dashed line represents
Equation 111.3.
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b. Frequency Dependence.

Figure 111.6 shows the frequency spectrum for a single cross-shore transect (Figure

llI.6a) and for the alongshore averaged spectrum (Figure ffl.6b) during a typical run. This

run on October 17, 1990, 13:38 EST will be used as the typical run in the following

unless otherwise specified. Spectra (and cross-spectra used below) were computed from

1024 point time series from which the mean and a linear trend had been removed. Both

ensemble and band averaging were combined, typically resulting in 28 degrees of

freedom with a bandwidth of 0.002 Hz. The most obvious spectral feature is a

characteristic decrease in energy at frequencies above 0.11 Hz. Also apparent is a

dominant peak in the incident band at approximately 0.07 Hz. In general, the average

frequency spectrum, (f), within the infragravity band was relatively bland with few

notable peaks. When the infragravity portions of the spectra were modeled in terms of the

form, log io() = m f + b, (Figure III.6b), the spectral slope was rarely red (negative) and

always appeared small (when we note that an order of magnitude change in energy within

the infragravity band would have a slope of 20). The slope results are listed in Table ffl.2.

No statistically significant correlations between m and the environmental parameters

given in Table 111.1 were found.

Following Percival and Walden [1993], the data were systematically examined to

determine whether deterministic spectral peaks, significantly larger than those expected

for white noise, were commonly present in the infragravity band. The test statistic was

based on the rescaled periodogram

(fk)
f1)

(ffl.9)

where fig is the number of frequencies and (f) is the measured spectrum (with two

degrees of freedom) in the infragravity band. Fisher's critical value

g 1 (a I jg)1/(flig_1)

(111.10)

was used to test the null hypothesis of white noise at 1-a is the confidence level. Simple

periodicities are indicated by the maximum value of g(f) exceeding g.
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Figure 111.6. a) Energy density spectrum of swash elevation for frequencies less than
0.30 Hz corresponding to the alongshore transect in the center of the video array. Time
series was divided into 1024 point ensembles with 50% overlap, demeaned and
quadratically detrended prior to tapering with a Kaiser-Bessel window resulting in 28
degrees of freedom (DOF). 95% confidence interval shown. The frequency bandwidth is
approximately the size of the circle. The asterix indicates the peak frequency of deep
water waves. b) Average frequency spectrum over the 26 transects. A confidence interval
corresponding to 56 DOF is shown assuming a decorrelation lengthscale on the order of
half the array length. The dashed line indicates the best fit linear model (see text) to the
infragravity portion of the spectrum (f< 0.05 Hz).
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Individual transects over all data runs were treated as separate realizations. Only

peaks within the frequency interval 0.005 f 0.05 were tested to exclude very low

frequency trends. An example of the test is shown in Figure 111.7. With a confidence of

0.95, approximately 7% of the observations showed evidence of simple periodicity (a

value of 5% would be expected given white noise). For none of the 26 runs was the null

hypothesis rejected over a majority of the transects, suggesting the general absence of

periodic components coherent over the length of the array. In other words, there was little

evidence of peaks in the infragravity band significantly larger than would be expected

from a white noise process.

c. Longshore Coherence Length scales.

A simple measure of alongshore structure is the length scale over which swash

motions of a given frequency are coherent. Squared coherence values were calculated

from the cross-spectral matrix of all possible sensor pairs as a function of frequency and

sensor separation (alongshore lag). For each frequency, the squared coherence decreased

smoothly with increasing lag, so that the coherence length scale, L, was defined as the

maximum lag with significant (above a critical level) squared coherence values for which

all shorter lags had squared coherence levels that were also significant. For each lag,

critical squared coherence levels (95% significance) were calculated separately due to the

variable number of corresponding realizations.

The coherence length scale as a function of frequency and run is shown in Figure 111.8

and the maximum and average length scale values over frequency for each run are listed

in Table 111.2. In general, the coherence length scale parameter was quite variable in

frequency and between runs (variation in energy levels between runs will be examined in

section 4e). However as can be seen in the figure, on average (over the runs), there was a

decrease in alongshore coherence for infragravity frequencies above 0.03. Although

coherence over the length of the array was commonly observed in the incident band, the

average (over frequency) coherent length scales, L, within the infragravity band were

relatively short, on the order of 100 m. Compared to the hypothetical alongshore

wavelengths of leaky and edge waves (approximately 700 m for a 0.015 Hz, mode 0 edge

wave on a plane beach of slope 0.1), the observed length scales and the lack of

significant, deterministic peaks suggest a wave field with multiple, independent

components which decrease the alongshore coherence.
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Figure 111.7. Application of the periodicity test to a typical, rescaled frequency
spectrum (f). Observations (circles) were compared to Fishers critical value gF (dashed
line). No observations of (f) exceed this line implying that the null hypothesis of white
noise cannot be rejected
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Figure 111.8. Longshore length scale within the infragravity band as a function of
frequency and run number. Darker shading indicates longer length scales as shown by the
colorbar. Average length scales over frequency and over runs are shown by the right and
bottom bars, respectively. The bottom panel shows L averaged over the runs as a function
of frequency.
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d. Wavenumber-Frequency Spectra.

To investigate the dynamics of swash motions, wavenumber-frequency spectra (the

fundamental descriptor of a 2-D continuum process) were calculated. For an alongshore

homogeneous and temporally stationary wave field, wave energy associated with edge,

leaky or shear waves would be expected to lie along ridges in wavenumber-frequency

space, according to dispersion relationships like Equation 111.4. It is possible that periodic

variability of energy levels in the alongshore could be indicative of alongshore standing

waves (low energy levels occurring at the locations of nodes). Standing wave energy will

appear sensibly in k-f space as two progressive waves propagating in opposite directions.

Unfortunately, the standard interpretation of k-f spectra assumes spatial homogeneity, and

therefore k-f spectra cannot be used to distinguish between standing and propagating

motions.

Example k-f spectra at infragravity wave frequencies computed using both a two-

dimensional fast Fourier transform (2D FFT) and the iterative maximum likelihood

estimator (IMLE developed by Pawka [1982; 1983]) are shown in Figure 111.9 for the

October 17, 13:38 run. Dispersion lines for mode 0 and mode 1 edge waves are indicated.

Finer scale structures such as slight variations in location of the energy peak were better

resolved in the IMLE result, however, several features were common to both spectra.

Foremost, there was a large amount of energy at low wavenumbers consistent with leaky

or high mode (n 2) edge waves. Given the relatively short array, these motions could

not be further resolved. Both figures also clearly show a linear feature at far infragravity

band frequencies in the wavenumber region where shear wave energy would be expected.

There were few suggestions of energy concentrated along the low mode edge wave

dispersion curves. Although this example is illustrative of the general forms of the

observed k-f spectra, the individual spectra varied significantly between the 26 runs. To

summarize these variations, we present results in terms of variance contributions within

wavenumber-frequency regions corresponding separately to low mode edge waves, high

mode or leaky waves, low frequency gravity and nongravity wave types, and in terms of

an average (over frequency) wavenumber spectrum.



Figure 111.9. The (a) IMLE-based (DOF= 140 assuming 5 independent spatial
ensembles) and (b) 2D FFT-based (DOF=28) wavenumber frequency spectra of swash
elevation. Dispersion curves for mode 0 and mode 1 edge waves on measured bathymetry
and in the presence of measured mean alongshore currents are indicated by the dotted
lines and were calculated from measurements along a cross-shore transect in the
approximate center of the video array. In both figures, shading intensity is proportional to
measured energy density levels displayed on a log scale. In (a), the shear wave celerity as
given by f/k (indicated by the solid white line) is 1.2 mIs. In (b), solid lines indicate the
variance partitions bounding the nongrav, gray, low and high wave partitions and
measured energy density is displayed, linearly interpolated to the same wavenumber
spacing as in (a), with regions beneath a specified noise floor set to zero. A 95%
confidence interval is specified within the colorbar.
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Variance Partitioning

Wavenumber-frequency space was partitioned into four regions (Figure ffl.9b). The

partitions were selected based on dispersion relations of the wave classes such that in the

bottom half of the infragravity frequency band, nongravity waves (the 'nongrav"

partition) were distinguished from gravity waves (the "gray" partition), and in the upper

half, low mode edge waves (n = 0,1 the "low' partition) were distinguished from a

possible combination of higher mode (n 2) edge waves and leaky waves (the "high'

partition). The 2D FFT method was utilized to determine variance levels since the regions

were sufficiently wide and well separated such that a high resolution estimator was not

required. In addition, statistics describing confidence limits on 2D FFT spectral estimates

are well known. Variances, 2, were obtained by integrating spectral density values,

E(k,f), in the four regions as follows:

agru S'
+6

:
E(k,f)dkdf

- -5

- 1

Jo
J+kME(kfkdf_

agrav
-kM

(ffl.11)
ahigh

Jj

0.05
E(k, f)dkdf

-k1+6

J0.05

E(k, f )dkdf highf -k,-8

where ±.kO and ±k i are the estimated mode zero and mode one edge wave wavenumbers,

and ±kM are the maximum and minimum wavenumber bounds. The frequency band cut-

off, fc, was defined to be 0.025 Hz to separate the top and bottom halves of the

infragravity band (no obvious nongravity wave energy was observed at frequencies
greater than this 0.025 Hz). The wavenumber offset, , was fixed to half the wavenumber

bandwidth 0.002 m and kM was set to the Nyquist value of 0.05 m1.

A uniform noise floor was defined as the median level of the energy density values

within the infragravity band to separate broadband energy levels from significant peaks

associated with edge, leaky and nongravity waves. This noise floor, a, was selected

because it describes the broadband structure well, especially at higher wavenumbers. No

information from the broadband signal was extracted in that energy beneath a critical

threshold

dof
(111.12)

Zilof, a/2



(where Xfa/2 is the chi-square distribution with dof degrees of freedom and significance

level a = 0.05) was set to zero in the variance calculations.

As expected, the analysis was somewhat sensitive to changes in reasonable noise

floor definitions. For a typical run in which nongravity waves were observed, calculated

variance levels within the nongrav partition differed by as much as 30% depending upon

whether the noise floor was defined as the mean or as the median energy density

(differences within the low partition were similar). Changes in calculated variance due to

different noise floor definitions within the high and gray partitions were miniscule (<

5%). Correlation values (r2) between the partitioned variance levels and environmental

parameters (section 4e) never changed by more than 0.05.

The partitioned variance results are given in Table ffl.3 and Figure ifi. 10. We found

that 64 ±11% of the infragravity band shoreline variance could be described in terms of

the sum contribution of edge, leaky and nongravity waves. The remainder of the variance

was related to broadband energy beneath the peak threshold value.

On average (over frequency and runs), shoreline variance in the bottom half of the

infragravity frequency band (f < 0.025 Hz) was mostly contained within by gray partition

as compared to nongrav partition; however, for the few runs where nongravity waves

were obvious, variance within the nongravity wave partition did occasionally equal or

exceed the gravity wave variance level at particular frequencies (Figure 111.11).

