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ABSTRACT

This study investigates the forcing of leaky mode long waves by
incident wave groups in the nearshore. Using both field and model data,
two previously proposed generation models are evaluated: the bounded
long wave of Longuet-Higgins and Stewart (1964), and the breakpoint-
forced long wave of Symonds et al. (1982).

New methods of parameterizing incident wave height modulations are
proposed, including an amplitude time series and a clearly defined
groupiness factor. Cross-correlations between observed amplitude and
low frequency time series clearly document the release and shoreline
reflection of a group-forced long wave. The shallow water amplification
of the component identified as the bounded long wave 1s less than
predicted by theory, but much larger than the shoaling of a free long
wave. No evidence is found for long wave decay in conjunction with
incident wave breaking, contrary to a number of previous suggestions.

A time-variant numerical model is developed to further explain the
observed cross-correlation signal, and to evaluate the relative
importance of the two modes of long wave generation. The model
simulates the forcing of leaky mode long waves by incident wave groups
as they progress through the shoaling and breaking regions. New methods
of modeling both short and long waves in the nearshore are proposed.

Field observations are used to verify the model: the natural
cross-correlation signal is exceedingly well predicted using model
generated data. Simulated time series reveal that the modification of
the cross-correlation signal toward shore is related to a fundamental
change in bound wave dynamics, and not the addition of the breakpoint-
forced wave as previously speculated.

The relative importance of breakpoint-forced and bounded long waves
is determined through a series of tests with plane beaches and
monochromatic wave groups., Consistent with field observations, the
. breakpoint-forced wave is secondary to the bounded long wave under

almost all conditions, except at very low frequencies and with high
beach slopes. In addition, since the breakpoint-forced long wave is
added to the bounded long wave near 90°, it has little affect on the
amplitude of the total solution.

Overall, model predictions indicate that the directly group-forced
component accounts for approximately half the total long wave height
found under field conditions. This is consistent with previous
observations that both leaky and edge wave modes are energetic on
natural beaches.

xvi



LONG WAVE GENERATION BY WAVE GROUPS IN THE NEARSHORE



Chapter 1

INTRODUCTION

The surf zone dissipates incident wave energy. On gently sloping
beaches under the attack of large waves this is especially éhe case:
waves break far offshore in a water depth on the order of the wave
helght and then decay through the surf zone a function of decreasing
water depth. At the shoreline the incident wave height may be an
insignificant fraction of what it was offshore. It is interesting to
note then that the sediment mobility (erosion or a re-shaping of the
nearshore morphology) is greatest close to shore in the region where the
high frequency wind waves (those most obvious to the naked eye) are
least energetic. An explanation may lie with a class of longer period
wave motions which actually increase in amplitude toward the shore, but
have such low steepness (H/L) that they never break. These oscillations
have periods roughly in the range of 30 to 300 seconds, and are often
called infragravity waves (being beyond the period range of the gravity
or wind wave band). Numerous studies have now documented that in the
inner surf zone the currents associated with these long waves can be far
stronger that those associated with the residual wind waves (Wright et
al., 1982, among others). Thus there is every reason to believe that
long waves play a major role in nearshore sediment transport.

Infragravity motions may assume a number of different forms; among

these are the edge and leaky modes. Edge waves are trapped modes which



can resonantly grow through a continuous process of reflection and
refraction along the depth contours of the nearshore. Following Eckart
(1951), these modes can be described by a dispersion relation involving

the longshore wavelength,
2 -
w = sky(2m+1)tan8. (1.1)

where w is the radian frequency, ky is the longshore wave numbér, tang
is the beach slope, and m is the mode number giving the number of
velocity potential zero crossings in the offshore direction. However,

when
ky < woz/g, (1.2)

where moz/g represents the deep water wave number, trapped modes become
leaky modes in which wave energy escapes to deep water. 1In the strict
case of exclusively shore-normal oscillation, ky=0 and long wave motions

take the form of standing waves described by Lamb (1932) as

n, = ad,(y)sin(wt) , (1.3)

where a is the shoreline amplitude, J, is the zero-order Bessel function

of the first kind, and

x = (4w’x/gtans)'’? , (1.1)



y
in which w is the radian frequency, x is the distance offshore, and tang
is the beach slope. Equation (1.3) describes the sea-surface
oscillations resulting from the superposition of an incident and
reflected long wave and is the type of wave motion that will be
considered throughout this study. For more complete descriptions of
edge wave motions and the difference between edge and leaky modes see
ﬁolman (1983) or Bowen and Huntley (1984).

The importance of infragravity motion in nearshore processes has
become increasingly accepted in recent years, though largely because of
the inability of traditional incident wave models to explain field
observations. For example, Sallenger et al. (1985) clearly show that a
break-point or wave steepness model cannot explain a longshore bar which
formed well within the surf zone and moved offshore during a period of
less steep, though larger, waves. It was suggested that standing wave
motion with a period of 55-75 seconds might better explain the bar
formation, although no positive link could be established. Short (1975)
documents that the spacings between multiple offshore bars very nicely
fits the predicted spacings between nodes or antinodes of a cross-shore
standing wave within a narrow frequency band. Recently, Kim and Wright
(1988) demonstrated that combined drift currents under standing long
waves and breaking incident waves could provide an alternate explanation
of bar migration. Three dimensional features, such as crescentic bars
and beach cusps, are also hard to explain simply with the action of only
incident waves and steady nearshore currents. Here edge waves provide a
very convenient longshore length scale in explaining the observed

wavelength of these features.



Long waves in the nearshore are also important in coastal erosion
problems. During storm conditions shoreline erosion is often attributed
to the action of incident waves which are carried further landward by a
storm surge or wave set-up. (See U.S. Army Corps of Engineers Shore
Protection Manual, p. 3:105.) However, added to this rise in the mean
sea level are the periodic fluctuations due to infragravity waves, which
have been measured to be on the order of 1 m in height (Wright et al.,
1982), and thus could significantly add to the overtopping and erosion
of breakwaters and protective dunes.

Of a more fundamental interest are the mechanisms by which long
waves are generated. Measurement of waves at sea shows that by far the
greatest energy lles in the wind wave band, with negligible long wave
activity. At the shoreline, however, the situatlon may be reversed,
implying some sort of energy transfer from short to long waves. A
growing body of evidence from field, laboratory, and model studies
implicates the incident wave groupiness as the source cf these long
period disturbances. This ubiquitous.tendency for incident waves to
travel in alternating packets of high and low waves creates gradients in
the wave-induced momentum flux, which have time and length scales much
larger than the incident waves. Two models have been proposed by which
these gradients are translated into oscillations in the infragravity .
band, and will be the focus of this study.

Longuet-Higgins and Stewart (1962,1964) introduced the concept of
radiation stress, demonstrating that gradients in this quantity will
produce a sea-level depression under groups of large waves, resulting in
a forced wave traveling at the incident wave group speed. Referred to

asg the bounded long wave, this infragravity band oscillation is



Figure 1.1

Illustration of the bounded long wave. Incident wave groups
(solid line) with the forced response superimposed (dashed
line). From simulated data with the forced response after

Longuet-Higgins and Stewart (1964) with h=10.0 m.






predicted to be 180° out of phase with the wave group structure and to
grow rapidly as the wave progresses into shallow water. Figure 1.1
gives an example of the bounded long wave predicted by Longuet-Higgins
and Stewart with h=10.0 m.

Symonds et al. (1982) proposed an alternate model for long wave
generation by wave groupiness. Here, a modulated incident .wave height
results in a time-varying breakpoint which forces an oscillating setup
in the form of a long wave (see Figure 1.2). Though similaf in time and
length scales to the bounded long wave, this mechanism should result in
a long wave in phase with wave groups.

Both models may be extended to edge wave forcing by accounting for
obliquely incident wave groups. For example, Gallagher (1971) extended
the concepts of Longuet-Higgins and Stewart to predict the resonant
generation of edge waves by angled wave groups. Thus, while the present
study focuses on leaky mode long waves, the results presented here
certainly have a fundamental bearing on the excitation of edge waves as
well.

In this study, field and model data are used to assess the relative
importance of the two modes of forcing leaky mode long waves. First,
the theory and previous observations supporting each model are described
in Chapter 2. Chapter 3 details the methods developed here for
examining the groupiness of incident waves in field data, including
examples of the usefulness of these methods in their own right for
determining wave height statistics and distributions. Chapter 4
presents some observations of group-forced long waves in the nearshore
from a data set collected in Duck, N.C.

Chapter 5 describes a new numerical model developed to simulate the



Figure 1.2 Schematic of the time-varying breakpoint model. At time 1 a
low incident wave height, H,, produces a low setup, n,. At
time 2 a higher incident wave height, H,, produces a larger
setup, n,. The alternation between large and small waves
within wave groups forces a low period oscillation of the

sea-surface elevation.






Joint foreing of bounded and breakpoint-forced long wave in the
nearshore. The model is then verified in a comparison with the field
observations presented in Chépter y,

Chapter 6 contains a series of model runs with monochromatic wave
groups and varying beach slope, wave height, groupiness, group
frequency, and wave height to depth ratio. A technique for separating
the contributions from the two forcing modes is presented, allowing for
an examination of the interactions between the two sources of iéaky mgde
long waves,

Chapter 7 returns to the field data to search for features
predicted by model work. Finally, Chapter 8 summarizes the study,
pointing out its limitations and making suggestions for further

research.



Chapter 2

THEORY AND PREVIOUS OBSERVATIONS
2.1 Theory
2.1.1 Bounded Long Wave

The bounded long wave was defined in Chapter 1 as a forced response
due to radiation stress gradients within incident wave groups. Longuet-
Higgins and Stewart (1964) define radiation stress as "the excess flux
of momentum in the presence of waves." Employing the assumptions of
linear wave theory, the radiation stress perpendicular to wave crests

(x-direction) is given by,

sxx =E [ 20 _____ 42}, (2.1)
sinh(2kh)

where k is the wavenumber (2n/L), h is the water depth and E is the

energy density given by
2 .
E=1/8 pgH™ , (2.2)

where H is the wave height. For a derivation and conceptual explanation

of radiation stress, see Appendix A.

10
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Longuet-Higgins and Stewart showed that gradients in Sxx result in
forces which must be balanced by accelerations or pressure gradients
(sea surface slopes). In a Navier-Stokes type equation this was

expressed as

1/h 3M/3t + pg on/d = -1/h Bxx/%x , (2.3)
where M is the momentum density, n is the surface elevation and the
overbar denotes time averaging over the incident wave period.
Continuity is expressed as

p on/dt + M/3x =0 . . (2.4)

Since the gradients of Sxx travel at the group speed, time derivatives
may be replaced by the group speed, c8 times the spatial derivative,

e.g.
an/3t = an/3x Ix/dt = Cq an/ax . (2.5)
Therefore (2.3) and (2.4) become,
cy M/9x + pgh 9n/dx = -9Sxx/9x (2.6)

M/ox + cgP on/dx =0 . (2.7)
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Using the relationship
M = E/c + phu , (2.8)
solutions for the sea-surface and current forced response were found as

1
P

31

{ Sxx/(gh-cgz) } + constant " (2.9)

4|

= - | Cngx / h(gh-cgz) } - E/phe + constant . (2.10)

The sea-surface expression of the forced response is therefore a long
wave 7 out of phase with wave groups; the large Sxx associated with
large waves create a depression of the time-averaged water level.
However, a serious problem is obvious in (2.9) and (2.10): when
waves enter shallow water the group speed c8 approaches c=/§ﬁ and the
equations give unrestricted values for the forced response. This
) becomes a problem long before wave breaking reduces Sxx gradients in the
surf zone, and emphasizes the points made by Longuet-Higgins and Stewart
that these equations only apply to incident waves when ak<<(kh)3, and
the water depth is constant. Obviously these conditions are violated in
the nearshore,
A more recent approach by Ottesen Hansen et al. (1981) includes the
effect of frequency by modeling the group structure as the interaction
of a spectrum of incident wave difference frequencies. For the

simplified case of two linear waves defined by T,, a;, T,, and a,,
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Ottesen Hansen et al. give the bounded long wave amplitude as,

a = Galaz ’ (2011)

BLW

where G 1s the short wave to long wave transfer function given by

G = (a-b+c)/d

L]

(8/2)hwbk(1/c, + 1/¢,)Akhcoth(Akh)

(1/2)Ak2Aw2h

a

b

{w,wy8k2heosh(akh)} 7 {cosh(okh) - cosh(akh)}

Q
[}

[« %
]

Akhcoth(Akh)Aw® - ghak? , (2.12)

in which k is the wave number found from the dispersion relation
w2=gktanh(kh), w is the radian frequency, Aw=w,-w,, Ak=k,-k,, and
ok=k,+k,.