Experiment means for calculated variance within gravity and nongravity wave partitions

relative to the total variance within the bottom half of the infragravity band were 39 ±

11% and 19 ± 8%, with maxima of 61 and 44% respectively.

At higher infragravity frequencies (>0.025 Hz), 48% ± 16% of the shoreline variance

within this band was associated with high mode edge waves and/or leaky waves, while

26% ± 8% was associated with low mode edge waves. Maximum values were 75% and

40%. High/leaky mode energy clearly dominated that of low mode edge waves, in many

cases by more than a factor of two (Table 111.3). For these two partitions, no statistically

significant relationships between energy levels and frequency were observed.



Table 111.3. Measured variance within each partition and percent variance.

run 2 2 2 ' %non %grav %low %high
anongray agrav Gh,w ahigh aighor -gray

208 0.0043 0.0052 0.0008 0.0027 0.0098 0.0154 0.0251 43.9 52.7 5.5 17.7
215 0.0035 0.0067 0.0062 0.0092 0.0233 0.0174 0.0406 14.9 28.8 35.8 53.0
226 0.0057 0.0197 0.0069 0.0198 0.0343 0.0344 0.0687 16.6 57.5 20.2 57.7
227 0.0050 0.0183 0.0085 0.0203 0.0379 0.0323 0.0703 13.2 48.4 26.2 62.6
228 0.0080 0.0197 0.0141 0.0199 0.0488 0.0422 0.0910 16.3 40.4 33.3 47.2
230 0.0046 0.0168 0.0103 0.0225 0.0442 0.0331 0.0773 10.3 38.1 31.1 68.2
231 0.0056 0.0128 0.0064 0.0196 0.0360 0.0296 0.0656 15.5 35.5 21.8 66.5
233 0.0186 0.0249 0.0186 0.0305 0.0764 0.0720 0.1484 24.3 32.6 25.8 42.4
235 0.0054 0.0311 0.0135 0.0324 0.0566 0.0468 0.1033 9.6 55.0 28.9 69.3
237 0.0074 0.0317 0.0207 0.0336 0.0699 0.0526 0.1225 10.6 45.3 39.4 63.9
238 0.0090 0.0262 0.0222 0.0290 0.0756 0.055 1 0.1307 11.9 34.6 40.2 52.7
239 0.0121 0.0297 0.0240 0.0302 0.1020 0.0899 0.1920 11.8 29.1 26.7 33.6
240 0.0056 0.0137 0.0067 0.0135 0.0293 0.0281 0.0575 19.2 46.8 23.9 48.1
242 0.0103 0.0158 0.0135 0.0157 0.0480 0.0393 0.0873 21.5 32.8 34.4 40.0
244 0.0066 0.0159 0.0069 0.0120 0.0285 0.0310 0.0596 23.3 55.7 22.3 38.6
246 0.0019 0.01 14 0.0035 0.0121 0.0187 0.0162 0.0349 10.2 61.0 21.3 74.8
247 0.0070 0.0135 0.0067 0.0117 0.0252 0.0274 0.0526 27.8 53.4 24.3 42.7
249 0.0064 0.0082 0.0059 0.0075 0.0215 0.0214 0.0429 29.7 38.1 27.7 34.9
253 0.0063 0.0061 0.0040 0.0048 0.0218 0.0240 0.0458 29.0 27.7 16.7 20.1
256 0.0038 0.0039 0.0024 0.0061 0.0127 0.0121 0.0248 30.2 30.5 19.9 50.1
257 0.0030 0.0070 0.0045 0.007 1 0.0257 0.0247 0.0504 11.7 27.2 18.2 28.9
258 0.0084 0.01 13 0.0075 0.0100 0.0351 0.0361 0.0712 24.0 32.2 20.7 27.7
260 0.0022 0.0073 0.0024 0.0095 0.0172 0.0144 0.0316 12.9 42.2 16.9 66.0
262 0.0030 0.0048 0.0046 0.0045 0.0173 0.0167 0.0340 17.3 28.0 27.2 27.2
263 0.0034 0.0045 0.0054 0.0063 0.0193 0.0163 0.0357 17.7 23.1 33.2 38.9
265 0.0017 0.0037 0.0043 0.0067 0.0152 0.0106 0.0258 11.1 24.6 30.3 63.2

mean 0.0061 0.0142 0.0089 0.0153 0.0366 0.0323 0.0688 18.6 39.3 26.2 47.5
std 0.0036 0.0088 0.0064 0.0096 0.0231 0.0189 0.0418 8.4 11.4 8.3 16.3

2, variance in the graY, nongrav, high and low partitions: Y2ig total infragravity
band variance, C52igtop and G2igbot total variance within the top and bottom halves of the
infragravity band. Variance percentages calculated as 100 times the ratio of the measured
variance normalized by the variance within either the top or bottom infragravity
frequency band, whichever was appropriate.
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Figure 111.10. Variance contributions within the four partitions relative to the total
variance within the infragravity band. Wave type partitions are identified in the key (top
right).
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Figure 111.11. Variance in the gravity (o) and shear (x) wave partitions as a function
of frequency for runs (top) October 16, 07:28 EST and (bottom) October 17, 13:38 EST.
Nongravity wave variance generally increases with decreasing frequency while variance
within the gray partition decreases. At some frequencies, nongravity wave variance
exceeds gravity wave variance by as much as a factor of 3.
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Wavenumber Structure

The observed gravity wave k-f structures were expressed in terms of the frequency

averaged, dimensionless, wavenumber spectrum, E(k') for gravity waves over the range

Ik'I 20 and in the frequency band 0.025 0.05 Hz. This interval was selected to assure

that modes were well separated, to exclude nongravity wave energy, and for consistency

with the variance partitioning results. Unlike the variance partitioning results, the IMLE

technique was used to maximize wavenumber resolution. Changes in variance over

frequency were ignored by applying the estimator to a normalized cross-spectral matrix

(unit diagonal elements) with total power within individual frequency bins normalized to

one. Dimensional spectral density values, E(k,J), were calculated for each frequency band

over a consistent region in k' space. We used the observed cross-spectral matrix

(described at the beginning of section 4b) to define E(k'):

E(k(f),f)
where k(f) = kk' (111.13)

fig

and fig is the number of frequencies at which spectral estimates were calculated in the

infragravity band.

Figure III. 12 shows a typical, dimensionless wavenumber spectrum. Non-dimensional

low mode edge wave and leaky mode wavenumbers are indicated by the dashed lines and

were calculated for the measured topography and currents. As in the partitioned variance

results, the energy was concentrated at low wavenumbers and low mode peaks (n <2)

were not dominant. The lack of obvious high wavenumber peaks does not indicate that no

such peaks were present in k-f space, just that low mode structure was not consistent over

frequency. We chose to model the shape of the peak in normalized wavenumber space in

terms of a best-fit gaussian form defined by:

(k' k6)2
E(k') = Aexp[ ]+nf (111.14)

2

where A is a peak amplitude, k'O is a wavenumber offset, a/(' is a wavenumber standard

deviation and nfis a noise floor. The nonlinear model parameters were obtained using a

Levenberg-Marquardt algorithm [Press et al., 1992].
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Figure 111.12. Normalized wavenumber spectrum for run October 17, 13:38 EST over
the frequency band 0.026 0.048 Hz. Dashed lines indicate leaky, and average mode 0
and mode 1 wavenumbers calculated to account for measured bathymetry and currents.
Dotted line indicates best fit to gaussian form model. Error bars of two standard
deviations length shown to indicate the range of values over frequency. The r-square
correlation coefficient is 0.99 and the root mean square (rms) error is 0.0072.
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The results are listed in Table 111.4. The model does an excellent job of describing the

single peaked, low wavenumber, gravity wave structure within the highlleaky mode

partition; the average (over the runs) r2 correlation coefficient between the model and the

observations is 0.98 and the root mean squared difference is 0.007. Surprisingly, the

mean wavenumber offset was not zero, but -0.7. One might expect that the sign of the

displacement would oppose the sign of the alongshore current if the overall wavenumber

structure were Doppler-shifted by the alongshore current as reported by Oltman-Shay and

Guza [1987] and Howd et. al. [1992] for edge waves. However, the majority of the

observations showed negative peak wavenumber offsets with negative (northward

flowing) currents. At this point, the cause of the offset is unclear.

Significant correlations were observed between calculated high/leaky mode variance

levels (each normalized by the variance within the upper half of the infragravity band

frequency band) versus the peak amplitude, A, peak width, o7c' , and noise floor, nf,

parameters (Table 111.5). These correlations indicate that as normalized higMeaky

variance increased, the peak amplitude increased, the peak thinned and the noise floor

fell. There was also a relationship between the model parameters and the coherence

length scale variable that mimics the relationship between the parameters and the

normalized variance levels. Both the mean (over frequency) and maximum length scales

were significantly correlated to the A, o' , and nf parameters. Increases in length scale

were associated with increases in A and decreases in k' and nf. The similarity with the

variance results can be explained in that the high/leaky wave normalized variances are

correlated with the mean coherence length scale (correlation coefficients of 0.69 and

0.76, respectively, Figure 111.13). In summary, the largest, most narrow banded

wavenumber peaks corresponded to conditions where high mode and leaky wave

structures were coherent over long length scales. As expected, correlations between the

model parameters and calculated variance within the low mode edge partition were

insignificant.