Despite its complexity, (2.11) gives a bounded long wave size
nearly identical to (2.9), except for a weak dependence on the group
frequency, Aw. Figure 2.1 compares the predicted amplitudes from (2.11)
and (2.9) for a wave train with Tg=80.55 seconds and a groupiness factor
of 0.3 {on a scale of 0 to 1). Both equations prediect an enormous
increase in bounded long wave size in shallow water, even without

accounting for incident wave shoaling.
2.1.2 Breakpoint-forced Long Wave

Beginning with the depth-integrated, linearized shallow water



Figure 2.1
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Amplitude of bounded long wave predicted by Ottesen Hansen
et al. (1981) and Longuet-Higgins and Stewart (1964) as a
function of water depth. Wave groups formed with T,=11.81
sec., a;=0.40 m, T,=10.30 sec.,'and a,=0,12 m, resulting in
T8=80.55 sec., and a groupliness factor of 0.3 (where 1.0 is

the maximum).,
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equations of momentum and continuity,
u/dt + g 9n/dx = -(1/ph) 3Sxx/3x
an/ot + 9(hu)/dx =0 , (2.13)

Symonds et al. (1982) parameterize group-induced breakpoint oscillations
in terms of a Fourier series of forcing functions. The term 9Sxx/3x
varies as a function of time within the alternately breaking and non- .
breaking wave zone, which becomes in essence a wavemaker that radiates
long waves at the group frequency and higher harmonics in both the
shoreward and seaward direction. Inshore of the forcing zone, the
superposition of the landward radiated wave and its shoreline reflection
create a standing wave of the form given by (1.3). The region offshore
from the forcing region contains the superposition of two progressive
waves: one radiated seaward directly from the forcing zone and one
radiated seaward from the shoreline reflection. Amplitudes of the free
waves in the standing and progressive wave zones are obtained by
matching their solutions to the predictions at the foreing region '
boundaries. The following provides a conceptual explanation of this
matching as a basis for comparisons with model results in Chapter 6.
Thinking in terms of sea-surface elevations and assuming an
adequate response time (as in Symonds et al.), the force balance within

the time-varying breakpoint zone follows

9Sxx/9x = -(pgh) 3n/3x , (2.14)
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which is recognized as the setup equation. A large group of waves will
create a larger 09Sxx/9x within the forcing region, resulting in a
negative pressure gradient which translates into a seaward sloping
surface. Conversely, a small group of waves produces a landward sloping
surface. However, (2.14) only predicts sea-surface gradients;
elevations are defined by matching the solution here to the stapding and
progressive region boundaries. For example, when the standing wave is
of é frequency such that (1.3) predic£s an antinode at the landward
boundary of the forcing region, a maximum sea-level oscillation must
occur here. Because (2.14) defines and limits the sea-surface slopes
that exist within the forcing region, setting the maximum amplitude at
the inner boundary of the forcing region necessitates a minimum
amplitude at the outer boundary. This is then the condition for which
the outgoing wave is suppressed. When (1.3) predicts a standing wave

node at the inner boundary of the forcing region, the situation is

reversed and the outgoing wave is assigned a maximum amplitude. This
case is illustrated in Figure 2.2, a reproduction of Figure 7 in Symonds
et al. (1982).

Symonds et al. make two major predictions for a plane beach.
Beyond the forcing region the outgoing wave amplitude is frequency
dependent, as seen in Figure 2.3A. This is a direet result of the
concepts described above. At the shoreline, amplitude is a weaker
function of forecing frequency, with larger amplitudes at higher
frequencies as in Figure 2.3B. This frequency dependence is a somewhat
more subtle outcome of the amplitude matching procedure. The response

given by (2.14) is not a function of the modulation frequency; however,



Figure 2.2
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Time-varying breakpoint model: solutions for long wave
elevation at different stages of a group period separated by
n/2. Distance offshore is normalized by the mean surf zone
width. Long wave frequency is such that the standing wave
node is near the inner boundary of the forcing region
resulting in a maximum outgoing wave. Reproduction of

Figure 7 from Symonds et al., (1982).
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Figure 2.3
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Amplitude predictions reproduced from Symonds eé al, (1982)
Figures 6 and 8. Horizontal scale is x=(m2X/gtanB), where
w is the group frequency, X is the mean breakpoint distance,
and tanB is the beach slope. "Amplitudes are normalized by
AN, half the difference in shoreline setup produced by
constant waves with the maximum and minimum amplitudes in
the groups. (A): amplitude at the seaward boundary of the
forcing region showing strong frequency selection. (B):
amplitude at the shoreline showing an increase with

increasing group frequency.
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the solution for a standing wave on a sloping beach indicates that
higher frequencies have a more rapid offshore decay rate than lower
frequencies. Therefore, since all frequencies have the same potential
for forcing offshore (despite the varying nodal/antinodal position
relative to the forcing region), higher frequencies show a larger

shoreline amplitude than lower frequencies. Stated another way, if all

frequencies have the same shoreline amplitude, higher frequencies will
have a smaller amplitude offshore. Conversely (and analogously to the
case considered here), if all frequencies have the same amplitude

offshore, then higher frequencies will have a larger amplitude at the

shoreline, as in Figure 2.3B. Whether this is a good model of the

natural situation or just a numerical trick will be explored in Chapter
6. The case of a longshore bar morphology, in which Symonds and Bowen
(1984) predict resonant frequencies at the shoreline, is re-examined in

Appendix B.
2.2 Observations
2.2.1 Bounded Long Wave

Numerous observation have verified the existence of a long wave
significantly correlated, but 7 out of phase, with wave groups in field
data. Tucker (1950) made some of the earliest observation, finding a
distinective time-lagged correlation between the wave envelope and long
waves 1000 m from the beach. The observed signal, reproduced in Figure

2.4, was interpreted by Longuet-Higgins and Stewart to represent the



Figure 2.4 Tucker's (1950) observation of a time-lagged correlation
between wave groups and long waves 1000 m from the

shoreline.
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time required for groups to reach the surf zone, and for the amplified
bounded long wave to return to the measurement location after release
from wave groups and shoreline reflection. Why the signal shows both
positive and negative correlations was not explained. More recent
observations, including those of Sand (1982), Shi (1983), Huntley and
Kim (1985), and Elgar and Guza (1985), have clearly documented the
presence of the bounded long wave (BLW hereafter).

However, little is known about the shoaling characteristics of the
forced response and consequently its contribution and impact on surf
zone processes, although the deep to intermediate water size seems
reasonable well predicted by current theory (Sand, 1982, Shi, 1983). A
general observation that firmly rejects the use of (2.9) or (2.11) in
shallow water is the measured level of infragravity energy at the
shoreline; it is much lower than predictions, even during storm
conditions. However, Mansard and Barthel (1985) do provide some
laboratory evidence that the BLW amplifies into shallow water, although
much less than predicted by (2.11).

Although the surf zone size of the BLW is poorly known, observation
have yielded some interesting suggestions concerning bound wave
dynamics. An especially important question is whether the BLW is
released as a free long wave upon incident wave breaking or whether it
simply decays along with wave groups (remaining an entirely forced
response). Although decay has often been suggested, no mechanism has
been proposed by which the shallow water BLW could be suppressed. On
the other hand, some indirect evidence strongly supports the concept
that the BLW assumes the form of a free long wave in shallow water:

Guza et al. (1985) decompose long waves into shoreward and seaward
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traveling components and find convincing evidence that a long wave
component correlated to wave groups is reflected from the shoreline.

Another interesting, although even more poorly documented, feature
of group-bound long waves is their phase relation with wave groups.
Theory predicts a = phase relation in deep water; deviations from this
might suggest altered dynamics in shallower water. Indeed, both Mansard
and Barthel (1985) and Elgar and Guza (1985) observe a significant phase

shift into shallow water.
2.2.2 Breakpoint-forced Long Waves

There has been a disturbing lack of evidence supporting the
concepts of Symonds et al. (1982), suggesting either a flaw in model
dynamics or that waves generated through this model are too small to be
convincingly identified. 1In a test of his own model, Symonds (1982)
found no evidence of a frequency dependent wave offshore as in Figure
2.3A. Although long waves shoreward of the breakpoint were observed to
be standing as expected, this would also be the case for many other
types of long wave motion, including edge waves and a reflected BLW.

Positive correlations between wave groups and long waves have been
observed by Tucker (1950) and Guza et al. (1985), suggesting a-
breakpoint-forced type response. However, these correlations are
generally lower than the negative associations attributed to the BLW.
Moreover, it is unclear what type of signal is expected for the
breakpoint-forced response in light of the predicted frequency selection

of the outgoing wave.
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In a laboratory study, Kostense (1985) provides what.is suggested
to be convincing evidence of the efficacy of the Symonds model. With
input wave groups generated to the second order providing a forced wave
in accordance with the Ottesen Hansen equation, Kostense observes a
frequency selective outgoing wave qualitatively similar to the Symonds
et al. predictions. However, two points may diminish this result.
First, input long waves were already ~6% of the average short wave size;
tﬁe generation of a m phase long wave may have violated shaaling BLW
dynamics from the start. Secondly, in a similar setup Mansard and
Barthel (1985) show no evidence for a breakpoint-forced long wave, which

should have corrupted the group/BLW relation seaward of the surf zone.
2.3 Summary

Theoretical considerations predict two modes of leaky mode long
wave generation through radiation stress gradients in both broken and
unbroken wave groups.

The concept of a bounded long wave is well supported by field
evidence, although its behavior in shallow water is largely unknown.
However, evidence suggests that it does not follow theoretical
predictions in terms of size or phase relationship with incident wave
groups, and that it may be released from the group structure upon wave
breaking.

The theory that long waves are generated at a time-varying

breakpoint is even less supported by observations, which may suggest an
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importance secondary to the BLW. However, apart from a frequency-
selective outgoing wave, it is unclear exactly what to look for in
accessing this mode of forcing's contribution to the infragravity band,

Finally, a perhaps critical, though overlooked, factor is the
possible interaction between the two modes of forcing in the surf zone.
Even if the interaction is entirely linear, as assumed by Symonds et al.
(1982), their proximity and close association with the group structure
may result in either constructiée or destruc?ive interference, énd make

independent evaluations of their contributions meaningless.



Chapter 3

PARAMETERIZATION OF INCIDENT WAVE GROUPINESS

3.1 Introduction

Various methods have been used to examine the characteristics of
wave groupiness. One approach involves a statistical study of "run
lengths," defined as the length of time a sequence of large waves
exceeds an arbitrarily defined critical height, usually taken as Hrms
(e.g. Elgar et al., 1984). This type of groupiness parameterization is
probably most useful in coastal and naval engineering in which the
frequency and duration of certain stress levels must be known. The
interest here focuses more on techniques used to investigate the causal
relationship between wave groups and long waves in the nearshore zone.
This includes a filtering method to calculate the wave envelope or
amplitude time series, At’ and a non-dimensional groupiness factor, GF.
Examples are given of the usefulness of these techniques in their own
right for describing both broken and unbroken incident waves. Later

chapters explore the group relationship with nearshore long waves,

25
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3.2 Amplitude Time series
3.2.1 Previous Approaches

There are several ways to éaleulate the envelope of a zero mean
time series. The Fourier transform method of R{ce (1944,1945) finds the
en;elope directly, but assumes a narrow band spectrum. Filtering
methods are used here in order that any wave train may be considered.
Funke and Mansard (1979) find what they call the "smoothed instantaneous
wave energy history" (SIWEH) by squaring and lowpass filtering the sea
surface time series. While this produces a time series that reflects
the pattern of wave groups in the incident waves, it is not an amplitude
time series but a time series roughly following one-half the wave
amplitude squared. This limits the SIWEH's usefulness for measuring the
wave amplitude variability and for calculating a well~bounded groupiness

factor, as will become clear below.
3.2.2 Proposed Method

The method proposed here begins with the sea-surface time series,
which may be obtained directly from wave staff recordings or, as in the
data used here, through a transformation of boﬁtom-measured pressure to
the sea-surface. The procedure for this transformation has been
outlined previously, (Guza and Thornton, 1980, Thornton and Guza, 1983),
but will be detailed here to clarify the subjective aspect of the

method.
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First, the pressure time series is converted to a depth time series

through the hydrostatic approximation,

The Fourier transform of h_ then gives the set of complex coefficients

t
at the Fourier frequencies, H(f). These coefficients are then
transformed to sea-surface coefficients, X(f), by applying the iinear

wave theory transfer function at each frequency,

X(f) = H(f) {cosh(kh) / coshlk(z+h)1} , (3.2)
where k is the wave number found from the dispersion relation,

w2 = gk tanh(kh), (3.3)

h is the mean water depth, and z is the mean sensor depth measured
negatively from the surface. The inverse Fourier transform of X{(f) then
gives the sea-surface time series Ny«

Subjectivity enters the procedure in choosing the range of
frequencies over which to make the attenuation correction given by
(3.2). The Fourier transform provides coefficients at intervals of
(nA’t:)-1 Hz between a frequency of (nAt)-1, corresponding to the
fundamental period, and (2At)-1, the nyquist frequency. However, at
high frequencies it becomes apparent that the transfer function in (3.2)

is making an excessive correction to very low amplitude coefficients.
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This is obvious in a comparison between the spectrum of the non-
attenuation corrected depth series and the spectrum of the corrected n
time series, as shown in Figurec 3.1A. At a frequency of approximately
0.33 Hz, (marked by an arrow) the sea-surface spectrum begins a steady
increase, a feature not found in the uncorrected spectra, nor in any
direct meésurements of n by Surfaee-piercing probes. This increase has
been attributed to a decreasing signal/noise ratio for high frequency
waves which are largely attenuated before reaching the depth of the
pressure sensor (e.g. Thornton and Guza, 1983, Lee and Wang, 1985). The
point of the n upturn is taken as a convenient high frequency limit for
making the correction given in (3.2). Figure 3.1B compares the zero-
mean depth over pressure time series with the corrected sea-surface
obtained in this manner. One fugther note is that the upturn frequency
for the attenuation corrected n spectrum increases with decreasing water
depth so that higher frequencies may be included in n, with smaller h.
However, for sets of data covering a wide range of water depths, such as
in a cross-shore array, the cutoff frequency for all data should be
determined at the deepest water station in order that the same frequency
band of waves is considered.