We also examined the frequency dependence of the model parameters, specifically

with regard to the change in the width of the wavenumber peak with increasing

frequency. The linear slope, m', relatingf and cj' (where the model was applied to the

normalized wavenumber spectrum at individual frequencies rather than to the frequency

averaged spectrum) was calculated for each run (Table 111.4). For all but one of the runs,
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Table 111.4. Non-dimensional wavenumber modeling results

A k'O Ok' rmse m
0.008 -1.22 3.63 0.003 0.98 0.0049 -247.3

0.018 -2.71 2.74 0.002 0.99 0.0076 -93.0

0.028 -0.96 2.38 0.001 0.98 0.0133 -44.8

0.026 -1.05 2.63 0.001 0.99 0.0085 -20.1

0.020 -1.26 3.09 0.001 0.99 0.0064 -75.9

0.023 -0.43 2.72 0.001 1.00 0.0055 -70.6

0.026 -1.06 2.70 0.001 1.00 0.0062 -75.0

0.02 1 -0.53 2.66 0.002 0.99 0.0078 -83.0

0.029 -0.62 2.37 0.001 0.99 0.0088 -47.9

0.023 -0.40 2.79 0.001 0.98 0.0121 -55.5

0.020 -0.59 2.64 0.002 0.99 0.0086 -108.3

0.011 -0.26 3.00 0.003 0.97 0.0078 -187.5

0.019 0.08 3.20 0.001 0.99 0.0071 -70.5

0.014 -1.51 2.94 0.003 0.99 0.0060 -116.9

0.020 -1.73 2.97 0.001 0.99 0.0066 -55.7

0.029 -0.64 2.51 0.000 1.00 0.0045 -30.5

0.022 -1.33 2.68 0.001 0.99 0.0060 -78.4

0.011 -0.74 4.18 0.002 0.96 0.0092 17.5

0.009 -1.50 3.29 0.003 0.98 0.0047 -99.3

0.021 -0.69 3.05 0.001 0.99 0.0072 -101.1

0.010 -0.49 3.67 0.003 0.98 0.0059 -166.3

0.010 -0.97 3.82 0.003 0.98 0.0048 -69.8

0.023 0.57 2.66 0.001 0.99 0.0086 -81.0

0.008 0.63 5.61 0.002 0.93 0.0097 -88.9

0.010 1.35 5.33 0.002 0.97 0.0078 -190.2

0.013 0.73 4.04 0.002 0.98 0.0066 -36.7

0.018 -0.67 3.20 0.002 0.98 0.0074 -87.6

0.007 0.86 0.83 0.001 0.02 0.0021 57.3

A, peak amplitude; k's, wavenumber offset; a/c', wavenumber standard deviation; and
nf, noise floor; r2, squared correlation coefficient; rmse, root mean square error between
observations and model; and m', linear slope in the equation 07c'(f) = m' f + intercept.
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Table 111.5. Correlation coefficients between model parameters, normalized variance and
coherence length scales

o.w/o.top

0high / aigtop

L

Lmax

A kO Ok

0.10 0.14 0.04 -0.22

0.85 0.12 -0.55 -0.86

0.89 -0.31 -0.74 -0.78

0.71 -0.21 -0.64 -0.63

Correlations significantly different from 0 with 95 (99)% confidence have absolute
values greater than 0.45 (0.55) and are shown in bold. 2ig values calculated over the
frequency interval 0.025 <f 0.05;
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Figure 111.13. Normalized gray (a) and highlleaky (b) wave variance versus mean
alongshore length scale. The slope and intercept coefficients are 1.9e-3 and 0.17 for (a),
and 2.5e-3 and 0.18 for (b). The correlation coefficients are 0.76 and 0.69, respectively.
Correlations significantly different from 0 with 95 (99)% confidence have absolute values
greater than 0.45 (0.55).



this slope was negative, suggesting that for a given amplitude, the normalized

wavenumber structures become more tightly constrained about the single, low

wavenumber peak as frequency increases. (Since the wavenumber spectra were

normalized at each frequency to unit area, the amplitudes were observed to increase with

increasing frequency to offset the decrease in peak width. No simple relationship between

wavenumber offset and frequency was observed.) The trend of decreasing peak width

with increasing frequency emphasizes the increased importance of higher modes at higher

frequencies.

e. Environmental Dependencies.

The large range of conditions experienced during DELILAH allowed daily

fluctuations in total swash elevation variance and variance within the wave type partitions

to be regressed against measured offshore wind wave variance, tidal levels and other

environmental parameters (Table 111.6). Swash variances within the gray, low and high

partitions were found to be significantly correlated to offshore wave energy such that

gravity wave variance levels (i.e., exclusive of the nongravity wave category) increased

with increasing offshore energy. Figure 111.14 shows the relationship for the gray and

highlleaky wave variance partitions (converted to significant swash heights). The

correlation coefficients, regression slopes, and intercepts are quite similar for both

partitions. Moreover, the correlation between swash heights (as given by the variance in

these two partitions) and offshore wave heights is stronger after partitioning than before

partitioning (compare Figure 111.14 with Figure III.5b). The correlation with Iribarren

number, o, shown in Figure 111.15, was not significantly improved over that of the

unpartitioned observations (Figure III.4b).

In contrast to calculated variances within the gray and high/leaky partitions, Table

111.6 indicates that variances in the low and nongrav partitions were found to be sensitive

to changes in the mean foreshore slope (shown for swash heights in Figure 111.16) and to

mean water level parameters such as tide height, mean swash level, and the 95% runup

level, suggesting that the variance in these partitions increased in energy as the beach

became more reflective.

No significant correlations between the measured variance within the nongrav

partition, and either the observed cross-shore shear of the mean alongshore current

(averaged over the run) or to its proxy the absolute value of the measured mean
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Figure 111.14. Shoreline variance converted to significant swash height as a function
of offshore significant wave height for the gray (a) and high (b) partitions. Slope
(intercept) coefficients for the gravity and leaky wave variances are O.24±OiO
(0.12±0.15) and 0.27± 0.10 (0.10±0.15), respectively. The correlation coefficients are
0.70 and 0.74.
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Figure 111.15. Nondimensional swash, Rsig/Hs. plotted against for the gray (a) and
high (b) partitions. Slope, intercept, and correlation coefficients as in Figure 111.14 are
0.24±0.07, 0.14±0.07, and 0.81 for (a) and 0.16±0.09, 0.21±0.08, and 0.61 for (b).
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Figure 111.16. Shoreline variance converted to significant swash height as a function
of foreshore beach slope for the low (a) and shear (b) partitions. Slope (intercept)
coefficients for the edge and shear wave variances are 5.3±2.8 (-0.09±0.23) and 3.8±1.7
(-0.02±0.14), respectively. The correlation coefficients are 0.63 and 0.69.
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Table 111.6. Correlation matrix of variance and normalized variance versus swash and
environmental statistics

a2gray

a2nongrav

2

2
Ghigh

aray/ahO

aongrav /07bO

/

a/ugh/ a/,OP

- - - - Tide Hs T 13

II1
-1

0.63 0.35 0.70

0.68 0.40 0.75

0.35 0.08 0.45

-0.42 -0.57 -0.28

0.04 0.09 0.03

0.40 0.31 0.39

-0.47 -0.54 -0.41

L Lma.x I V U

0.10 0.14 0.56 0.23 0.13 0.11 0.37 0.66

0.35 0.47 0.49 0.62 0.33 0.52 0.53 0.65

0.63 0.64 0.14 0.75 0.37 0.71 0.67 0.36

0.76 0.55 -0.42 0.15 0.53 0.22 0.51 -0.16

-0.37 -0.49 0.21 -0.54 -0.03 -0.59 -0.28 0.10

0.21 0.35 0.27 0.47 -0.01 0.40 -0.01 0.27

0.69 0.64 -0.62 0.44 0.08 0.56 0.33 -0.41

Correlations significantly different from 0 with 95 (99)% confidence have absolute
values greater than 0.45 (0.55) and are shown in bold. a2ig values calculated over the
frequency intervals corresponding to the partitioned variance levels. No significant
correlations were observed with either a or
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alongshore current were observed. The significant correlations between variance in the

other partitions and the current measurements closely mimics the corresponding

correlations with significant wave height. These correlations result from larger currents

occurring under larger waves.

5. Discussion.

Our observations from the DELILAH experiment show that a significant portion of

swash motions within the infragravity band are associated with free gravity waves,

specifically edge waves and leaky modes, similar to findings by previous researchers for

infragravity band currents and sea surface elevations measured further offshore [Holman,

1981 and others; Huntley et al., 1981; Oltman-Shay and Guza, 1987; Suhayda, 1974]. On

average, gravity waves contributed approximately 55% of the infragravity band swash

variance. The remainder of the energy was either due to nongravity waves (discussed

below) or broadband energy. Additionally, the variance within the gray and high/leaky

mode partitions was observed to be strongly proportional of offshore wave height,

suggesting that the form of this energy is directly related to the incident wave field.

Conversely, variance at high wavenumbers, within the low mode edge wave partition was

as significantly correlated with beach slope, suggesting that the 13 dependence expressed

in (111.3) may be largely a function of low mode edge waves. These opposing trends

emphasize the importance of separating energy contributions between wave types in

formulating environmental dependencies as in (111.2) and (111.3).

Although few other shoreline elevation variance measurements have been partitioned

as a function of wavenumber, suitable measurements derived using offshore

instrumentation suggest that our gravity wave observations are comparable to

expectations. The measured wavenumber frequency spectra of shoreline elevation match

those of cross-shore currents sampled further offshore, in that energy is typically

concentrated at low wavenumbers (Figure 111.17). Low mode edge wave variance at high

wavenumbers was observed at both locations in the frequency regions where it could be

distinguished, but was not a consistent feature at most frequencies (in contrast to the

alongshore current spectra). This broadband in frequency, low wavenumber signature, as

quantified by the variance partitioning results and normalized wavenumber spectra,

confirms the previous suggestion of Oltman-Shay and Guza [1987] and Oltman-Shay and

Howd [1993] that infragravity band, shoreline energy levels of high mode edge waves

and leaky waves dominate those of low mode edge waves. This observation, combined
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with the fact that few significant peaks were present in frequency spectra casts doubt on

current models for the formation of nearshore morphologic features that depend upon

discrete, energetic, gravity wave motions at high wavenumbers.

In contrast, the observation that non-gravity wave motions contribute to swash

elevation variance is unexpected. Although the swash elevation variance associated with

this wave partition rarely exceeded the variance due to gravity waves within the same

frequency band, nongravity wave energy was found dominant under certain conditions,

particularly at very low frequencies, implying a free lid component in the swash. This

dominance is intriguing since previous studies of swash zone kinematics have ignored the

possibility of nongravity wave motions. Holland et. al. [1995] presented swash amplitude

measurements at low infragravity frequencies (f < 0.02 Hz) that exceed the modeled

shoreline gravity wave amplitude, but they were unable to determine the cause of the

overamplification. Although those observations were made on a different beach, the

present results suggest one possible source for the unexplained energy would be the

presence of nongravity wave energy similar to that measured during DELILAH. The

observed variance ratios and frequency structures shown in Figure 111.9 are at least

consistent with this explanation. Unfortunately, alongshore wavenumber spectra could

not be calculated from the Holland et. al. [1995] results and therefore this possibility was

not confirmed.

Although nongravity waves signals are clearly visible in swash spectra (Figure 111.9),

we found no simple relationship between nongravity wave magnitudes and environmental

parameters. In fact, the lack of correlation between observed nongravity wave variances

and the alongshore current structure suggests that swash zone nongravity waves are not

driven by the shear of offshore currents. This suggestion seems to be confirmed by the

fact that markedly different shear wave celerities (defined as the best fit linear trend to

energy ridges within the shear wave partition in IMLE-based k-fspectra) were observed

for shoreline versus offshore measurements (Figures 111.9 and 111.15). Observations of

different celerities at different cross-shore locations implies that different waves or at

least forcing mechanisms are present. In one case, on October 16, the sign of the celerity

of nongravity waves in the swash was opposite to that measured offshore. One possible

explanation is that the waves are driven by a shoreline current jet that may differ in

direction and magnitude from that observed in the bar trough offshore. Clearly, further

field studies are needed to better constrain the legitimacy of this forcing mechanism and



to verify whether the nongravity wave observations in the swash zone are indeed related

to shear waves processes.