Guza and Thornton (1980), Bishop and Donelan (1987), and others
provide émple evidence that this linear transform method for obtaining
n is usually accurate to much less than 20%, even within the surf zone
where linear theory would not be expected to apply. Although a possibly
more accurate method has recently been proposed by Nielsen (1987), the
linear transform method was used here because of its wide acceptance and

a degree of accuracy deemed high enough for this study.



Figure 3.1
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(A) Comparison between spectrum of attenuation corrected
sea-surface and uncorrected depth over pressure sensor.
h=8.01 m. Arrow marks the frequency at which signal is
presumed lost to the inherent noise level. (n=2048, At=1.0
sec.)

(B) Comparison between attenuation corrected sea-surface

time series and uncorrected mean-removed depth over pressure

sensor.
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Once nt is obtained, it is necessary to define the band of incident
wave frequencies for which the envelope is desired. This is especially
important in very shallow water where longer period waves, such as those
in the infragravity band, may be highly energetic and affect the
envelope calculgtion. The cutoff frequency between incident and long
period waves is customarily taken at 0.05 Hz, where a trough in the sea-
surface spectra is often observed. However, some wave records vary
significantly from this, and it is important to determine this cutof £
for each set of synchronous wave records. In addition to a spectral
valley, a change in the coherence and phase between n and u can help
identify the incident wave/long wave cutoff,

A high frequency cutoff must also be determined; in this study it
is taken as the 1imit for the attenuation correction (0.33 Hz). For
directly measured sea-surface data, incident waves may be considered up
to the nyquist frequency or a lower frequency cutoff may be subjectively
applied to eliminate some of the short period noise.

The sea-surface time series is then band-pass filtered with the
cutoff frequencies defining the incident waves. A Fourier type filter
was used here in order to minimize filter widths. First, the complex
Fourier coefficients of the sea-surface time series are zeroed outside
the band of frequencies defining the incident waves. Then a back
transform provides the time series of the incident waves with unwanted
frequency components removed. This results in a filter transition width
of 1/nAt Hz where n is the number of observations and At is the sampling
interval. Most of the data used here has nAt=2000 seconds, giving an

extremely sharp filter width of 0.0005 Hz.
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This procedure results in an apparently perfect filter when
examining the spectrum of the resulting data; i.e. the energy level of
the bandpassed estimates are identical to the unfiltered case and the
filter cutoffs are nearly vertical. However, this method of checking
the performance of the filter is deceiving, since by definition the re-
transformation of the data from time to frequency space must result in
exactly the original bandpassed coefficients. The filter error here
must therefore be examined in time space, where it is evident that a
certain amount of error exists near the time series edges. This is
graphically demonstrated in Figure 3.2 for a sea-surface time series
with n=4000, At=0.5 sec., and bandpass filter cutoffs at 0.02 and 0.30
Hz. The solid line in Figure 3.2A is a segment of the filtered time
series processed so that it is far removed from the time series edges
ypile the dashed line is processed so that it represents the beginning
of the filtered time series. Figure 3.2B is the difference between
these two series and clearly shows the presence of two superimposed
error terms with repetition periods of 3.3 and 20.0 seconds, exactly
corresponding to the filter cutoff frequencies.

The error arises from the necessity of a finite record length.
Bandpass filtering in frequency space is equivalent to convoluting the
inverse transform of a box function with the original time series. The
bandpass filter in frequency space is defined by two cutoff frequencies

such that

G, (f) =1: ~-uw; <w<uw G, (f) =1: -w, < w<uw,
0: otherwise 0: otherwise

where w, > w,. (3.4)
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The box function is then G,(f) - G,(f). Because a property of Fourier

transforms states that

FT [G,(f) - G, (£)] = FT [G,(f)] - FT [G,(f)], (3.5)
our filter weights in time space are given by

g = (1/27w) [{3:(1) cos(wt) dw - {::(1) cos(wt) dw] , . (3.6)

where the imaginary components of the transform, isin{wt), have been

neglected for the case of a symmetrical filter. Our filter weights are

then
8, = (1/xt) [sin(w,t) - sin(w,t)] , (3.7)

which is the difference between two sinc functions (sine function
divided by the operand of the sine function). For a discrete set of

observations, the filtered time series results from the convolution,

ngz
z, = (g.x,_.] (3.8)
L jacpyp 9717

i=-n/2, n/2 ,

where x is the original time series, z is the filtered time series, and
8y are the filter weights. The error in the filtered data is evident
from (3.8) in which the total set of filter weights, gj, is only used

when i=0., Thus all other points in xi are convoluted into a fraction of
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(A) Comparison between segments of two Fourier bandpass
filtered time series. The solid line (n,) was processed so
that it represents a segment of record 400 seconds removed
from the seriés edge, while the dashed line (n,) represents
the same segment of record processed to be the time series
edge. Original time series length n=4800, At=0.5 sec. Both
series processed with n=4000, and bandpass filter cutoffs at
0.05 and 0.3 Hz.

(B) The difference between the two series in (A) showing two
superimposed error terms at 3.3 and 20.0 seconds

corresponding to the filter cutoffs.
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gj, which becomes smaller and more asymmetrical with increasing |i].
Luckily, the filter weights given by (3.7) drop off rapidly with t and
thus the filtered time series given by (3.8) is affected significantly
only near the edges, as seen in Figure 3.2.

In most other methods of filtering time series data (e.g. least
squares, Kaiser-Reed, etec.) large amounts of the time series are lost on
the ends in order to attain a'sharp frequency response functioﬁ. With
the Fourier method the response function is as sharp as the. bandwidth
and the time series retains its original length, although a small
portion is contaminated at the edges. For the relatively long time
series used here, this error was judged to be negligible, especlally in
finding time-mean statistics of the wave record.

After obtaining the incident-band sea-surface time series, the
amplitude time series is found by taking the absolute value of the
series, applying a lowpass filter to remove the incident waves, and
applying a factor to correct for the mean value asymmetry in the modulus
of a sine wave. The selection of the cutoff frequency for removing the
incident waves is critical for obtaining an envelope series that closely
follows the wave modulations. If, for example, the incident waves are
defined between 3.3 and 20.0 seconds, then the maximum wave period after
taking the absolute value of the series will be 10.0 seconds. Lowpass
filtering the data with this cutoff gives a time series that very
closely follows the wave groups. However, because the mean of an

absolute-valued sine function of unit amplitude is

7= /1 fg sin(0)de = 2/7 , (3.9)
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but for this case we would desire a lowpassed series with m=1, a factor
of w/2 must be applied to the data.

Figure 3.3 gives examples of incident waves and the corresponding
amplitude time series calculated in this manner. Figure 3.3A
corresponds to the wave spectrum in Figure 3.1, and shows the clear
definition of waves groups in high frequency unbroken storm waves at a
depth of 8.0 m, The waves in Figure 3.3B were recorded synchronously
but at a depth of 1.74 m, where the majority of waves were broken. Both
amplitude time series were calculated with a lowpass filter cutoff at
twice the frequency of the longest incident waves allowed, and closely
follow the variations in wave height.

However, when waves deviate significantly from the sinusoidal form,
it may be desirable to choose a lower frequency cutoff to prevent the
amplitude time series from tracking the half-wave excursion from the
mean. This is especially the case in waves with a large skewness, as in
shoaling swell, and waves with a sawtooth form as sometimes occurs in
shallow water broken waves. In these cases, a visually better envelope
is obtained by using a filter cutoff equivalent to the low frequency

limit of the incident waves.
3.2.3 Wave Height Statistics and Distribution

This section describes the usefulness of At as an alternate means
of finding both wave height statistics and distributions. Comparisons
with the spectral and zero-up-crossing methods are given. Wave height
distributions in deep and shallow water are compared to the Rayleigh and

normal probability functions.
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Figure 3.3 Incident band sea-surface time series and envelope, At’

recorded in (A) h=8.01 m and (B) h=1.74 m. Data at both

locations recorded synchronously. Incident band defined

from 3.3 to 20.0 seconds, A_ lowpassed > 10 seconds. For

t

spectrum of total sea-surface, see Figure 3.1A.
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Ir At closely follows the wave envelope, 2At is a time series of

wave height and the rms wave height is then given by

n
Hrms = [ U4/n } Af 30'5 ,

i=1

(3.10)

where A, are the individual observations in At‘ Figure 3.4 compares

i
Hrms calculated in this manner to two other commonly used methods: the

spectral method in which
Hrms = 2/2 [ J(incident band variance) ]0.5, (3.11)
and the zero-up-crossing method in which

2) ]0.5’

n
Hrms = [ 1/n § (Hi (3.12)

i=1

where H, are the heights of individually counted waves. The deviations

b
from the 1:1 relationship are very slight and certainly less than errors
from other sources, such as the problem of defining the incident band of
waves. Thus (3.10) is a valid expression for the direct computation of
Hrms without the Rayleigh distribution assumption used in the spectral
method or the need for counting individual waves in the zero-up-crossing
method.

The accuracy of the spectral method for estimating wave height

statistics (e.g. Figure 3.U4A) has commonly been used as evidence that
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Figure 3.4 Comparison between the envelope method of finding Hrms and
two commonly used techniques: (A) spectral variance method,
and (B) zero-up-crossing method. From 29 series recorded at
3 separate times in water depth varying from 8.0 m to 1.0 m.

Both broken and unbroken wave records are represented.
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the Rayleigh probability distribution, given by

2
P(H) = (2H/Hrms?) e (H/Hrms)” ©(3.13)

is a good descriptor of the wave height distribution (Earle, 1975,
Thornton and Guza, 1983, among many others). Using the envelope

function proposed here, the Rayleigh distribution relation
Hrms = H/0.886 = zit/o.aes (3.14)

also gives an excellent estimate of wave height. However, the ability
of the Rayleigh distribution to acéurately predict wave helight
statistics does not constitute proof that it provides a good description
of the wave height distribution. This assumption is tested here using a
x2 goodness of fit test (Zar, 1984) with wave height distributions found

directly from a histogram of 2A Two wave records were chosen to

te
represent a wide range of wave types: unbroken waves in intermediate
water depth and almost entirely broken waves well within the surf zone
(see Figures 3.3A and 3.3B).

First, wave helight distributions found from the histogram of 2At
are compared to distributions found by the more traditional zero-up-
crossing method. Figure 3.5 demonstrates that there is no significant
difference between the two methods and thus the histogram of 2At is a
valid alternate method of finding the wave height distribution. 1In

fact, there are several reasons why the method proposed here may be

superior to the zero-up-crossing method. First, it is less arbitrary in
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Figure 3.5 Comparison between wave height distributions found from 2At
and by the zero-up-crossing method for (A) unbroken waves
with h=8.0 m (see Figure 3.3A for time series) and (B)
broken waves with h=1.75 m (see Figure 3.3B). Values of 2At
have been scaled by the peak spectral period, 6.25 seconds,
so that an approximate number of waves are represented by

bin values.
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its definition of individual wave heights. For example, in the zero-up-
crossing method a very small oscillation will be counted as a wave if it
happens to be defined by two zero-up-crossings, but not when it is
defined by two zero~down-crossings. The envelope method treats all
waves equally regardless of their relationship to the zero reference.
In addition, the method proposed here discounts very high frequency
waves on the basis of their negligible time contribution to the record,
while again the zero~up-crossing method is very random in thisifespect.