6. Summary.

Twenty-six sets of swash time series sampled over a 250 m alongshore array and

collected under a wide range on environmental conditions have been used to establish the

wavenumber and frequency structure of infragravity band shoreline motions. Swash

heights within the infragravity band accounted for approximately 55% of the significant

swash height calculated over all frequencies. Infragravity swash heights normalized by

deep water wave heights were shown to have a linear dependence upon Iribarren number.

The typical swash frequency spectrum had little structure and few significant energy

peaks. Variance partitioned over wavenumber and frequency indicated that over 50% of

the infragravity band swash variance was associated with wavenumber peaks within the

gravity wave regime (edge and leaky wave types). The majority of the gravity wave

energy was concentrated around a single, low (but non-zero) wavenumber suggesting that

low mode edge waves (which would appear as distinct peaks in wavenumber space) do

not make up a dominant portion of the swash elevation signal. The width of the peak was

observed to decrease with increasing frequency. Approximately 35% of the overall

energy was broadly distributed. Surprisingly, the remainder of the energy (on average

around 10%) was identified as being a nondispersive, nongravity wave form unrelated to

the shear of the alongshore current.
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CHAPTER FOUR: FIELD OBSERVATIONS OF BEACH CUSPS AND SWASH

MOTIONS

Abstract

The hypothesis of cusp formation by a longshore standing wave structure consistent

with synchronous or subharmonic mode zero edge waves is tested using detailed field

measurements of foreshore topography, incident waves and swash motions. Two distinct

intervals of cusp formation were observed. The wavelengths and periods of edge waves

consistent with the measured cusp spacings were estimated using dispersion relationships

calculated to account for non-planar profiles. Little evidence of standing edge wave

structures at the appropriate periods were found.

1. Introduction

Rhythmic, foreshore topographic features known as beach cusps have attracted

scientific speculation concerning their formation for nearly a century. In addition to being

visually striking (Figure IV. 1), the nearly uniform spacing between alternating cusp horns

and embayments stands as an excellent example of a simple structure in nature that has

eluded accepted scientific explanation. Some generalizations of when (not why) cusps

occur are typically agreed upon. For example, cusp formation is thought to occur during

still stands of water level of sufficient duration such that a perturbation in the beach

topography (by any possible mechanism) can develop {Huntley and Bowen, 1979;

Seymour and Aubrey, 1985; Williams, 1973]. In addition, many field observations of

cusps suggest that initiation is most favorable under reflective conditions of incident

wave approach normal to the shoreline {Guza and Bowen, 1981; Johnson, 1910; Longuet-

Higgins and Parkin, 1962; Sallenger, 1979] and characteristically following storm

subsidence [Miller et al., 1989].

There is less agreement on causative models of cusp formation. Beginning with

Johnson [1910], a number of researchers have suggested that cusps develop because of

feedback between the underlying topography and the fluid motions [see also Russell and

Mclntire, 1965; Werner and Fink, 1993]. Although the specific mechanisms are

undefined, the general explanation is that existing, irregularly spaced perturbations on the

otherwise featureless longshore become more uniform due to the apparently regular

succession of incoming swash fronts. Over time, the depressions are eroded into



Figure IV. 1. Video time exposure showing rhythmic beach cusps at the experiment
site in Duck, NC. Image sampled on August 28, 1993.



embayments until the point that the swash circulation pattern reaches an equilibrium with

the topography. Although the necessary physical relationships between fluids and

topography are only vaguely stated and hardly proven, the feedback' circulation pattern

has been commonly observed. This pattern, previously described by Dean and

Maurmeyer [1981] and shown in Figure IV.2a, has a maximum (in elevation) wave runup

on the cusp horns that diverges into the adjacent embayments to be followed by a

downwash that interferes destructively with the next incoming wave. However, as

pointed out by Seymour and Aubrey [1985], the growth of a small depression by the

feedback provided by this circulation pattern does not necessarily exclude the possibility

of a rhythmic, initial perturbation caused by some other mechanism.

A competing theory, first proposed by Bowen and Inman [1969], is that beach cusps

form in response to an alongshore differential in shoreline fluid motions caused by edge

waves. Edge waves are gravity waves trapped to the nearshore region that have a

maximum amplitude at the shoreline. On a plane beach, edge waves exhibit the following

relationship between wavelength, Le, and period, Te, [Eckart, 1951]:

L =---T(2n+l)tanJ3
2,r (IV.1)

where g is the acceleration due to gravity, n is the mode number, and
1

is the beach slope.

For monochromatic incident waves, Guza and Inman [1975] found that the most easily

excited edge wave, which results from triad interactions between frequencies, is a mode

n=O edge wave with a period twice that of the incident wave period, T = 2T. This

"subharmonic" edge wave is hypothesized to result in a cusp wavelength, Xc, of one-half

the edge wave length. On a plane beach, the cusp length formed by a subharmonic edge

wave is related to the incident wave period by:

subharmonic: =
L

tan$
2 (IV.2)

The circulation pattern associated with the edge wave model is somewhat opposite to that

of the feedback model in that maximum runup occurs at the antinodes of the edge wave

(corresponding to embayments under erosive conditions) and flows toward neighboring

horns (Figure IV.2b). The retreating surge is concentrated nearer the horns than the

embayments.
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Figure IV.2. Circulation patterns of the feedback model (right) and the subharmonic
edge wave model (left).
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Guza and Inman also mention the possible importance of "synchronous" edge waves

of period equal to the incident wave period in cusp formation. In the laboratory, they

found the synchronous mechanism to be a higher order, weaker resonance than the

subhannonic type that is sometimes excited by strongly reflected incident waves. Under

the condition of incident waves of infinite wavelength interacting with edge waves of

smaller amplitude and equal period, the corresponding relationship between cusp

wavelength, edge wave length, and incident wave period is:

synchronous: 2 = L = _L T2 tan J3
2ir (IV 3)

[Bowen, 1972] explains that this relationship is independent of whether the edge wave is

progressive or standing because the incident and edge waves are phase locked. However,

if the edge wave amplitude greatly exceeds that of the incident wave, an alongshore

perturbation of one-half the edge wave length with result. In this case, the edge wave

must be standing (as progressive motions exhibit no alongshore structure). For simplicity,

we will restrict our use of the term synchronous to refer only to the relationship given in

Equation IV.3.

Numerous suggestions of edge wave association with observed beach cusp spacings

have been shown using Equations IV.2 and IV.3 [Guza and Bowen, 1981; Huntley and

Bowen, 1975; Huntley and Bowen, 1979; Inman and Guza, 1982; Sallenger, 1979;

Seymour and Aubrey, 1985]. However, as pointed out by Inman and Guza [1982], several

sources for potential error in the use of these equations exist. Foremost, field wave

spectra are rarely monochromatic making identification of a specific incident wave period

difficult. Since cusp wavelength scales as the square of the incident wave period, small

errors in the incident period may result in relatively large errors in the predicted cusp

wavelength. Additionally, the choice of beach slope is problematic in that natural beaches

are rarely planar and the region over which a proper beach slope should be calculated is

poorly defined. In practice, the relation between edge wave period and wavelength can be

calculated numerically for natural topography [see Appendix] and often differs

substantially from the plane beach equations. The possibility of these errors certainly

does not negate the general agreement between observation and predictions under a

variety of conditions using (IV.2) and (IV.3), however, the interpretation of these

findings as conclusive proof of the edge wave hypothesis is obviously confounded.
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A more conclusive documentation of cusp formation by edge wave processes exists in

the findings of Huntley and Bowen [1979]. As part of a study of nearshore current

velocities, these authors observed cusp formation during the measurement period of their

experiment. Subharmonic features in velocity spectra sampled approximately 10 m

offshore were observed preceding the formation of foreshore cusps. Although this

subharmonic peak was not significant at the 95% confidence level, it persisted for several

runs, was coherent between various sensors, and exhibited a phase relationship between

vertical and horizontal velocity components consistent with a mode zero, standing,

subharmonic edge wave. Equally important was the fact that the mean spacing between

cusps (12.7 m) matched the predicted wavelength of a cusp formed by a subharmonic

edge wave with a period of around 14 seconds. What separates their study from other

cusp edge wave associations is the actual observation of an edge wave of the proper

period prior to cusp formation, as opposed to the assumption of standing wave presence

through the use of the incident wave period. What is lacking in their study, as well as all

other studies, is the unambiguous identification of an alongshore standing wave pattern in

conjunction with beach cusp formation.

One other aspect in the identification of edge wave structures associated with well

developed cusp fields is that edge wave induced topography may provide a negative

feedback to the edge wave excitation process [Guza and Bowen, 1976a; Guza and Inman,

1975]. In other words, cusp growth may dampen edge wave excitation which thereby

limits maximum cusp amplitudes to finite values. However, it is also possible that edge

waves provide an initial longshore periodic perturbation in topography that further

evolves due to feedback with the incident wave train. So we recognize that beach cusps

may form by some, all, or none of these models. Testable predictions involving the

feedback theory of cusp development under natural conditions are still in development.

However, objective criteria for the verification of the edge wave hypothesis can be

formulated. Indications of beach cusp formation by edge waves include: (1) identification

of a pronounced, and presumably significant, energy peak in a nearshore spectrum that

precedes the formation of cusps; (2) correspondence between the calculated edge wave

length, the period of the energy peak, and measured cusp spacing; and (3) observation of

longshore magnitude and phase relationships in swash signals that correspond to the

expected edge wave pattern. In the following, we test the edge wave model following

these criteria using detailed observations of swash motions during cusp formation. These

observations show no indication of cusp formation due to standing edge waves.
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2. Field Observations

Detailed measurements of foreshore topography and swash elevations overlapping

two sequences of cusp formation were made from October 15 21, 1994 as part of the

Duck94 nearshore processes experiment at the US Army Corps of Engineers Field

Research Facility (FRF) in Duck, NC. Topography was sampled daily using a Global

Positioning System (GPS) surveying instrument to a vertical accuracy of better than 2

cm. Survey points were densely spaced (approximately every 3 m) within a 400 m

longshore by 50 m cross-shore region. The established coordinate system was such that

positive y designated northerly increases in the alongshore direction while positive x

increased offshore. Swash time series were measured during daylight hours along 51

cross-shore transects spaced evenly within a subset of the above region every 5 m for a

total alongshore coverage of 250 m. Swash elevations were calculated from video

recordings of the view from two cameras mounted approximately 45 m above mean sea

level and positioned looking alongshore. Individual video frames were digitized to find

the location of the swash edge as indicated by pixel intensity exceeding a time averaged

threshold. The process was repeated every second for the length of standard video

cassette tape (2 hours). The vertical resolution of this technique varies as a function of

distance from the camera, but a typical resolution obtained by mapping the horizontal

resolution to an elevation was 2 cm. Environmental data collected by the FRF included

wave spectra, significant wave heights and peak periods at 8 m depth and tidal elevations

(Figure IV.3).

The beachface seaward of a set of extreme high tide cusps remnant from a time period

preceding the experiment was flattened following extremely high wave conditions on the

night of October 15. Foreshore cusps with a spacing (of approximately 38 m) mimicking

that of the remnant cusps began to form within the study region on October 18 (which we

will denote as event #1) and continued to develop through October 20 (Figure IV.4).

Since the resulting cusp lengths closely approximated the pre-existing, higher elevation

cusp field, but had a slightly different alongshore phase, it is not certain whether the

cusps associated with event #1 developed independently of the remnant topography. To

reduce subjectivity in cusp length measurements, average (alongshore) cusp spacings, ?c,

were calculated from the wavenumber (reciprocal wavelength) spectrum of the

alongshore variation in horizontal position of the measured 1 m elevation contour (Figure

IV.5). The spectrum, determined using the maximum entropy method, was searched for

wavelength corresponding to the peak in energy in a manner analogous to the
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Figure P1.3. Significant wave height (top) and wave period (middle) measured in 8
m depth and tide level (bottom). Experiment interval indicated by bar.
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Figure IV.4. Contour maps for October 15, 17, 20 and 21. Offshore distances
increase to the right (positive x). The foreshore in the region between the 1 and 2 meter
contours is essentially featureless in the southern half of the study area on October 15.
Cusps with a length of approximately 36 m appear on October 17 and become more well
developed between the 18 and 20. Shorter scale cusps are apparent on October 21.
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Figure IV.5. The measured 1-rn contour in the study region as a function of cross-
shore and alongshore distance stacked vertically with time (increasing down). The
quadratic alongshore trend has been removed. Vertical ticks are separated by 5 m.



77

determination of peak offshore wave periods using frequency spectra. For event #1, the

cusp spacing varied between 29 and 40 m (Table IV. 1), with a mean cusp spacing during

the last three days of the event (the portion with the most well developed cusps) of 38 m.

An abrupt change in the spacing of cusps on the lower beachface, a decrease to 20 m, was

observed on the morning of October 21, denoted event #2 (Figure IV.4 and Figure IV.5).

The event #2 cusp structure is more clearly unrelated to the still remnant, high tide cusps.

3. Model Tests

Offshore wave spectra from an array of pressure sensors in 8 m depth from October

15 through 21 were examined to determine incident wave periods corresponding to both

of the cusp formation events. In all cases, the wave spectra were narrow-banded, making

identification of incident wave period, Ti, fairly simple. However, there was considerable

variation in the peak period between sensors and over time, therefore a daily mean (over

time and space) period, T, and standard deviation, 0J'j, were calculated to display the

range of possible periods. Predicted cusp spacings, under the assumption of either

synchronous or subharmonic mode zero edge waves with periods proportional to the

daily mean period were also calculated. The relationship between edge wave period and

wavelength (analogous to Equation V.1) was found numerically for the alongshore

averaged cross-shore profiles for each day (fully explained in the Appendix). Under the

hypothesis of edge wave forcing of cusp formation, comparison of these results

(displayed in Table IV. 1) with the observed spacings for events #1 and #2 (38 and 20 m,

respectively), indicates that the most consistent edge wave for the measured incident

wave forcing during the first event was a subharmonic edge wave present before October

19 with a period of around 22 seconds and a wavelength of approximately 76 m. The

most consistent edge wave for event #2 was a synchronous edge wave with an

approximate period of 11 seconds and wavelength of 20 m occurring on October 21.

Since the shorter wavelength cusps were first observed at 0700 EST on the morning of

the October 21 and the change in incident wave period to 11 seconds did not occur until

the late evening of October 20 (after 2300, Figure IV.3), for this model to be correct, the

cusp development must have occurred very rapidly (i.e. within 6 hours).



Table IV. 1. Predicted and observed cusp lengths.

Date [mJ [m] -
T1 [s] (subharmonic) (synchronous) A [ml

(observed)
15 October, 1994 10.9±0.6 34.4± 3.4 17.2±1.9 36
16 October, 1994 11.2 ± 0.5 36.5 ± 2.9 18.4 ± 1.6 29
l7October, 1994 10.6±0.4 32.7±2.2 16.3±1.2 32
18 October, 1994 11.5±0.5 38.0± 2.8 19.2± 1.6 36
19 October, 1994 14.2 ± 1.2 55.1 ± 6.9 29.7 ± 3.5 40
20 October, 1994 13.5 ±0.9 50.8±5.0 26.9±3.5 37
21 October. 1994 11.3 ±0.6 36.7± 3.6 18.5 ±2.0 20

Xc estimates calculated along the z = 1 m contour.
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Synchronous and subharmonic edge wave periods responsible for cusp formation are

typically referenced in terms of the incident wave peak (because it represents the

hypothesized forcing). As above, these mechanisms are usually tested by assuming an

edge wave period related to the measured incident wave period at the time of the cusp

observation, solving for a corresponding cusp wavelength and comparing the predicted

wavelength with that observed. However, use of the incident wave period is not

necessarily required in that edge waves of any period could be responsible for cusp

formation as long as the edge wave length matches or doubles the observed cusp spacing.

Therefore, the usual test can be reversed to predict the required edge wave period for the

measured cusp length independently of T. Predicted edge wave periods, te,

corresponding to the observed cusp spacings of events #1 and #2 determined in a manner

similar to the above are shown in Table IV.2. These results indicate that for event #1 the

subharmonic (Le = 2Xc) and synchronous (Le Xc) edge wave periods corresponding to

the measured cusp length of 38 m are approximately 22 and 16 s, respectively. For event

#2 the same periods corresponding to a 20 m cusp spacing are 16 and 12 sec.

Swash data runs between October 16 and 21 were examined using (IV.6) to verify the

presence of edge wave energy for the two events. The runs, listed in Table IV.3, were

selected as having swash ranges centered within the cusp region. [On October 18, the

camera view during the optimal sampling period was obstructed by human activity in the

beachface region which prevented accurate swash measurement. Results from the

following run were substituted.] Autospectra and cross-spectra were calculated from

demeaned and detrended time series. Seven ensembles of length 1024 s and 2 frequency

bins merged to yield 28 degrees of freedom. The frequency bandwidth was 0.002 Hz.

The alongshore average spectrum for each run is given in Figure IV.6. To identify

edge wave structures corresponding to the expected edge wave periods listed in Table

IV.2 (based on the cups length observations), a frequency interval, 14e ± 0.01 Hz, was

conservatively defined to account for possible errors in the dispersion relation resulting

from inaccurate inputs (see Appendix). When we compare this interval, as calculated for

the most consistent subharmonic edge wave, to the measured spectra for event #1, we see

little evidence of dominant peaks in energy at the appropriate frequency. For event #2

there was an obvious peak in energy within the frequency interval, especially on October,

20. However, given frequency spectra, we cannot be certain that this energy corresponds

to an appropriate edge wave structure.



Table IV.2. Predicted edge wave periods based on observed cusp lengths.

'e [s] (subharmonic) te [s] (synchronous)
2[m]

Event#1 36-40 22.3-23.6 15.6-16.4
Event #2 20 16.4 11.7

Table IV.3. Statistics of swash motions.

Date Time [EST] Mean [ml Maximum [ml Minimum [ml R5 [m]
October 16 0648 1.7 2.8 0.5 2.9
October 17 0652 1.5 2.2 0.3 2.4
October 18 1034 0.5 1.3 -0.3 2.0
October 19 0834 1.4 2.6 0.1 3.2
October20 0830 1.5 2.6 0.2 2.8
October21 0843 1.2 2.2 0.4 2.8

Significant swash heights, Rs, were defined as 4 times the measured, alongshore
average standard deviation.
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Figure IV.6. Alongshore averaged energy density as a function of frequency for the
six swash runs. The 95% confidence interval for spectral estimates (assuming 28 degrees
of freedom) is indicated by the vertical bar. The frequency intervals for subharmonic edge
waves corresponding to the measured cusp spacings of the two events are given by the
horizontal bars.



To test for evidence of edge waves of the appropriate lengthscales, edge wave model,

swash observations, , were modeled as a linear combination of two complex modes

propagating in opposite directions and an error term ,

(.2jr\l
9=Ecx+e where E=[exP(1_YJ exp(\ty-yjj

(P1.4)

[Haines, 1987] . E is a matrix of two columns, each of which represents the complex

form of an alongshore structure of given wavelength, Le, sampled at the alongshore

locations contained in the vector, . The complex modal amplitudes, , were estimated

by minimizing through the least squares solution

a (E'E)' E'O (IV.5)

where denotes transpose and ( )1 represents the matrix inverse. It can be shown that the

covariance matrix associated with , given by

(aa') = (E'E)1 E'(Oo')E(E'E)1 (P1.6)

where <> indicates time averaging is equivalent to fitting the cross-spectral matrix, <00'>

at a given frequency. The solution A = <çc'> is a 2x2, positive, semi-definite, Hermitian

matrix with the square root of diagonal elements representing the real valued amplitudes,

ai and a, of each wave. Squared coherence values, y2, indicate the degree of phase

locking between the two modes and are given by:

2 1A12127=
A1 1A22 (P1.7)

Perfectly phase locked modes indicative of a pure standing wave structure have a squared

coherence of 1. The associated significance level was calculated using the degrees of

freedom of the observed cross-spectral matrix.

The cross-spectra results were first tested for evidence of subharmonic, standing edge

wave structures using the above model. For the subharmonic mechanism, the modeled

edge wave length was defined at twice the cusp length. Squared coherence estimates

above the 95% significance level (0.20 for 28 degrees of freedom) and within the

appropriate frequency interval were interpreted as being indicative of standing edge wave

motions of the proper length scale. These results, shown in Figure IV.7 and listed in



Tables IV.4 and IV.5, indicate that for event #1, only one marginally significant

coherence value suggestive of a subharmonic standing pattern was observed on October

19. The amplitudes of the two associated edge waves were relatively small,

approximately 1 cm and, as mentioned, the period of the significant coherence did not

coincide with an obvious energy peak in the spectrum. For event #2, large significant

squared coherence values were observed within the appropriate frequency interval on

October 20, however, the edge wave amplitudes were again small and the model was

found to describe less than 20% of the observed variance. In general, there was little

evidence of cusp formation during either event due to standing, subharmonic edge waves.

We also used the edge wave model to test for the edge waves with wavelengths equal

to the measured cusp lengths. As described in the introduction, this synchronous

mechanism requires that the edge wave structure (either standing or progressive) be phase

locked to and of the same period as the incident wave field. For this reason, we added a

third mode describing an alongshore homogeneous structure to the model described in

Equation IV.4. For event #1, evidence of synchronous, standing waves within the

appropriate frequency interval was only seen on October 19 and 20 (Table IV.4).