Using the envelope-dqrived wave helghts, the Rayleigh distribution
assumption is tested along with the normal distribution in Figures 3.6
and 3.7. Flgure 3.6 represents the h=8.0 m case and shows a close fit
between the observed and Rayleigh distribution while the normal
distribution fit isApoor. However, for the h=1.75 m case in Figure 3.7
(with largely broken waves) the Rayleigh distribution fit is extremely
poor, with a four-fold exceedance of x2 beyond the 95% confidence level
for a significant difference. Interestingly, the normal distribution
provides an excellent fit for these waves,

Although no physical basis for these observations is proposed here,
it is interesting to note that while wave height statistics such as

Hrms, Hs, and H may be well predicted using the Rayleigh

1710
distribution assumption, there is nevertheless a significant trend
toward normalcy in the shallow-water broken wave distribution. This is
substantiated in other data sets examined, and appears without being

noted in the data of Thornton and Guza (1983).
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Figure 3.6 Comparison between the wave height distribution at h=8.0 m

found from 2At and two theoretical distributions: (A)

Rayleigh, (B) Normal. x2 goodness of fit test of Ho: no

significant difference is accepted in (A) and rejected in

(B)o
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Figure 3.7
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Comparison between the wave height distribution at h=1.75 m
found from 2At and two theoretical distributions: (A)
Rayleigh, and (B) Normal. x2 goodness of fit test of Ho:
no significant difference is very strongly rejected in (A)

and strongly accepted in (B).
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3.3 Measures of Amplitude Variability
3.3.1 Previous Approaches

Parameters describing the degree of incident wave groupiness are
useful in studies relating this quantity to long wave forcing,
especially through the surf zone where large deviations occur. Funke
and Mansard (1979) and Sand (1982) have proposed a groupiness factor
computed as

GF = standard deviation of SIWEH , (3.15)

mean of SIWEH

where SIWEH {s the smoothed instantaneous wave energy history found from
the squared and lowpass filtered incident waves. However, since the
SIWEH is a non-linear function of the wave height, the GF given by
(3.15) is a poorly bounded parameter. For example, Funke and Mansard
(1979) present examples of wave records with a GF varying between 0.20
and 1.35, although it is clear that these do not represent the extreme
end member cases of monochromatic and fully modulated waves. Another
disadvantage of the SIWEH-based GF is that is compares poorly with a

conceptually simple modulation parameter given by

GF = AA/H , (3.16)

where for monochromatic groups AA is the amplitude variation and H is

the mean wave height. Equation (3.16) is equal to 1 for two beating



45
sinusoids, and is equal to zero for a monochromatic wave. Modulation
parameters equivalent to (3.16) have been used in numerical and
laboratory studies of long wave forcing by groups (Symonds et al., 1982,
Kostense, 1985), making it desirable to employ a similar GF for random

wave data.
3.3.2 Proposed Method

Parallel to the method of estimating wave height from the variance
of the sea-surface (Hrms, Hs), the GF proposed here is an estimate of

(3.16) given by

GF = (2/22'0A ) / 27\'t = /EaA /& (3.17)

’
t t ¢

where oAt and At

Equation (3.17) gives values of GF equivalent to (3.16) for the end

are the standard deviation and mean of At respectively.

member cases (GF=0, GF=1). It is important to note, however, that GF

found from (3.17) or (3.15) is extremely sensitive to both the

definition of the incident band of waves and the lowpass filter cutoff
for the envelope function. Specifically, a narrower definition of the
incident waves or a higher frequency cutoff for At Wwill result in a
larger GF, making it difficult to objectively compare GF between wave
records with dissimilar frequency components. As a general rule, only
records processed with exactly the same filter cutoffs should be

compared.
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3.3.3 Groupiness of Natural Waves

In water deep enough that waves are largely unbroken, it might be
expected that the degree of wave groupiness would be a function of the
spectral peakedness; very narrow band waves are a better approximation
of two beating sinusoids and ‘'should have a larger GF. However, this
line of reasoning does not seem to be suppbrted by a limited set of
observations. Figure 3.8 shows the spectrum, incident waves, and At for
narrow band swell processed identically to the broad band waves seen in
Figure 3.1A and Figure 3.3A. Despite the large spectral difference
there is no difference in GF. Thus the visual observation that broad-
banded storm waves are less "groupy" than clean swell is not
substantiated by bottom pressure measurements. Further investigations
along these lines may help substantiate the notion that wave groupiness
cannot be modeled merely as the superposition of independent sinusoids
{e.g. Mollo-Christiansen and Ramamonjiarisoca, 1978, 1982).

Regardless of the source of wave groupiness in deep water, shallow
water breaking causes a rapid decrease in amplitude variability that is
well described by GF. Figure 3.9 shows the cross-shore variations in

GF, o, , and A
e

3.8, but processed slightly differently to account for changes in the

t using waves from the same time period as those in Figure

shéllow water records. Specifically, the incident waves are only
defined up to 16.7 seconds at which point the incident wave band alters
to a standing wave band. Also, the lowpass cutoff for At is taken at

the incident wave limit because of strong wave skewness. This



Figure 3.8

u7

(A) Spectrum of attenuation corrected sea-surface showing
narrow band, low energy swell, (n=2048, At=1.0 sec.)
(B) Incident band sea-surface time series (3.3 to 20.0

seconds) with superimposed envelope found as At bandpassed >

10.0 seconds.
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Figure 3.9 Groupiness factor, o, , and A

t

recorded simultaneously during a period of low energy, long

t at 9 cross-shore locations

period swell. Incident waves defined from 3.3 to 16.7

seconds. At lowpass filtered > 16.7 seconds.
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underscores the points make previously that the cutoff frequencies must
be determined for each set of observations, and comparisons ére only
valid when all data i{s processed identically.

Using these criteria, an interesting pattern emerges in Figure 3.9.
remains

While both GF and 9y begin a downward trend at station 6, A

t
virtually constant up to station 3. Kt’ as we have seen, is directly

t

proportional to wave helght measures such as Hrms. Thus it seems that

GF or 9, provide a more sensitive criteria for surf zone identification
t

than the wave height measures. Visual observations confirmed that some
of the larger waves were breaking by station 5, while the continued
shoaling of unbroken waves probably accounts for the lack of an

At decrease until station 2.

3.4 Conclusions

The parameterization of incident wave groupiness in terms of an
amplitude time series has been shown to be superior to a squared sea~
surface envelope function in several respects. First, At is useful as
an alternative means of finding both wave height statistics and
distributions. It is documented that while the Rayleigh distribution
accurately predicts measures of wave height (Figure 3.4a), it is a poor
descriptor of the wave height distribution in shallow water.

A second advantage of the amplitude time series stems from its use

in a groupiness factor that is well bounded, unlike a similar measure



based on the SIWEH. GF is also found to be an improved indicator of
surf zone width, as it is more sensitive to initial wave breaking than

measures of overall wave height.
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Chapter U4

FIELD OBSERVATIONS
4.1 Introduction

Field observations of pressure and current in a cross-shore array
are examined for the presence of long wave components associated with
wave groups through two generation models: the bounded long wave
(Longuet-Higgins and Stewart, 1964) and long waves generated at a time-
varying breakpoint (Symonds et al., 1982).

Using the envelope time series derived in Chapter 3, this is
accomplished through spectral and cross-correlation methods. The
interpretation of the cross-correlation analysis is simplified by the
decomposition of long waves into onshohe and offshore progressive

components following Guza et al. (1985),
4,2 Data Collection

" An experiment conducted in September, 1985 at the U.S. Army Corps
of Engineers Field Research Facility in Duck, North Carolina provided
the data used here. Mason et al. (1987) give a description of the field
site and experimental setup. The nearshore profile and measurement
locations are shown in Figure 4.1, Figure 4.2 shows the three

dimensional morphology observed just prior to the collection of the data

51



Figure 4.1

52

From top: groupiness factor, standard deviation of
amplitude time series, significant wave height (derived from
spectral variance in 0.30 to 0.06 Hz band), and nearshore

profile with instrument locations.
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used here. Although some longshore irregularities were present, the
morphology is without major features such as crescentic or longshore
bars which might have produced resonant modes of long waves. All
bathymetric observations were collected by the Army Corps using the CRAB
profiling system (Mason et al., 1985). At each of the 9 measurement
locations pressure and bi-axial horizontal currents were sampled
synchronously for 40 minutes at 2 Hz. Pressure sensors were of the
diaphragm type and flows were measured by Marsh Mcbirney electrbmagnetic
currgnt meters. For a more complete description of the instrumental
setup, see Hubertz et al. (1987).

The data presented here were collected at 1500 EST on September 9,
1985. Waves consisted of visually well grouped swell with a narrow
spectral peak near T=12 seconds. The angle of incidence was nearly
shore-normal, although wave crests and wave groups did not appear to be

very continuous alongshore.
4.3 Data Processing

Cross-shore currents are defined as positivé onshore so that
incoming long waves exhiblt the same phase relation with wave groups
whether using the sea-surface or current records. Sea surface and wave
envelope time serles were found according to the procedures in Chapter
3, with incident waves defined from 0.30 to 0.06 Hz, and groups
containing frequencies > 0.06 Hz. An incident/long wave band cutoff was
chosen at 0.06 Hz based on shallow water spectra, in which it was clear
‘that the incident band energy was confined to higher frequencies.

(Changes in the n and u cross-spectrum at this frequency also
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Figure 4.2 Nearshore morphology observed by CRAB survey just prior to
the collection of data used here. The cross-shore
instrument array was located at 1000 m in the longshore
dimension and extended to 424 m in the offshore dimension.
(Note that the shoreline reference point is not the same as

in Figure 4.1.)
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substantiate this cutoff.) Additionally, energy at very low frequencies
(below 0,007 Hz) was removed becaﬁse certain records contained energetic
red structure in this band that was uncorrelated with other records and
lowered the association with wave groups. Thus the low frequency time
series used here contain energy'from 0.007 to 0.06 Hz.

- All spectra and Cross-spectra were smoothed to give 34 degrees of
freedom, resulting in a 95% CI on zero coherence of approximately 0.41. .

Correlations between A, and long waves were found over a positive and

t
negative lag as
n-|J] n=|4| 2 1213 2 1172
r.= Y XN_-D 7 {1 ) x-0°731 ((,_-D}
Iooga -3 g=1 1 =1
for j 80
and
n-|3] _ _ n=|4| P ] 1 B
r,= 3 X, -0 /7 Y o0 Y (x,-n°}
3ooqn i j=1 14 j=1 1
for j 2 0 |
J = -200,200 , (4.1)

where X and Y represent the series to be correlated and J is the lag.
As adjacent points in a wave time series are by no means
independent, the 95% CI on zero coherence was found using a reduced

*
number of points, n , given by Garret and Toulany (1981) as

—1 _ _ n'
n' = n7 4272 Y (n-3j) R_(3) , (4.2)
j=1 i
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where n is the original number of points, ny(J) is the lagged auto-
correlation of the product of the two series to be correlated, and n' is
the number of lags until ny experiences a zero-crossing. While n* is
somewhat variable, most cross-correlations presented here have a 95% CI
on r=0 less than 0.15, which is used as a general reference level for
significance. ‘

Some pressure channels showed a high energy, narrow band peak in
the spectra which was judged to be some sort of electronic .
contamination. Gaps in the results presented below represent data that

was not analyzed because of this problem.
4.4 Cross-shore Wave Statistics

Figure 4.1 shows the cross-shore variations in significant wave

height, Hs, standard deviation of the amplitude time series, Y sand
’ t

groupiness factor, GF. While H does not decrease until station 2, it is

and GF that initial breaking of the largest waves must
t

have begun just inshore of station 6. The wave groupiness in both the

evident from °A

current and sea-surface incident band decreases from around 0.65
offshore to 0.45 by station 1. More importantly, the wave height

variability, as measured by the standard deviation in A_, decreases by a

t
factor of 2 across the instrument array. If the size of the bounded
long wave in the surf zone remains proportional to variations in the
wave height squared, as implied by equations (2.9) and (2.11), then the

BLW size might be expected to be proportional to the square of Op s
' t
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implying a four-fold decrease from station 6 to station 1. It will be

shown in Section 4,6.3 that this does not seem to be the case.
4,5 Total Long Wave Analysis
4,5.1 Cross-spectra

Cross-spectra between A, and n, were found as a first step in

t
assessing the degree to which long waves in the nearshore are directly
forced by wave groups. Figure 4.3 shows the most cohereht cross-
spectrum of any calculated between co-located At and - While there
are some signs of the forced response (phase near 180° in bands of
significant coherence) the relation is certainly weaker than in the
results presented by Huntley and Kim (1985). Since in addition to the
incoming BLW, the nearshore long wave field may well consist of
reflected long waves, waves generated at a time-varying breakpoint, and
edge waves, it is not surprising that Figure 4.3 shows an unclear BLW
signature. These effects were probably less important in Huntley and
Kim (1985) for several reasons. First, their measurements were taken
very close to shore, likely within the first antinode of most long wave
frequencies. Therefore, the differentiation of incident and reflected
long waves was not possible. Secondly, the beach slope was very high,
increasing the probvability of incident wave reflection and reducing the
likelihood of breakpoint-forced long waves. The data presented here

seems more representative of an open coast situation with waves breaking

offshore and dissipating through a shallow surf zone,



Figure 4.3 Cross-spectrum between the amplitude time series and sea

surface long waves at location 5 in Figure 4.1.
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If wave groupiness is forcing a significgnt portion of the

infragravity band, a similarity between the spectrum of At and the
spectrum of the long waves might be expected. In order to properly test
this assumption, the nodal/antinodal structure contained in offshore-
measured spectra must be avoided, either by directly measuring run-up,
or by using the procedures of Sallenger and Holman (1987), Wright et al.
(1986), or List and Shi (1986). However, none of this is necessary for

the present case as the spectra of A_ in Figure 4.3 shows no significant

t
structure to begin with. This lack of a dominant groupiness frequency
has been observed previously (Symonds, 1982, Huntley and Kim, 1985), and
in a wide range of data examined in association with the present study.
The groupiness-of the incident waves, therefore, is likely to be a

source of broad-banded long wave energy only; dominant frequencies in

the nearshore, if observed, must be generated through another mechanism.

4,5,2 Cross=-correlations

In order to differentiate between group-related long wave
components traveling shoreward and those either reflected or generated
in the surf zone and traveling seaward, cross-correlations were
calculated similar to those first presented by Tucker (1950). Figure
4.4 shows cross-correlations between co-located At and long waves (in
both current and sea-surface) at 8 stations. The bounded long wave
response is seen as a negative correlation near zero lag, which is

marginally significant at station 9, strengthens to a maximum at station

3 and then decreases and disappears by station 1.



Figure 4.4

Cross-correlations between co-located long waves {both
current and sea-surface) and amplitude time series at 8
cross-shore locations. Horizontal scale is the time lag i
seconds, vertical scale is the correlation coefficlent.
Positive lags indicate a leading group structure. Numbers
along the right indicate station locations for long waves
and At as shown in Figure 4.1, Solid arrows represent the
round-trip travel time from the indicated location to the

shoreline. The approximate 95% confidence interval on r=0

is shown.
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The supposition that gboups are forcing long waves and not visa-
versa is supported by a significant degree of correlation between the
group structure offshore and the group structure up to station 5; in
other words the wave groupiness to a large extent is an original feature
of the offshore waves through this zone, and is not being created by an
interaction between short waves and long wave depth or current
modulations. The disappearance of the near zero-lag negative
correlation landward of station 3 could be due to a decrease in the size
of the BLW, but could also be due to_this short wave/lbng wave
interaction (as predicted by Abdelrahman and Thornton, 1988), which
would cause a modification in the group structure and mask the cross-
correlation's ability to identify a forced response.

To test this idea, the cross-correlations between the amplitude
series at station 8 and long waves at 7 stations closer to shore were
calculated and are shown in Figure 4.5. The forced wave response, néw
at progressively greater time lags, appears to strengthen all the way to
station 1. A similar response was found by Guza et al. (1985). Solid
dots in Figure 4.5 show the measured group travel time (from At cross-
correlations), indicating that after the incident waves began breaking,
the forced response lagged behind the wave group structure by up to 10
seconds. The question of whether this group-correlated long wave
component is still a bounded long wave or now a free wave will be
addressed below.

Another interesting feature of Figures 4.4 and 4.5 is a series of

significant peaks occurring at lags nearly matching the round-trip long



Figure 4.5

62

Cross~-correlations between A, at location 8 and long waves

t
at 7 stations closer to shore. Horizontal scale is the time
lag in seconds, vertical scale is the correlation
coefficient, Positive lags indicate a leading group
structure, Numbers along the left indicate the station
locations for long waves as shown in Figure 4.1. Solid dots
represent the group travel time measured from cross-

correlations between spatially separated A indicating that

t'
the negative BLW signal lags behind the group structure in

shallow water.
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wave travel time given by
T=f (gn) V2 ax . (4.3)

from the point of At measurement to the shoreline (marked by solid
arrows)., The signs of the nL and up correlations are opposite,
confirming that this signal represents outgoing waves satisfying the
notion that the incoming'BLw is released and simply reflected as a free
wave, as suggested by Longuet-Higgins and Stewart (1962,1964).
Associated with this outgoing BLW-type signal is a significant,
though generally secondary, correlation with the opposite sign.
Appearing about 20 seconds earlier, this signal has been attributed to
the breakpoint-forcing model'(Symonds et al., 1982), and was present in
the original observations of Tucker (1950) and the more recent work of
Guza et al., (1985). However, it is difficult to predict exactly how
waves generated by the breakpoint-forcing model might affect the cross-
correlations as calculated here (see Huntléy and Kim, 1984); it can only
be speculated that correlations at this time lag relate to this model.
In a simplistic sense, however, it would seem that since larger waves
are predicted to be associated with a higher setup, long waves generated
by the model of Symonds et al. (1982) should show a correlation opposite
to that of the BLW (or a recently released long wave of BLW origin).
The fact that most of the significant correlations in Figure 4.4 and 4.5
fit the idea of an incident, released, and reflected BLW may indicate
that breakpoint-forced waves were of lesser importance during this

experiment.
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Since the square of the correlation coefficient gives the percent
of'one channel's variability that can be predicted by another, the
correlations associated with the incoming BLW in Figure 4.5 could
ideally be used to determine the fraction of long wave height
attributable to group forcing at each station, resulting in a picture of
the cross-shore evolution of BLW size. Unfortunately, as shown by
Sallenger and Holman (1985A), the infragravity variance in n or u can be
dependent on the sampling location's position relative to a standing
wave structure, as seems to be the case in Figure 4.6. Similarly, the
correlation signals for incoming and outgoing waves are superimposed
close to shore, distorting the values in an unpredictable manner.
Therefore, a method of separating the landward and seaward progressive
long wave components (Guza et al., 1985) was used to circumvent these

problems.
4.6 Long Wave Component Analysis
4,6.1 Component Separation

After Guza et al. (1985), landward and seaward progressive long

wave components in units of sea surface elevation were found as
qﬁN=(mJ+/Wguﬁ /2

n OFF = (nL - Yh/g uL) /2 , (4. 4)

where ™, and uL represent each point in the n and u long wave time
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Figure 4,6 The effect of component separation. (A) Significant wave
height from the variance of the sea-~surface long wave band
(0.06 to 0.007 Hz). (B) Significant wave height from the
variance of the onshore and offshore progressive long wave

components.
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series, h 1Is the average water depth, and u is defined as positive
onshore. The components in units of velocity could be found similarly,
but provide no additional information.

Equation (4.4) cannot be used with many data sets because of a
number of restrictions. As noted by Guza et al., long waves are assumed
to be shore-normally oriented. An obli&uely angled incident long wave
would contaminate the offshore component and an obliquely angled
outgoing long wave would contaminate the onshore component.. Edge wave
motions would put spurious energy into both nLON and nLOFF, though
presumably to equal degrees. Also, long waves are assumed to follow the
shallow water, linear dispersion relation, excluding bounded long waves
associated with groups in deeper water.

Tests showed that the data set used here must have largely
satisfied these conditions. For example, the cross-~spectrum between two
nLON series at adjacent stations, as seen in Figure 4,74, exhibit a high
coherence and the phase relation of an incoming progressive wave.
Conversely, the cross-spectrum between two nLOFF components in Figure
4.7B clearly indicates an offshore progressive wave. A cross-spectrum
between the total n, between these two stations is very different,
showing the variable coherence and phase relationships of a partially
standing wave.

At this point we can test the Symonds et al. (1982) prediction of a
frequency-~dependent 6utgoing wave. Assuming the component separation is
working reasonably well, the nLOFF spectra in Figure 4.7B should show a
distinet structure. However, significant features are lacking in both

spectra, lending no support to the model predictions.
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Figure 4.7 The effect of component separation. (A) Cross-spectrum

between the onshore progressive components at stations 7 and
8. (B) Cross-spectrum between the offshore progressive

components at stations 7 and 8.
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Cross-correlation signals also show a clear separation of onshore
and offshore progressive components. For example, Figure 4.8 displays
cross—-correlations between wave groups and co-located long waves as
measured by e nLON. and nLOFF. The group-related signals are well-
separated, with nLOFF showing the typically observed outgoing signal (as
in Tucker, 1950, see Figure 2.4 here). In addition, the component
separation results in a distinct improvement in correlation magnitude.

Finally, that the ON/OFF separation has resolved problems with
determining long wave heights in standing waves is evident in Figure
4,6B in which the significant heights of the ON and OFF components do

not reflect the structure in total n, (Figure U4.6A).
4,6.2 Cross-spectra

Using the nLON component series, cross~spectra are re-calculated as
in Section 4.5.1. Figure 4.9 shows that the relation is much clearer,
with a significant coherence and phase near 180° at all but the lowest
frequencies. The coherence averages about 0.6, indicating that about

36% of the variance in nLON is predicted by the wave group structure.
4,6.3 Cross-correlations

Correlations are now found between A_ and separate ON and OFF long

t
wave components. As an additional improvement, long waves and At are
both bandpass filtered to contain low frequency energy restricted

between 0.007 and 0.03 Hz. Wave groups with frequencies higher than

0.03 Hz reflect wave to wave height changes or groups consisting of only



Figure 4.8

69

The effect of ON/OFF long wave component separation on the

cross~-correlation signal between co-located A, and m, at

t
measurement station 6. Top frame shows the correlation with
total m, while the middie and bottom frames show the

correlations with nLON and nLOFF respectively.






Figure 4.9 Cross-spectrum between the amplitude time series and the
onshore component of sea-surface long waves at station 5.

Compare with Figure 4.3 in which the total "L was used.
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T
one wave. Removal of this band results in an improved cross-correlation
signal, possibly 1ndicating.that extremely sharp gradients in radiation
stress are somehow averaged in the surf zone and do not generate long
waves,

However, care must be used in narrowing the band of frequencies
used; if the range 1s too restrictive, the cross-correlation between the
two series approaches the cross-correlation between two sin waves,
becoming an unending series of large positive and negative peaké. At
the same timé, n* increases, making more of the cross-correlation signal
significant. Thus a wide enough range of frequencies must be considered
to preserve randomness in the series to be correlated. However, it is
not known exactly what the limits are in this type of analysis.

Cross-correlations between A_ at station 8 and long wave components

t
at 5 stations closer to shore are presented in Figure 4.10. The cross-
correlations here contain the same signals as in Figure 4.5, except for
the decomposition into onshore and offshore components and a modified
frequency band. A large improvement is evident in terms of both the
correlation levels and the ability to isolate the superimposed signals,
A strong BLW-type signal is present to the most shoreward station,
although it is modified somewhat to contain both negative and positive
correlations before shoreline reflection,

We can now return to the question asked at the end of Section
4,5.2: how much of the long wave height at each station can be
explained by a BLW type association? To answer this a search is made
for the At series that can predict the most long wave variation at each

station. For the onshore component stations 5,6,7,8, and 9 show the

highest BLW-type correlations with co-located At; for stations 1 and 3
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Figure 4,10 Cross-correlations between the amplitude time series at
location 8 and long wave components at 5 stations closer to
shore. Horizontal scale is the time lag in seconds,
vertical scale is the correlation cbefficient. Positive
lags indicate a leading group structure. Both At and long
waves have been bandpass filtered to contain energy only in

the 0.007 to 0.03 Hz band.
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the higHest correlations are with At at stations 5. For the offshore
component the best correlations were always with the group structure
near the maximum limit of wave breaking at station 5. Table 4.1
summarizes these relationships. Significant positive values are also
observed in these cross-correlations; however they never exceed the
magnitude of the negativé correlations,

The amount of long wave variance at each station predicted through
a BLW-type assoclation with wave groups is estimated by .