Interestingly, these motions were also coherent with the incident wave, however, by this

time the cusp field was fully developed. For event #2, there was evidence on October 21

of a similar coupling between two edge waves and the incident wave. However, in each

of these cases, the edge wave amplitudes were exceedingly small compared to the

incident wave amplitude and no appropriate edge wave structures were evident prior to

the formation of the cusp field, so it is unlikely that standing wave energy formed the

observed beach cusps.

When we tested for individual progressive motions coupled to the incident wave field,

there was only one example (the October 17 run) of a progressive wave significantly

coherent with the incident wave field in which the wave propagating in the opposite

direction was not significantly coupled to either the first edge wave or the incident wave

(indicative of a synchronous, progressive wave). However, the amplitude of this wave

was less than 1 cm and a corresponding spectral energy peak was not apparent, so we

found no strong evidence of progressive, synchronous edge waves either.

In contrast to the lack of identifiable edge wave structure, we did find evidence in the

October 20 swash data of the feedback circulation pattern described by Dean and

Maurmeyer [1981]. Figure IV.8 shows the longshore magnitude and phase structure of

the dominant, complex empirical orthogonal function of the cross-spectral matrix at the



frequency corresponding to the peak of the spectrum [see Holland et al., 1995; Wallace

and Dickinson, 19721. The observed magnitude and phase represent a strong interaction

between the fluid motions and the existing cusp topography where (local) maximum

magnitudes correspond to the longshore locations of cusp horns. The phase relationships

indicate that at that frequency swash motions in the embayments lag motions at the horns

by approximately 4 seconds. These observations are consistent with the feedback pattern

in that the excursion of swash bores is largest at the cusp horns and leads the bays due to

destructive interference in the embayments between the incoming bore and the preceding

downwash (Figure IV.9). There is no evidence of either a standing or progressive wave

form with a wavelength related to the cusp spacing.

4. Discussion

Our detailed measurements and careful use of existing models showed little

suggestion that either synchronous or subharmonic edge waves caused the observed cusp

structures during this experiment. Unfortunately, with only one observation of cusp

development that obviously differed from the remnant topography (event #2), we lacked

the necessary range of conditions to conclusively discount the feasibility of the edge

wave mechanism. In addition, the lack of prominent edge wave structures could be

explained due to a short lived initiation event that occurred apart from our sampling. For

example, Evans [1945] and Komar [1973] observed cusp fields developing rapidly of on

the order of minutes. These difficulties emphasize the importance of thorough

documentation of cusp development.
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Figure IV.7. Squared coherence between oppositely propagating modes of
wavelength Le as a function of frequency for the six swash runs. The 95% critical
coherence level is indicated by the dashed line. Frequency intervals are shown as in
Figure IV.6.
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Figure IV.9. A video image from October 20 showing fluid interaction with well
developed cusp topography. Fluids are concentrated in the embayments during downwash
and destructively interfere with the incoming swash bores.



Table IV.4. Event #1 Edge wave characteristics

Subharmonic Le = 76m Synchronous Le = 38m
Date Time Te [sJ y2 Al [cm] A2[cm] Te [s] Al [cm] A2[cm]

Oct 16 0648 nb nb

Oct 17 0652 nb nb

Oct18 1034 nb nb

Oct 19 0834 20.7 0.34 1.3 1.2 14.7 0.67 2.9 1.3
Oct20 0830 nb 15.2 0.58 3.5 2.0

Table IV.5. Event #2 Edge wave characteristics

Subharmonic Le = 40m Synchronous Le = 20m
Date Time Te [s] y2 Al [cm] A2[cm] Te [s] 2 Al [cm] A2[cm]

Oct20 0830 14.3 0.52 3.0 1.7 nbo

Oct21 0843 nb 11.4 0.56 0.8 1.5

nb = significant squared coherence value not observed



Regardless of the model suggestions, we were intrigued by the relationship between

the swash motions on October 20 and the cusps that developed on October 21. For these

observations, there was evidence of a strong interaction between the well-developed

event #1 cusp field and the fluid motions that occurred within subharmonic frequency

range for event #2. What we find interesting is the possibility that the topographic

interaction excited energy at the frequency of the swash spectral peak that was standing

in the alongshore at the wavelength of the topography. If the scattering of this energy

wave resulted in a standing edge wave structure, it is conceivable that this structure could

have in turn forced topography at one-half the edge wave length, as observed. This

mechanism differs from the Guza and Inman [1975] formulation in that the excitation of

the edge wave does not result from fluid interactions at twice the incident wave period,

but can occur in response to swash interaction with topography. Although these

comments are largely speculative, the resultant halving of the cusp spacing has been

noted on this as well as other natural beaches.

5. Summary

For two distinct intervals of cusp formation, the hypothesis of cusp formation by

synchronous or subharmonic mode zero edge waves was tested in two ways. First, given

the observed incident wave period, cusp wavelengths corresponding to both subharmonic

and synchronous edge wave forcing were predicted and compared to observed

wavelengths. These predictions were based on numerically calculated dispersion relations

for the measured topography. Alternately, given the observed cusp wavelengths, swash

measurements separated in the longshore were analyzed for evidence of edge wave

structures of the correct frequency. In neither case were the statistical connections

significantly different from expectations for random noise. In other words, for these two

events, there was no statistical support for cusp generation by the traditional subharmonic

or synchronous edge wave mechanisms.

However, there were suggestions in the data of an unconventional mechanism for

cusp generation. Close examination of the longshore structure of swash motions over

well-developed cusps showed interaction at a wavelength equal to the cusp spacing but at

the period of the incident swash. We propose that if this interaction occurred at a

frequency satisfying the dispersion relation, free edge waves could be resonantly forced,

which, in turn, could generate cusps with a spacing of half the pre-existing cusp

wavelength.



CHAPTER FIVE: VIDEO ESTIMATION OF FORESHORE TOPOGRAPHY USING

TRINOCULAR STEREO

Abstract

Previous researchers have shown topographic response to foreshore fluid processes to

be typically rapid and occasionally substantial. However, the methods used to document

these fluctuations were often labor intensive and usually resulted in only a few estimates

at a limited number of survey locations. We present an automated technique for the

detection of small and large scale variations in foreshore topography that has both high

spatial and temporal resolution. This technique utilizes trinocular (three view)

stereogrammetry to recover topographic information from a set of synchronous,

overlapping video images. Topography is mapped by following the movement of the

sharply defined, foamy runup edge that visibly contrasts with the darker, underlying,

saturated, beachface. Under field test conditions, the video method has a vertical accuracy

of between 1 and 3 cm, comparable to that of traditional surveying methods and to

theoretical expectations. The advantages of this new technique are that the topography

estimates are extremely dense, on the order of thousands of estimates within a 10 by 10

meter region, that estimates can be made on a wave by wave basis; and that sampling

requires minimal manpower. This method may prove useful in the study of rapid

foreshore sediment transport dynamics, as occurs during the formation of beach cusps.

1. Introduction

Topographic changes in the beach region between the upper and lower limits of wave

swash (termed the foreshore region) are interesting for several reasons. The general

public views the foreshore as a playground where daily, seasonal or annual changes, such

as beach erosion, have a profound impact, not only to recreation, but also on the local

economy. Scientifically, the slope of the foreshore profile (a surprisingly ill-defined

quantity) is a significant parameter scaling many nearshore dynamical processes such as

the reflectivity of the beach to incident ocean waves. Furthermore, we know that

foreshore topography responds to the overlying fluid processes directly and often

dramatically. Duncan [1964J observed continual adjustment of the foreshore profile

(cumulative changes of up to 46 cm) over a single tidal cycle. Waddell {1973]

documented small fluctuations (less than 5 cm) in sediment level that rapidly progressed
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seaward during the backwash phase of the runup. Similarly sized, but landward

propagating, oscillations have also been noted [Howd and Holman, 1987; Sallenger and

Richmond, 1984]. However, the methods used in the acquisition of these data, which

include traditional surveying techniques and periodic measurement of calibrated rods,

require at least two operators working continuously throughout the sampling period and

are restricted to small number of survey locations (usually less than 20). Certainly, an

automated technique for the detection of small scale variations in the beach surface is

desirable.

Video approaches to the measurement of nearshore phenomena have been successful

in the acquisition of large amounts of data with minimal use of manpower [see review by

Holman et al., 1993] However, mapping of topography or bathymetry using video is

seldom attempted because the determination of three-dimensional (3D) information from

a single two-dimensional (2D) video image is impossible without some geometric

constraint on the surface of interest. For example, in nearshore studies, a sufficient

constraint would be that the beach foreshore is assumed to be a planar surface having a

given slope and intercept or that an identifiable beach profile is located at a known

alongshore distance. Often these or similar constraints are inappropriate, yet recovery of

the three-dimensionality of a region is still possible if multiple video images are instead

taken from different perspectives (provided that visible patterns or points on the

topographic surface exist). In this situation, the 3D coordinates of any point object, a

dime for example, can be determined from multiple 2D images through a transformation

directly comparable to the triangulation principles used in surveying. Estimation of the

positions of numerous points would in essence define a surface. Unfortunately for us, the

probability of someone leaving a pocket full of change systematically dispersed along the

beachface is low. To map foreshore topography, our idea was to utilize a pattern that is

consistently identifiable on most beach surfaces, the runup edge. This air-water-sediment

intersection is usually distinguished by a sharply defined, light-colored, foam edge that

visibly contrasts with the darker, underlying, saturated, beachface. Although this edge

isn't a point, after digitization it can be thought of fundamentally as an array of point

objects quite similar to a curve of carefully positioned coins. Since this array of points

moves across a portion of the active beach surface during runup and rundown, it is

theoretically possible to make a mapping of the beach topography for each swash cycle.

In this paper, we present a technique for estimating foreshore topography using video

image processing, that is inexpensive and fully automated with high spatial and temporal

resolution. This technique employs trinocular (three view) stereogrammetry to recover



topographic information from a set of synchronous, overlapping images. The following

section describes the theory of stereogrammetry. Next, we discuss application of this

theory to foreshore mapping with results from a field test and a discussion of errors.

Finally, we present several suggestions for improvement of this technique.

2. Theory of stereogrammetry

The conventional stereo technique is to record multiple, intensity images of the same

scene simultaneously using displaced cameras (Figure V.1). The image coordinate of a

point object in the scene as observed through one camera yields an infinite number of

possible object locations along the ray from the camera focal point through the image

coordinate. An image coordinate from another camera corresponding to the same object

defines a second ray that disambiguates the object position to a single location in space.

The fundamental problem in stereo computation is matching the corresponding pixel

coordinates in the multiple stereo images, or in terms of the coin analogy, distinguishing

the nickel in each view from neighboring dimes and quarters. Once coordinates from

each image have been "brought into correspondence', determination of three dimensional

locations is straightforward and is only a function of the position and orientation of the

stereo cameras (called the extrinsic parameters) and certain physical characteristics of the

lenses, cameras and image acquisition hardware (the intrinsic parameters). These

relationships between these parameters are described by what is known as the camera

model.