°ng - PZ oibcomponent ' (4.5)
where 02 represents the variance of the indicated quantity. Table 4.1
shows that up to 34% of the variance in the nLON component can be
predicted by the wave group structure, which is very similar to the
coher‘ence2 level in the corresponding cross-spectrum (Figure 4,9).

In addition, up to 24% of the outgoing long wave variance is
explained by the éroup structure, even though the spatial separation of
correlated signals increases at each position away from the shoreline.
This adds further support to the notion that the BLW is released and
reflected as a free wave.

A crude picture of BLW shoaling characteristics is found by
converting the predicted BLW variance into a wave height measure (see
Table U4.1). Figure 4.11 compares this BLW height with two theoretical
predictions: simple shallow water shoaling from station 9 and a BLW
height prediction using Equation (2.9) and the measured wave height and

groupiness at each station.
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Table 4.1 Predictions of BLW height from cross-correlations between At
and n, components, both in the 0.007 to 0.03 Hz band.
'(A) Component and station location for long waves
(B) Station location for At
(C) Maximum negative correlation between signals in (A) and
(B).
(D) Squared value of r in (C).
(E) Variance of long wave channel
(F) r2 multiplied by column (E) to give the predicted BLW

variance.

(G) Significant BLW height found from 4(BLW var'iance)o'5



() (B) (¢ (D) (E) (F) (G)
SJ:gnal locations Variance Variance Hs

n A roor® n @x10%) B (®x10})  BLW (m)
9 ON 9 -0.32 0.10 0.12 0.012 0.014
8 ON 8 -0.38 0.14 0.13 0.018 0.017
7 ON 7 -0.51 0.26 0.18 0.047 0.027
6 ON 6 -0.38 0.14 0.20 0.028 0.021
5 ON 5 -0.52 0.27 0.55 0.148 0.049
3 ON 5 -0.59 0.34 0.81 0.275 0.066
1 ON 5 -0.54 0.29 1.01 0.293 0.068
9 OFF 5 -0.25 0,06 0.25 0.015 0.015
8 OFF 5 -0.27 0.07 0.27 0.019 0.017
7 OFF 5 -0.35 0.12 0.28 0.034 0.023
6 OFF 5 -0.34 0,12 0.37 0.032 0.023
5 OFF 5 -0.29 0.08 0.37 0.030 0.022
3 OFF 5 -0.49 0.24 0.54 0.130 0.046
1 OFF 5 -0.43 0.18 0.83 0.149 0.049
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A number of points now become clear. First, even after the
initiation of wave breaking inshore of station 6 (recall groupiness
changes in Figure 4.1), the observed BLW height is increasing ét a rate
much greater than simple shoaling. Thus we can reject the suppositions
that upon incident wave breaking the BLW is released as a completely
free wave, or actually decreases along with wave groupiness. This
apparent increase in group-forced long waves after incident waves have
begun to break was also found by Mansard and Barthel (1985), who
observed laboratory long waves increasing in size even through a
constant depth zone.

A second point is that the BLW {s certainly not amplified according
to theory, as has always been suspected. Finally, while the theoretical
BLW in Figure Y4.11 shows a sharp decrease at the most shoreward station
(large GF decrease outweighs the effect of shallower water), the
measured BLW remains constant. This is further evidence that the BLW
can be released as a free wave after significant incident wave breaking.

A rapid shallow water increase in the forced response may explain
the size difference between the incoming and outgoing components (Figure
4,6) in the following manner. The onshore component is very small
offshore but increases rapidly past station 6 as the BLW shoals (at a
much larger rate than linear shoaling). At some poiné near the
shoreline this forced wave is released and reflected as a free wave
which "de-shoals" offshore at a rate closer to (hl/hz)1/u. Because much
of the wave energy was generated in shallow water, the offshore
component is larger than the onshore component in deep water, which
would explain why Tucker (1950) only observed a forced response after a

large time lag. The results here are different than those given by Guza



Figure 4,11 Estimated BLW Height (see Table Y4.1) and two theoretical
predictions: 1, shallow water shoaling of the BLW height
from station 9 using (h,/hz)1/u and 2. approximate BLW
height predictlion from Longuet-Higgins and Stewart (1964)

(Equation 2.9 here), using the measured wave height and

groupiness at each station.
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et al. (1985), in which the onshore component was at all positions

larger than the offshore component.
4,7 Discussion

Sﬁudies of fﬁe BLW in the nearshore have exhibited a varying degree
of evidence for the forced wave response. Guza et al. (1985) show that
the incoming and outgoing long waves are clearly correlated. to wave
groups, but interestingly the negative sign of the BLW is overshadowed
by positive correlations within the surf zone. Kim (1985) shows
evidence of an incoming forced response, but little sign that outgoing
long waves are correlated to wave groups. Huntley and Kim (1985) show
nearshore long waves almost entirely forced by wave groups in a steep,
reflective beach in which a separate outgoing wave cannot be
distinguished. The results presented here are therefore not necessarily
typical, but may represent an end member in the degree to which the BLW
is clearly present in the incoming waves, and seems to be the source for
at least part of the outgoing waves.

Evidence for long wave generation at a time-varying breakpoint may
also exist to varying degrees throughout these studies of group-forced
waves. However, it is still uncertain exactly what kind of relation
these waves should show in cross-correlations or cross-spectra with wave
groups. The laboratory study of Kostense (1985) showgd frequency-
dependent outgoing waves, but this was not observed here or in any other
field study.

Certainly more theoretical work is needed to explain why the forced

response seems so variable, and under what conditions the BLW becomes
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energetic in the nearshore, or could be released and reflected as a free
wave, The observation of a BLW increase through the zone of wave
breaking may find an explanation in a resonant interaction with residual
wave groupiness. The model of Symonds et al. (1982) must also be re-
examined, with emphasis on possible interactions with group-bound waves,

and on new methods of evaluating field data for this effect.

4.8 Conclusions

In a strict sense, the following applies only to the data presented

here:

1. The bounded long wave, as measured by correlation coefficients
between long waves and the incident wave envelope, accounts for as
much as one-third of the incoming long wave height. This may be a
conservative estimate due to the difficulties of identifying the

forced response in field data.

2, The bounded long wave increases in size even through a zone of wave
breaking. The rate of increase is much larger than simple shoaling,
though much smaller than predicted by current bounded long wave

theory. -

3. The outgoing long wave component shows a significant correlation
with incoming wave groups. The sign and time lag of this signal
supports the idea that the incoming BLW is released and reflected

from the shoreline as a free long wave.
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Positive correlations between wave groups and long waves were also
observed, although they were generally weaker than the BLW- |
associated signal. This may give support to the breakpoint-forcing
mechanism of long wave generation, although it is unclear exactly

what kind of signal is created through this model.



Chapter 5

GROUP-FORCED LONG WAVE NUMERICAL MODEL
5.1 Introduction and Rational

Field and laboratory observations have now provided some
tantalizing clues to the problem of long wave forcing by incident wave
groups. It is clear from Chapter 4 that an incident BLW exists, and
that a BLW-type signal amplifies in shallow water and is reflected from
the shoreline. |

However, many questions remain. First, although Chapter U4 gives
. perhaps a first glance at the shallow water BLW size, its potential
infragravity contribution under varying conditions and its importance
relative to breakpoint-forced long waves is virtually unknown.
Correspondingly, the shallow water modification of the group-correlated
signal to include both positive and negative values remains a mystery,
although it was speculated in Chapter U4 that this reflects the addition
of breakpbint-forced long waves.

In the absence of valid theory, a numerical model is developed here
to address these questions. The model is designed to include the

effects of both the BLW and breakpoint-forced waves, treating all

radiation stress gradients equally whether in broken or unbroken waves.

80
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The model consists of two interacting parts: a shoaling and
breaking wave group model and a long wave model. Analogous to the model
of Symonds et al. (1982), a steady-state setup solution is found first,
and is used as a basis for the long wave solution-at the group
frequency.

This chapter begins by describing the model components, and
concludes with a verification using the field results presented in
Chapter 4, Chapter 6 continues the investigations with a seriés of
controlled tests with varying wave and profile conditions.

-

5.2 Model Components

5.2.1 Incident Waves

In order to predict long wave generation by radiation stress
gradients in the nearshore, it was necessary to develop an incident
waves model that could provide time series of wave heights at all cross-
shore locations under the assumptions of normally incident waves and a
2-dimensional topography. Because the incident wave heights are assumed
to vary as a function of time and the resulting group structure must be
represented through the regions of shoaling and breaking, steady state
or probability distribution transformation models are not useful in this
study. Thus the many previous approaches, including those of Battjes
and Janssen (1978), Thornton and Guza (1983), Dally et al. (1985), and
Ebersole et al. (1986), could not be adopted here.

The present approach begins with the offshore input of a wave

height time series, such as ZAt' or a more simplistic function based on
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the beating of two sinusoids. This wave group structure then moves
across an arbitrary profile, with shoaling and breaking occurring at
appropriate water depths for individual wave heights. The wave height
at every grid point and for each time step is then a function of
shoaling or a breaking criterion from the next grid point seaward.

It was found that a fixed distanqe step; such as commonly used in
models predicting steady-state wave height transformations, was
inadequate ﬁo preserve the form of the group structure as it progresses
landward. This is because the distance traveled in the time step, At,
will not equal the distance step, Ax, over a profile with varying depth.
In this case, moving the wave group structure through the surf zone
requires continual interpolation of wave heights onto the fixed set of
cross-shore grid locations. The result is a considerable amount of wave
height dispersion, with a progressive loss of group structure toward the
shoreline.

To avoid this problem, a floating grid scheme was devised such that
Ax will always exactly equal the distance traveled by’a wave over the
sloping bed in the time step, At. At each time step the set of grid
point locations is also permitted to vary if changes in sea-surface
level, n, are incorporated into the water depth. Thus if a previous set
of grid points is defined by x,, h,, %x,, h, as in Figure 5.1, then for
shallow water At may be equated to the travel time from x, to a new x,

location, denoted by x,':
] -
At = f:‘ (g {h, + (x,~x)tang} ) 172 4y , (5.1)
2

where the term in brackets is the water depth over the sloping bed and
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Figure 5.1 Incident waves model: definition diagram for finding a new
grid point, x,', based on the shallow water travel time from

X, within the time step, At.
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tang is défined as
tang = (h,-h,) /7 |x,-x,| , | (5.2)
which may be positive or negative. x,;' is then found from (5.1) as
X,' = x, + | h, - (tangatvg/2 + vi,)2 | 7 tans . (5.3)

Because (5.3) is unbounded when tan8 approaches zero (such as over a

bar), a criteria is employed such that when tang < 0.001,
X, = X, - At/gh,, (5.4)

which results in negligible error since the bed is near horizontal.
This procedure for locating new grid points rapidly re-adjusts an
initially constant Ax grid so that the distance between all grid points
represents the shallow water travel distance in At. Depending on the
choice of At and the initial Ax, this may result in an increase or
decrease in the number of grid points. Conveniently, the procedure
produces a constant grid spacing on the seaward end first, where the
wave heights enter the system.

The benefit of a floating grid system is demonstrated in Figure
5.2, in which a comparison is made with a fixed grid model. Both
demonstrate the progression of a wave height jump from 0 to 1 m after 10
seconds travel time over a horizontal bed. The floating grid version
obviously does a much better job of preserving the form of the step,

which will not change as a function of travel time or At. 1In the fixed
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Figure 5.2 Comparison between (A) fixed and (B) floating grid incident
waves model. Both show the progression of a 1 m wave height
Jump across a horizontal bed after a total of 10 seconds.
The form of the wave height jump is unchanged in the
floating grid model, while a progressive artificial

smoothing results from the fixed grid model.
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grid version the wave height dispersion continues to worsen toward
shore. -

With a gridding system as described above, wave groups in the surf
zone may be modeled by defining the wave height at each position as a
function of shoaling or breaking of the wave height from the next grid
location seaward. Here the wave heighﬁ at x, is foéund as

1/4

H, = minimum { H_ (h,/h,)'"", vn, } , . (5.5)
pq Xy

1
vwhere Y is the breaking wave height to depth ratio. Equation (5;5) is
thus a rather simplistic approximation of the natural situation,
ineluding the assumptions of linear shoaling, a constant breaker height
criteria, and the absence of refraction, diffraction, or frictional
dissipation. Although all of these assumptions are in the strictest
sense lnvalid, there is ample evidence to suggest that the approximation
given by (5.5) is adequate for the present study. For example, in a
laboratory study of radiation stress gradients in the nearshore, Stive
‘and Wind (1982) compare the measured radiation stress across a shoaling
and breaking region with two non-linear theories (Cokelet, 1977, and
James, 1974), and linear theory following (5.5). Depending on tﬁe
choice of Y, Stive and Wind found that linear theory fits the
observations equally as well as non-linear theories. Further support is
presented in Section 5.4.3, in which wave height statistics are well
predicted by model data. Therefore, it was judged that the slight
improvement potentially provided by higher order theories would not
outweigh the benefits of a simplified approach.

Figure 5.3 is an example of predicted instantaneous wave heights
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Figure 5.3 Incident waves model predictions of the cross-shore wave
height profile at times separated by 1/4 the group period.
Fully modulated wave groups, varying between O and 2 m, are
input at x=250 m and allowed to progress err the profile
sShown with Y=1.0. The effects of both shoaling and breaking
are present, The input wave group period is T=50 seconds

with heights given by H = 2,0 sin(mgt) m.

x=250
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across the nearshore with fully modulated waves input at x=250 m. The
series of plots show that radiation stress gradients associated with
incident wave groupiness progress shoreward and are not completely lost
even at the shoreline, Thus breaking and non-breaking wave height
gradients are spatially inseparable, underscoring the need for a long
wave model that can account for both breakpoint-forcédyand bounded long

waves in the surf zone.
5.2.2 Equations of Continuity and Momentum

Following Symonds et al. (1982), the equations modeled here are the

depth-integrated, linearized shallow water equations of continuity and

momentum given by,

oan/3t + 3(hu)/ox = 0. (5.6)
du/dt + g 9n/dx = -(1/ph) 9Sxx/9x , (5.7)

where u and n are the long wave currents and sea-surface respectively.
The cross-shore radiation stress, Sxx, is found after Longuet-Higgins

and Stewart (19614) as

Sxx = (3/16)pgh° , (5.8)

where shallow water and linearity are assumed. Stive and Wind (1982)

again provide evidence that the linear wave assumption works as well as

non-linear theories; setup predicted using (5.8) agrees quite well with
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measurements. The earlier stud& of Bowen et al. (1968) also
substantiates the use of (5.8), although some overpredictions at the
breakpoint were observed.

Equations (5.6) and (5.7) are modeled using an explicit finite
difference scheme with a staggered grid as shown in Figure 5.4. A
stable solution is found as

oy

n n
ng =g - (8t/8x) (hup - hug

n+1 n n+1 n+1
Ugq = Uy - 8(at/8x) (n, ny_y)
n n
(At/phAx) (Sxx1 Sxx1_1) (5.9)

where n represents the time step, 1 is the distance node, and the waﬁer
depth h may include the effect of n. Note that this scheme is semi-
implicit in that u is calculated using n at the current time step.
However, calculation of n first, using u at the previous time step,
allows this to remain an essentially explicit scheme. Unlike the
incident waves model, Ax is constant here. Predicted incident wave
heights are therefore re-gridded at each time step to provide the
radiation stress at each of the n nodes in Figure 5.4,

Equation (5.9) is subject to the Courant condition in which

stability is ensured with
Ax/At > Vgn , (5.10)

where vgh represents the shallow water, linear phase speed. Numerical

dispersion is also a concern here. Following Roache (1972) the



Figure 5.4 Long waves model: staggered grid scheme., x is defined as

positive offshore.
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numerical dispersion is found using Hirt's stability analysis as
2 2
(ghat/2) 3°u/9x (5.11)

(Cerco, pers. comm.), which can be shown to have the units of kinematic
viscosity. Equation (5.11) is expected to be small since azu/ax2 is
small in the case of long waves. This may be conveniently tested by
varying At and observing the effect on the solution. In this Study it
was found that large At variations had little effect on the results,
indicating that the numerical dispersion was negligible.

Finally, two boundary conditions are required in (5.9). At the
shoreline, long wave reflection occurs at some pre-determined water
depth minimum measured at an n node. This condition was used to avoid
stabllity and continuity problems with a continually moving boundary.
Although Reid and Bodine (1968) have proposed a moving-boundary scheme
>1n a numerical model and Carrier and Greenspan (1958) have theoretically

derived expressions for wave motion over a sloping bed, the condition
hug =0 (5.12)

has been used here for simplicity. For relatively steep boundaries such
as the foreshore this is a reasonable approximation, and has precedence
in numerous previous studies, including Dube et al. (1985), Vemulakonda
et al., (1988), Kim and Wright (1988), and many others.

The second boundary condition is n at the open end, for which two
requirements must be satisfied. First, there must be an incoming

bounded long wave as a function of the input group structure. Secondly,



92
any long waves radiated seaward from the surf zone must freely pass
through the boundary without reflection. Several pfevious methods were
considered but rejected. First, an extension of the open boundary to
deep water such that 3n/3x=0 would invalidate the shallow water
assumptions of the equations of motion used here. Furthermore, an
extension to deep water would require a non-linear random waves model
which could predict group reformation in deep water. In the present
study the form of ZAt' as input to the model, is assumed to be constant
for the case of shallow water.

Another commonly used technique is to set the open boundary n to
some pre-determined variation; in the present case this would be the
BLW. However, this results in total reflection of outgoing components,
which is a physically unrealistic condition.

To satisfy both boundary requirements a scheme was devised to
isolate the outgoing wave at the boundary, which is then added to the
incoming BLW to give the total boundary condition. The two n grid

points shoreward of the boundary, and M max-2" are decomposed

N max-1
into the shoreward and seaward components using the method described in
Section 4.6.1. For the case of model generated data and shallow water
groups this separation works extremely well, without the problems

associated with field data. The outgoing component at the boundary is

extrapolated at each time step as

nQBEE - MR-t (gQEE - miQEEo ) - (5.13)

The total boundary n is then found as
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"imax ~ "ew * MiQEE (5.14)
This method is similar in concept to the "matched impedance condition"
(Shaw, 1970, Vemulakonda et al., 1988) in which reflection is suppressed

at the boundary when
an/at = -¢ In/dx. (5.15)

However, this is extended here to include the addition of an incoming
wave.

The proposed scheme results in only an extremely small reflection
from the open boundary, which will be shown to be quite tolerable in a
sensitivity analysis 15 Section 6.3. By using a higher order
extrapolation an even smaller reflection may be possible, but was not

attempted here.
5.3 Model Run Modes
5.3.1 Setup

As mentioned in the introduction, a setup solution is found first,
providing a mean water level and wave height profile to the long waves
model. There are two major reasons for this separation into steady-
state and fluctuating solutions. First, shoreline setup may result in a
significant shift in the x distance of the minimum depth criteria. The
setup solution is therefore designed to allow for a moving boundary,

which is much easier to handle than in the long waves solution.
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Furthermore, this scheme follows the analytical procedure in Symonds et
al. (1982), allowing for a direct comparison between the models (Section
6.2.2).

To find the setup solution, a constant wave height, ZKt, is input
at the seaward boundary. After a sufficient time for stabilization, the
steady state wave height and setup/setdown profile results, with u
approaching zero at all points. The shoreline reflection point is
allowed to migrate landward as the setup increases. 1In additidn, water
depths in the incident waves model are interactive with the evolving
setup and setdown.

Figure 5.5 shows a typlical calculation of setup and steady-state
wave height over a linear profile. Although the model works equally
well over irregular and even bar;trough profiles, the linear case shown
here can be tested directly against the setup prediction of Bowen et al.
(1968):

dn/dx = =(1 + 2.67Y 2)"" tang . (5.15)

For a linear profile this can be written as

Mg =1 2.67Y"2)7" tang ax (5.16)
within the breaking waves zone. 1In Figure 5.5 the change in sea-surface
elevation from the point of maximum setdown to the shoreline is An=0.260
m; Equation (5.16) gives An=0.262 m, demonstrating that the model
proposed here is in excellent agreement with Bowen et al.

The wave height and setup profiles are used as the mean conditions



Figure 5,5 Example of setup solution using the long wave equations of
motion taken to the steady-state. Input waves at x=360 m:

T=15 sec, H=0.8 m. tang=0.025, Y=0.7.
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about which the wave groups and long waves vary, That the mean setup |
results from the mean wave height is evident from test runs.and is
predicted from (5.16), in which the setup varies as a linear function of
the surf zone width, Ax, which in turn is linearly related to the

incident wave height.
5.3.2 Long Waves

To generate long waves, a time-varying wave height enters the model
with the setup solution as an initlal condition. For each run, the mean
of the wave height time series must be the constant value used in the
setup solution, The water depths in.the long waves model are the
profile depths plus the setup (or setdown) solution.

Radiation stress is found as the difference between the

instantaneous and steady state values at each location:

const)z ]

L . (5.17)

s = (3/16) og [ (HDZ - (u
The magnitude of Sxx is unimportant here; only Sxx gradients affect the

forcing ternm,

(At/phbx) (Sxx? - Sxx™ ) . (5.18)

i-1

Radiation stress gradients in broken and unbroken waves are treated

equally in this chapter.
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The input BLW can be set equal to zero, an arbitrary factor times
the wave height squared, or the theoretical prediction of Longuet-
Higgins and Stewart (1964) or Ottesen Hansen et al. (1981).

Figures 5.6 and 5.7 give examples of the steady-state wave height,
instantaneous wave height, forcing term, sea-surface elevation and
cross-shore current for an input wave height time series with GF=0.5,
and the setup solution in Figure 5.5. Because in shallow water the
theoretical predictions of BLW height are invalid, the boundary BLW

value 1s taken as

n _ n 2 _ ,,const,2
BLW, = -BLWFACT [ (K] )% - (#}°7%%)% ] , (5.19)
with BLWFACT=0.02. This provides a small input BLW roughly following
field observations. Figure 5.6 13 at t=240.0 sec., showing a maximum
surf zone width, while Figure 5.7 is at t=285 sec., showing a minimum

surf zone width.
5.3.3 Non-linear Effects

As mentioned above, n variations due to long waves may be included
in the water depths used to find incident waves heights as well as n
itself. In the later case, however, the small amplitude assumptions of
linear wave theory are violated if n/h is not small. For the case of a
large amplitude long wave traveling over a shallow bed, the model
generates bores. Since non-linear effects such as these are not within
the scope of this study, the model runs presented below either have

waves small enough that non-linear effects are minor, or directly
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Figure 5.6 Long wave generation by incident wave groupiness, using the

setup solution shown in Figure 5.5. Incident waves defined

n

by Himax

= 0.8 + 0.4 sin[(Zn/Tg)nAt] m. The input BLW height
is found using (5.19) with BLWFACT=0.02. Y=0.7, T =61.6
sec., and t=240 sec.

(A) Constant and fluctuating wave height profiles.

(B) The forcing term, given by (5.17) and (5.18).

(C) Instantaneous sea-surface and current across the

nearshore (u defined as positive offshore).
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Figure 5.7 Same as Figure 5.6 except t=285 sec.
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suppress the inclusion of n in depth calculations. Use of this small
amplitude asshmption has precedence in numerous studies, including

Holman and Bowen (1979), and Symonds et al. (1982).

5.4 Model Verification

5.4.1 Introduction

A typical modeling procedure is to begin with the simplified éase
and build upwards to the natural situation. Here, however, the model is
first run to match the field situation, permitting a verification with

the observations presented in Chapter 4.

5.4.2 Model Parameters

The following is a 1ist of the model parameters that are adjusted
to match the field observations.

1. At filter cutoffs. Wave helights are input to the model as the series
2At, which is measured from field data at the most seaward station
shown in Figure 5.8. These wave heights then progress over the
natural topography. However, the degree of long wave forcing turns
out to be critically dependent on the filter cutoff used in
constructing At' Specifically, if wave to wave variations in height
are permitted in At’ unreasonably large long waves are generated by
the very steep Sxx gradients. In Section 4.6.3 we saw that the
group/long wave correlation was improved by removing the >0.03 Hz

band from consideration, thus lending some support to the supposition
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that very short groups are not forecing long waves. However, the
cutof f between groups that force long waves and those that are too
short is chosen arbitrarily in lieu of theory pertaining to this
"short groups" problem. The series At used here is restricted as in
the observations presented in Section 4.6,.3, containing variance only
in the 0.007 to 0.03 Hz band. .

Input BLW size. Since the water depth at station 9 (Figure 5.8) is
too shallow to use theoretical predictions, the BLW size is matched

to the field observations. With BLWFACT=0,032 in (5.19), Hs w=o.o1u

bl
m, which is the field observed size of the BLW from Table U.1.
Y. The wave height to depth ratio used here is 0.4, which is the
limiting ratio for individual wave heights in the breaking waves
model. Although McGowan (1891) showed theoretically that Y=0.78 for
a solitary wave and others have found a similar Y in laboratory data
(e.g. Bowen et al., 1968, v=1.0), there is ample evidence that the
field Y is much lower. For example, Wright et al. (1982) and

Sallenger and Holman (1985B) observe Yrmsao'u' If wave height

‘'statigtics are reasonably well predicted by the Rayleigh distribution

(as was shown in Section 3.2.3), then Yrms=0.4 (using Hrms) predicts
¥=0.35 (using the mean wave height and the relation H=0.886Hrms).
Additional observations.of individual breaking wave heights in sea-
surface time series also support such a low Y.