A camera model is a mathematical representation of the geometrical relation between

the camera and scene and of the optical projection of the image onto the camera image

plane as digitized into pixel locations in the video frame buffer. The extrinsic parameters

are the spatial position of the camera focal point relative to the world coordinate system,

(xe, y' z), and the camera orientation as specified by the pan (), tilt (t), and roll ()

angles. Intrinsic parameters commonly include the distance from the focal point to the

image plane (known as the effective focal length, f), the pixel coordinates of the center of

the lens (U0, V0), two distortion coefficients (ki, k2) describing errors as a function of

radial displacement from the optic axis, and the horizontal and vertical image scale

factors (s, sw). The spatial position of the camera center can be measured directly and

each camera-lens combination is often calibrated in the laboratory to determine the center

coordinates, the distortion coefficients, and the scale factors. The rotation angles and the

focal length are obtained by solving linear equations with inputs from the other
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Figure V.1. An example of binocular (two camera) stereometric intersection allowing
the determination of the three dimensional coordinates of a point object. Known images
coordinates define the location of a point object by the intersection of two rays.



parameters and from measurements of the world and screen coordinates of at least two,

but typically more than ten control points [method fully described by Lippmann and

Holman, 19891. By incorporating the intrinsic and extrinsic parameters of the camera

model, the relationship between unknown object coordinates (x, y, z) and undistorted,

digitizer coordinates (U, V) can be expressed in terms of eleven calibration coefficients

(A to L excluding I) [following Walton, 1981]. This undistorted image to object

transformation is given by the underdetermined set of equations:

r (A1 E1 U1) (B1 F1 U1) (C1

L (H1 E1 V1) (J1 F1 V1) (K1

x
G1Ui)1 [(U1D1)

_G1V1)j =[(v1_L1)
z (V.1)

Given image coordinates from a single camera (U1, V1) and its associated calibration

coefficients (A1 -L1), it is not possible to determine the object coordinates without

additional information about the object space. But with similar data from a distinct

additional view of the same object, the Equations V.1 can be repeated for each additional

camera to obtain an estimated three-dimensional object location, (2, 9, 2):

(A1 E1 U1) (B1 '- F U1)

(H1 E1 V1) (J1 F1 V1)

(A2 E2 U2) (B2 F2 U2)

(H7 E2 V2) (J2 F2 V2)

(C1G1U1) (U1D1)

(K1 G1 V1) (V1 L1)

(C2G2U2)
x

(U2D2)

(K2G2V2) (V2L2)

(V.2)

This is an overdetermined system of equations which can be solved in a least squares

sense for (2, 9, 2) for every input set of corresponding image coordinates { (U1, i). (U2,

V2), ...} and calculated camera coefficients {(A1-L1),(A2-L2)}.

The most problematic aspect of using a multi-dimensional image feature (such as a

runup edge), as opposed to a point object, is that identification of corresponding pixels in

multiple images is far from obvious. Although particular peaks and valleys in the edge

are occasionally distinctive, it is usually quite difficult to visually match the majority of

the edge segments, much less individual pixels. Assuming that the video images are

sampled simultaneously, the search for a match of a chosen pixel in a particular image is

obviously limited to the sequence of pixels defining the runup edge in each of the

additional images. However, the above camera model can be used to constrain the search
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for matching pairs of corresponding image points by recognizing that the ray in 3D space

from the cameras optical center passing through the chosen pixel will appear as a line

(referred to as the epipolar line) on the image plane of the other cameras (Figure V.2). So,

the search is limited to runup edge pixels that intersect the epipolar line, an enormous

reduction in the number of possible matches. Unfortunately, depending upon the shape of

the runup edge, multiple intersections are possible and will yield different pairs of

corresponding points for a single chosen pixel in the original image. Only one of these

pairs truly lies on the object surface. With two cameras, there is no simple method for

eliminating this ambiguity to determine the correct pair of corresponding pixels.

Additional constraints to help distinguish the true solution from a sequence of

possible matches can be obtained by adding a third camera (Figure V.3). The basic idea is

that the correct match will be restricted to edge points in the third image corresponding to

the crossing of the two epipolar lines given by the other two cameras. Although there is

no guarantee of only a single solution, the likelihood of ambiguous matches can be

minimized provided that certain geometric relationships (like near orthogonality) are

maintained in the relative configuration of the cameras. In addition, since Equation V.2 is

overdetermined yielding a non-zero estimate of the least squares error, a certain number

of the match candidates can be excluded due to improbably large errors.



Figure V.2. Stereometric intersection using the epipolar constraint. Image coordinates
are selected in view I to determine the three dimensional coordinates of a specific point
on the runup edge. The image coordinates in view 2 matching the selected coordinates are
constrained to pixels corresponding to the intersection of the epipolar line and runup
edge. The pair of matching coordinates is then used to estimate the location of the
selected point by the intersection of the given (solid) and determined (dashed) rays. The
procedure is repeated to estimate coordinates of other points along the edge.
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3. Field Experiment

A field experiment was carried out at Gleneden Beach, OR between Feb. 25 and Feb.

28 1994 (in conjunction with an experiment designed to monitor swash sediment

transport) to estimate spatial and temporal variability of foreshore topography. Previous

studies have noted huge vertical excursions occurring at this location, up to 25 cm over a

single high tide [Beach and Holman, 1993; Fox and Davis, 1979]. A 10 by 10 m region of

foreshore was selected for mapping using the stereo technique on the basis that it

experienced an ample range of swash excursions and was in proximity to the swash

sediment transport study instrumentation. The topography was relatively two dimensional

with no apparent longshore structure excepting a slight tilt in the beach surface.

Groundtruth surveys of the beach surface were made at least daily using an Omni total

station at a gridpoint spacing of approximately 2 m (Figure V.4). Surprisingly, the survey

results indicated no substantial (greater than 10 cm) changes in the foreshore topography

over the four days of the experiment. For simplicity, results from last day of the

experiment (Feb. 28) will be presented as representative of the entire study.

Three CCD cameras in waterproof housings were positioned overlooking the study

region (Figure V.5). The camera locations were surveyed relative to the same reference

axes as the beach surveys. The distance from the focal points of the cameras to the center

of the study region was approximately 20 m. Ground control points (GCPs), recorded

during the beach surveys (a plastic ball was mounted to the survey rod), were used to

calculate extrinsic and intrinsic parameters for each of the three cameras (Table V.1). The

field of view of the two outer cameras was 42 degrees and the view of the middle camera

was 38 degrees. For all of the cameras, the horizontal and vertical footprints of a single

pixel (a fundamental limit on the image resolution) were about 7 and 0.8 cm,

respectively. The average minimum error of the camera models as given by the

magnitude of the distance of closest approach between a measured GCP in the object

space and the estimated line formed by projecting the measured 2D pixel coordinates out

from the image plane is 1.3 cm. Complete statistics are given in Table V.2.
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Figure V.5. Photograph of the field experiment showing video camera housings
mounted on radio antenna towers. The circular objects on the foreshore are permanent
ground control points.
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Table V.1. Camera model parameters

Camera Name NO xc Yc 1c
(j) f

(m (m (m (°) (°) (°) (mi

Mid 32 38.2 -13.7 11.7 89.7 57.6 -1.6 9
South 31 44.6 -2.1 8.6 135.7 63.4 -1.0 8

Table V.2. Mean, standard deviation and maximum object space calibration error

Camera Name mean s. d. max.
(cmD (cm) (cm)

North 1.84 0.98 4.11
Mid 1.03 0.71 3.33

South 0.94 0.67 2.39
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To assure that all frames were time synchronous, the video camera signals were

genlocked to a common source and time stamped using both vertical interval (VITC) and

longitudinal (SMPTE) time code generated from a GPS receiver. Three video cassette

recorders (VCRs) were used to record the video signals onto two hour S-VHS format,

video cassettes. Following acquisition, a computer controlled, frame accurate VCR was

used to locate specific frames on the tapes to be sampled using an Imaging Technology

image processing system in a Sun Sparcstation 2 host. The sampling rate of the runup

edges was 10 Hz, every third frame. Image coordinates of the runup edge in each of the

three views were determined using Canny edge detection with segment linking [Canny,

1986]. The trinocular epipolar constraint (see theory section) was used to match each of

the pixels within a selected edge to corresponding pixel coordinates in the other two

edges. Edges typically consisted of around 500 pixels. For each set of corresponding

(matched) coordinates, a separate 3D runup estimate was calculated using Equation V.2.

Ambiguous sets containing more than three match candidates were ignored. Previous

studies have shown that video identification of the runup edge is equivalent to a very near

bed measurement [Holland et al., 1995]. Therefore, by sampling of the runup edge

coordinates over a half swash cycle (the uprush), a mapping of the foreshore topography

in that swash region was determined. The entire analysis process was automated with no

manual intervention other than to place tapes in the VCR and type a few commands at the

computer keyboard. Determination of topography from 15 seconds of video input (a

characteristic swash cycle length) takes the computer approximately 45 minutes and

typically results in several thousand topography estimates.

4. Results

To empirically determine the calibration accuracy of stereo triangulation using the

three camera models, we input into Equation V.2 sets of matching, manually digitized,

image coordinates { (U1 , V1), (U2, V 2), (U3, V3) } (determined to the nearest half pixel)

corresponding to each of the GCPs used to solve the camera models. The resulting 3D

position estimates (, 9,
) were compared to the corresponding surveyed positions (x, y,

z). The mean absolute deviation of repeated survey measurements of temporary

benchmarks from their average value, indicative of the groundtruth surveying accuracy,

was 1.7 cm. The mean absolute error due to triangulation, as defined by the average

Euclidean distance between the estimated 3D positions and the (average) benchmark

positions, was 1.9 cm, suggesting that the triangulation accuracy approximates the

accuracy of traditional surveying. The maximum error was 3.5 cm.
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To compare surveyed topography with topography estimated using runup edges, the

survey measurements were first fit to the surface given by the equation

z=ax+bx2+cy+d (V.3)

where a, b, c and d are regression coefficient estimates. Figure V.6 shows the similarity

between the observed and fitted surfaces. Direct comparison of the stereo estimates and

the fitted surface function are shown in Figure V.7 for a single swash cycle. The

difference between the stereo estimate and the fitted surface was calculated for each

position estimated. Table V.3 lists, for the manually digitized GCPs and for several

swashes, the standard deviation of the elevations estimated using the stereo technique

about the surface function given by Equation V.3 along with the number of observations

(N), and the mean and maximum absolute differences. Statistics obtained using surveyed

GCP locations () and GCP locations estimated using the stereo technique (*) are

indicated. In general, the differences approach the empirical calibration accuracy of the

stereo technique (1.9 cm), however, on average the stereo estimated surface lay above the

ground truth surface determined from the observations. In addition, the deviations

appeared to increase slightly with cross-shore distance, as would be expected since

camera resolution decreases with distance from the lens.



3.5

2.5

1.5

45

104

0735
o 0956

1207
x 1547

1750

50 55 60 65

X [mj

Figure V.6. Comparison of survey measurements to the surface function given by
Equation V.3. In this diagram, the alongshore trend of the surfaces has been removed
using the regression coefficient c to allow two-dimensional comparison of the
observations and the best fit surface. Survey times are indicated by the various symbols.
The standard deviation of ground truth survey about the surface function was 2.2 cm. The

mean and maximum absolute differences were 1.6 and 6.1 cm, respectively. Since the
errors associated with the fit of this surface are close to the accuracy our surveying
method, it appears that the surface function is adequate in describing the observations.
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Figure V.7. Comparison of stereo estimates (dots) with best fit surface (solid
Iine).The alongshore trend of the surfaces has been removed as in Figure V.6. The
standard deviation of stereo elevations about the surface function was 3.8 cm. The mean
and maximum absolute differences were 2.8 and 22.3 cm, respectively.
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Table V.3. Number of observations, standard deviation, mean absolute difference and
maximum absolute difference between stereo estimates and the best fit surface for several

swashes and the manually digitized ground control points (GCPs).

Time of Swash N r.m.s. mean max.
(cm) (cm) (cm)

12:21 7150 3.32 2.61 23.85
12:52 5468 3.45 2.58 17.14
12:55 5928 3.92 2.84 23.05
13:07 17197 3.75 2.83 22.77
13:36 6282 3.59 2.85 19.22

average 8405 3.61 2.74 21.21

GCPs 16 2.23 1.55 6.13
GCPS* 16 1.82 1.09 5.50

(* indicates GCP location estimated using the stereo technique)
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The surveyed groundtruth within the study area were thinly scattered and the number

of overlapping measurements in consecutive surveys was extremely low. Without better

groundtruth, it is difficult to separate errors inherent to the stereo technique from errors

introduced by small scale temporal or spatial variations of the true beach surface from the

surface function or from errors in resulting from inaccurate surveying. If we assume that

the fitted surface perfectly represents the actual topography, then the error introduced by

stereo triangulation is approximately 1.1 cm. We expect that the most logical source of

additional error is in the identification of corresponding pixels using the epipolar

constraint. Based on the difference between the runup edge and GCP statistics in Table

V.3, this additional error is between 1.4 and 1.8 cm, giving a total error of about 3 cm.

Given the differences between the groundtruth and the fitted surface, it is possible that up

to 2 cm of this total error is due to an imperfect fit of the function or inaccurate

surveying. Therefore we conclude that the accuracy of estimation of foreshore

topography using trinocular stereo with the epipolar constraint is between 1 and 3 cm.

5. Discussion

It is clear from the results that the video method of estimating foreshore topography

using trinocular stereo is at least as accurate as previously established techniques.

Potential improvements to the technique are suggested by the work of [Tsai, 1987], who

bounds the error of a 3D measurement of a point object using stereo triangulation by:

errortotal
i z TsII

i +
I I Z ö + q

[L 6NoN Jj + L Nf 2 + 2 f] llTIl

where

ö 2D error of the corresponding image pixel coordinates (0.025 mm or 2 pixels)

Aq 3D error of the ground control point coordinates (assume 0)

NO number of ground control points used in the calibration (40)

Nf number of views used in triangulation (3)

II Ts II maximum distance between the optical centers of cameras (19 m)

L width of the image sensor chip (6.5 mm)

f effective focal length (8.3 mm)

z depth of the estimate from the optical centers of the cameras (20 m)



Approximate values of the above parameters for this experiment (shown in

parentheses) yield an theoretical upper error bound of 1.1 cm in accordance with our

measurements that suggest an observed error of between 1 and 3 cm. To improve upon

our experimental setup, the above equation suggests that one could move the cameras

closer to the study area or increase the lens magnification by using a larger focal length.

However, these adjustments trade off with each other if the size of the survey area is to be

maintained. Since this area is not often variable, another option is to increase the

separation distance between cameras. This change, unfortunately, makes pixel matching

more difficult. We view the experiment setup described above as nearly optimal for our

application. However, improved resolution may result from judicious placement of

cameras to maximize the acute angle between epipolar lines (see Figure V.3). This

change would, hypothetically, decrease , the pixel matching error resulting from the

epipolar constraint, and correspondingly, decrease the total error.

The main advantage of this technique is that many thousand densely spaced samples

can be made with minimal effort. In addition, the analysis process is almost completely

automated, which may allow its use in longer term (months to years) studies of

topographic change. One particularly intriguing investigation, for which this technique is

ideally suited, is the documentation of beach cusp development. Beach cusps are

rhythmic foreshore features, with a typical spacing between cusps of around 30 m.

Models describing the processes involved in cusp development differ greatly, but

generally include the interaction between the swash bore front and the underlying

topography [Dean and Maurmeyer, 1981; Werner and Fink, 1993]. The details of this

interaction are poorly understood given the dearth of swash and topography observations

during cusp growth. Since the stereo technique documents both the swash edge motions

and the corresponding changes in topography, this method will aide our understanding of

beach cusp development and foreshore sediment transport.
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During this experiment, we were surprised by the stability of the foreshore as

documented using the video method, with no obvious (>3 cm) erosional or accretional

trends either between successive swashes or over a tidal cycle. This was unexpected

given changes on the order of 10 cm documented further offshore in the surf zone and

that the maximum runup velocities and swash depths (approximately 5 mIs and 10-15 cm

respectively) were assumed adequate to transport sediment. We conclude that this result

was not due to an error inherent to the method because the groundtruth results were

similar. Instead, we suspect that the fluid and sediment processes at the site during the

sampling period were is a state of equilibrium, which given the history of topographic

change at that location, is seldom observed.
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CHAPTER SIX: CONCLUSIONS

This thesis characterizes foreshore dynamics on natural beaches in terms of swash

motions and associated topographic interactions. The main conclusions can be

summarized as follows:

1) Infragravity energy increases as the shoreline is approached. Infragravity band

swash heights, when normalized by offshore significant wave heights, were correlated

with the Iribarren parameter describing the ratio of beach steepness to wave steepness.

High mode/leaky and low frequency gravity wave variances were found to be

significantly correlated with offshore incident wave height, while low mode edge and

shear wave variance was more strongly correlated with foreshore slope. We found that

infragravity swash motions were broad banded in frequency and generally concentrated

around low wave numbers.

2) The hypothesis that infragravity band swash motions represent the non-breaking,

cross-shore standing, wave component is essentially correct. Wavenumber-frequency

spectra indicate that over 50% of the infragravity band swash variance was associated

with waves within the gravity wave regime that are standing in the cross-shore (edge and

leaky wave types). However, at very low infragravity frequencies (f< 0.02 Hz),

discrepancies were evident between the measured near-bed swash and linear standing

wave theory using sea surface elevation measurements offshore. Also in contrast to the

Miche hypothesis, energetic motions at wavenumbers outside of the gravity wave regime

were detected, suggesting other type motions were present. This nondispersive,

nongravity wave energy mimics the wavenumber-frequency signature of instability

waves resulting from a cross-shore shear of the mean alongshore current. However, since

no significant correlations between the low frequency, nongravity swash variance and the

measured alongshore current shear were observed, the forcing mechanism for the

nondispersive swash motions is very likely different from the traditional mechanism for

shear waves in the surf zone.

3) There was little evidence of subharmonic or synchronous mode zero edge waves

with wavelengths and periods consistent with the formation of beach cusps during the

Duck94 experiment. However, a feedback circulation pattern was clearly evident in

swash regions with well developed cusps. A trinocular stereo technique has been

developed that may be helpful in the testing of other models of cusp formation.
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4) Video image processing has been proven useful in the monitoring of foreshore

dynamics. It has become apparent that the accuracy and extensive coverage offered by

these techniques present a heavy challenge to the completeness of existing theory and call

for new developments in our ability to explain what we can monitor.
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APPENDIX



The linear equation governing edge wave motions of the form, rI(x,y,t) = agf(x)

sin(ky - at), as

(a2(h)+ ?1_k2hJ=O (al)
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where a is the edge wave amplitude, g is gravitational acceleration, jx) represents a

cross-shore structure, a= 2itIT, k = 2mIL, h is the water depth, and x andy represent the

offshore and alongshore spatial coordinates. If topography is assumed to be a plane beach

of constant slope, f3, the dispersion relation a2 = gksin(2n + 1)/3 (equivalent to Equation

IV.l where ) for edge wave motions can be derived analytically [Eckart, 1951]. More

often, however, we wish to find edge wave solutions on arbitrary topography, h(x,y).

Typically these solutions are calculated numerically assuming h=O, [Holman and

Bowen, 1979; Howd et al., 1992; Kirby et aL, 1981].

In the present study, numerical solutions for the relationship between cand k on

arbitrary topography were found following the method of Holman and Bowen [197911.

Equation al is expressed as two coupled first order differential equations, subject to the

boundary conditions 11(0) = finite and 1J(oo) = 0. These equations are solved using a

Runge-Kutta technique [Press et al., 1992] where h and r are expanded as

h(x)=/31x+J32x2

(a2)

Substituting Equation a2 into al and equating coefficients of like powers of x yields the

initial conditions at the shoreline

= 10 = given

a2
hlx(0)hlo it!Tio

g/31

1
+}11O

(a3)
\g/31)

j
g1131

For any particular frequency, the corresponding value of k is found by maximizing the

offshore distance at which the solution diverges from the deep water boundary condition.

These values represent the a, k pairs satisfying the edge wave dispersion relation.
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Given that the choice of a shoreline location is integral to the solution results, a

shoreline elevation of 1.5 m was selected as representative of the contour where most

cusps were concentrated. Changes in a given frequency value resulting from ± 0.5 m

change in the shoreline elevation were less than 0.005 Hz for frequencies between 0.05

and 0.15 Hz. In all cases, only mode zero was solved for.

Multiple cross-shore transects were averaged to give a mean profile which was

assumed homogeneous in the alongshore. However, it is obvious that this assumption is

invalid when cusps are well developed such that the effect of rhythmic variations in the

alongshore topography would be to alter the dispersion relationships. Since the above

method assumes alongshore inhomogeneities are negligible, we attempted to quantify the

maximum error in the calculated dispersion relation, given the measured cusp field. Guza

and Bowen [1981] present an analytic solution for the change in the edge wave frequency

on an otherwise plane beach of slope /3, with a superimposed longshore periodicity, hi, of

half the edge wave length. This situation,

h = h0 +h1 where h0 = xtan/3 and h1 f(x)cos(2kv) (a4)

results in a decrease of the natural frequency, j, as given by:

A
ak (i

tan/32 (p+2))
(aS)

where a represents the cusp amplitude and cusp perturbations are defined to decay

exponentially offshore at eP. For a subharmonic edge wave existing on the well-

developed cusp field on October 20 (cusp spacing = 38 m, estimated cusp amplitude = 34

cm and approximate cross-shore decay scale = 20 m), the solution indicates a maximum

change in the natural edge wave frequency of about 15%.