Point of reflection. Shoreline reflection was assumed at h=0.63 m,
which iIn on the seaward side of the steep foreshore part of the

profile shown in Figure 5.8.
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, and Hrms for model- -
t

The model Hrms is found from

Figure 5.8 Incident wave parameters GF, o

generated and field data.

Hr'ms=27\'t/0.886 (see Section 3.2.3). The field data Hrms is

found from spectral variance.
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5.4.3 Cross-shore Wave Statistics

Figure 5.8 compares model predicted and observed incident wave
parameters across the nearshore profile. The overall fit is excellent,
although the breaking wave height is slightly overpredicted. Note that
the field observation of a groupiness decrease before an overall wave
height decay is also observed in model data.

Model predicted long wave heights are compared to field
observations in Figure 5.9 for the onshore component of n, The model
heights, which represent long waves generated exclusively by wave
groups, are up to 86% of the field observations, which presumably
include other modes of long waves such as edge wave. However, the
problems associated with the field data component separation (Section

4,6.1), make a quantitative comparison uncertain.
5.4.4 Cross-correlation Signals

Model generated long wave data at each station are treated exactly
like field data in calculating the cross—-correlation between wave groups
and long waves. Figure 5.10 compares the model-generated and observed

signals between A, at station 8 and the ON and OFF components at 5

t
stations closer to shore. The similarity is clearly excellent, although
the magnitude of model signals is naturally much larger.

All major features of the observed signals are well represented in
the model data. First, the group-correlated signal modifies from a

single negative peak offshore to the classic positive/negative form near

the shoreline. Secondly, the signal is reflected from the shoreline,
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Figure 5.9 Comparison between model predicted nLON and field observed

nLON. Both are within the 0.007 to 0.03 Hz band.
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Figure 5.10 The ability of model-generated.data to predict cross-
correlation signals. All At and n, series are limited to
0.007 to 0.03 Hz. Solid dots give the model-predicted wave
group travel time. Cross-correlations are between At at

station 8 and the components of m, at 6 stations closer to

shore,
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appearing at progressively greater time lags in the outgoing signal. ‘
Finally, there is a progressive phase shift between At and the BLW
signal toward shore.

To get an insight into the source of thesevsignals, synchronous
time series of model-generated data are presented in Figure.5.11 at 10

cross-shore locations, The A_ structure (input at station 9) is subjecﬁ

t

to initial breaking at station 5 (some of the A_ peaks are truncated),

t
and only reflects n-induced water depth variations by station 0. nLON
displays the input BLW at station 9, but then undergoes some radical
changes as it progresses shoreward. Even before incipient bre;king at
station 5, the BLW assumes an asymmetrical form with a rise in water
level ahead of large wave groups and the expected setdown lagging behind
the group maximum. No current theory can predict this shallow water BLW
behavior.

After significant wave breaking inshore of station 4, long waves
generated at a time-varying breakpoint are presumably added to nLON.
However, the signal pere appears simply to be the shoreward progression
of a modified BLW after gradual release from wave groups. Therefore,
either the breakpoint-forced long waves are small, or they are added to

the BLW near quadrature (90° out of phase). This question will be

addressed in the next chapter.
5.5 Conclusions
A numerical model predicting group-forced long waves in the

nearshore is constructed in three parts: an incident waves model, a

setup solution, and a long waves solution,
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Figure 5.11 Time series of model-generated A_ and nLON data at the 10

t
cross-shore locations shown in Figure 5.8, Scale for At is

shown in the upper left. Numbers along the left-hand column
give the steady-state wave amplitude about which each At

series varies. Scale for nLON is shown at the lower right.
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The model is verified with field observations and the wave
group/long wave correlation signal first observed by Tucker (1950) is
found to be well predicted. Examination of model time series shows that
this signal can be explained by the fundamental modification of BLW
dynamics in shallow water, before the potential addition of breakpoint-

forced waves.



Chapter 6

MODEL INVESTIGATIONS: MONOCHROMATIC GROUPS
6.1 Introduction

In this chapter a series of tests examines the relationship between
the magnitude of group-forced long waves and various incident wave and
topographical parameters. An extension to intermediate depth water
permits the use of theoretical BLW predictions within groups formed by
two beating sinusoids.

A method is introduced by which the contributions of the BLW and
breakpoint-forced long waves may be separated. This permits an
examination of the relative magnitudes and phase relations between the

two modes of long wave forcing.
6.2 Model Extensions
6.2.1 Extension to Deeper Water

In the previous chapter shallow water was assumed with o=cg=/§ﬁ,
resulting in a constant wave groups structure until breaking. An
observed BLW size provided the input condition at a depth where theory
is invalid. This chapter investigates the relationship between long

wave height and variables such as the group frequency and groupiness,
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requiring a theoretical boundary prediction under a wide variety of
conditions. Thus the model uses an outside boundary in deeper water
where theory has some reliability. Because the shallow water assumption
no longer applies to the incident waves (although it is still valid for
long waves), only simple groups composed of two beating sinusoids can be
assumed to maintain a constant group structure while progressing
landward.

The model is constructed.with a linear profile out to,h=1§ m (see
éigure 6.12C). The group structure progresses landward at the group
speed given by

172

c_ = (gtanh(kh)/k) [1 + (2knh)/sinh(2kn)]. (6.1)

°4
The incident waves distance step is given by

X, = X, - Ate (6.2)

g

until the phase and group speeds meet the criteria,

e-c¢)/ c_ <0.0 (6.3)

( g) g 05,
at which point the model reverts to the shallow water mode described in
Chapter 5.

Until (6.3) is true, Sxx is given by

Sxx = (1/8) pgh® [(2kn/sinh(2kn) + 1/2] , (6.4)
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after which the shallow water approximation is used.

The input bounded long wave at h=15 m is given by Ottesen Hansen et
al. (1981, Equation 2.11 here). Although the formulation of Longuet-
Higgins and Stewart (1964) gives nearly equivalent results (as shown in
Section 2.1.1), use of the Ottesen Hansen et al. equation has precedence
in the laboratory studies of Mansard and Barthel (1985) and Kostense
(1985).

Throughout the results presented below, Equation (2.11) gives a BLW
amplitude of 0(0.01 m). Although there is a very slight group frequency
dependence, this low magnitude BLW is almost negligible compared to the
much larger long waves generated in shallower water, and will not be
considered further in the results presented below.

A potential problem in the model extension to deeper water arises
from the component separation (Equation 4.4) used to construct the total
open boundary condition (Section 5.,2.2): this technique strictly
applies only to free long waves. In Chapter 5 this criterion was
satisfied because groups were assumed to be in shallow water where the
bounded long wave satisfies the dispersion relation for a free long
wave. In this chapter, groups are in deeper water and the bounded long
wave will not exactly follow the shallow water dispersion relation until
the criteria (6.3) is reached. However, this problem was judged to be
small since tests showed that the open boundary condition was very

effective at suppressing reflections (see Section 6.3 bglow).
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6.2.2 Separation of Forcing Modes

In order to assess the relative contributions from the time-varying
breakpoint and bounded long wave models, a forcing separation scheme was
devised. In Figures 5.6 and 5.7 the forcing regions attributed to the
breakpoint-forced (BF) and BLW models are delineated by vertical lines.
&ote that the BF region follows the zone of breaking waves, whether in
the steady-state or time-varying solution. The model is run in BF mode
by zeroing the forcing term (Equation 5.18) outside the BF zone, which
must be defined at each time step. Also, there is no incoming BLW at
the open boundary. Alternately, the model is run in BLW mode by zeroing
the forcing term within the BF zone, and including an input BLW,

The breakpoint forcing used here has a form very similar to the
analytical function of Symonds et al. (1982), with a positive peak
seaward of the mean breakpoint alternating with a negative peak landward
of the mean breakpoint. The sum of the first three time-varying terms

in the Symonds et al. forcing is given by

a(x) = Y [sin(nt) / nr] cos(nw t)
n=1 g

T = cos-1[(x-1)/Aa] , (6.5)

where Aa is equivalent to GF. This function is shown in Figure 6.1 at
t=0 and t=Tg/2 using GF=0.5 as in Figures 5f6 and 5.7.

Running the model proposed here in BF mode is therefore very
similar to the Symonds et al. forcing, except for two possibly important

features. First, the forecing is not symmetrical about zero, with larger



Figure 6.1

Sum of the first three time-varying forcing terms from

Symonds et al. (1982) at t=0 and T8/2. GF=0.5.
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positive than negative values. As can be seen in Figure 5.7, when the .
breakpoint is at a minimum, the wave height gradient in unbroken waves
nearly matches the gradient in the steady-state solution, resulting in a
lower foreing term than in the maximum breakpoint case. Symonds et al.
did not account for this.

The second feature not included in the theoretical approach is the
time-asymmetry of the minimum and maximum breaker positions. The time
difference between Figure 5.6 (maximum breakpoint) and Figure 5.7
(minimum breakpoint) is 45 seconds, which is 14 seconds longer than
Tg/z. This extra 14 seconﬁs represents tgé short wave travel time from
the maximum to minimum breakpoint positions. Although this effect was
noted by Symonds et al., the forcing term (6.5) neglects this time
delay, restricting the analysis to iow GF.

It is interesting to note at this point that Figures 5.6 and 5.7
show a much larger forcing magnitude within the BF zone than in the BLW
zone, leading to an expectation that breakpoint-forced waves should be
more energetic than the BLW. However, radiation stress gradients in the
BF model are very transient, while the unbroken wave gradients have much
more time to force long waves as they progress landward. The
implications of this will be addressed below.

In this chapter all model runs assume the small amplitude condition
with the calculation of n neglecting n-induced depth changes. This
allows a linear separation of the forcing modes as described above.
Tests show that the addition of independently generated breakpoint-

forced and bounded long waves results in exactly the solution for the

total forcing mode.
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6.3 Sensitivity to Open Boundary Reflections

To test the premise that the open boundary produces negligible
reflections, the model was run with freely progressing long waves and no
altering radiation stress gradients. At all test frequencies, a long
wave with a=0.04 m was input at h=15.0 m with tang=0:025. This results
in a shoreline amplitude approximately the same as in model runs
presented below.

If significant open boundary reflections are occurring, the
shoreline amplitude should be a function of the standing wave structure
relative to the open boundary, e.g. an antinode at the open boundary
Wwill result in resonance and a node will result in damping. For the
geometry used here, a small change in frequency should result in a large
change in standing wave structure relative to the boundary. Figure 6.2
gives the shoreline amplitudes over a wide range of frequencies, showing
very little strdcture apart from a general increase with frequency as
would be expected for standing waves on plane beaches (see Section
2.1.2). Thus there is good reason to believe that the degree of open
boundary reflection is negligible, permitting a higher degree of

confidence in the results presented below.
6.4 Effect of Incident Wave Parameters
6.4.1 Group Frequency

The effect of group frequency on the total, BLW, and BF solutions

is found by running the model over a wide range of difference
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Figure 6.2 Free long wave amplitude at the shoreline reflection point
(h=0.49 m) for a=0.04 m long waves input at h=15 m with
tanB=0,025. For this test long waves progress through the
model without being affected by radiation stress gradients.

Each point represents a test at a different frequency.
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frequencies formed by the addition of two sinusoids. Table 6.1
summariies the set of incident wave pairs used in this test. Note that
while the group period ranges from 34.9 to 196.4 seconds, the incident
wave period given by U4w/(w,*w,) is constant at 11.0 seconds. This set
of incident wave frequencies is used throughout this chapter, except in
Section 6.4.5 where the effect of incident wave period is considered.

Figure 6.3A gives the shoreline amplitudes produced by the total,
breakpoint-forced and bounded long wave run modes. (Model run
parameters are detailed in the.figure caption.) Most strikingly, the
BLW is larger than the breakpoint-forced long wave at all but the lowest
frequencies. The BLW solution shows a strong (and apparently linear)
relation with Aw, which is not surprising since a shorter group period
will produce larger Sxx gradients (all else being equal). The limit to
this is once again the short groups problem, which is not accounted for
in the present model.

The BF solution, on the other hand, shows virtually no frequency
dependence, although such a relation was predicted by Symonds et al.
(1982, see Figure 2.3B here). It seems likely that the transient nature
of the foreing within the BF region, as described in Section 6.2.2,
would increasingly limit the long wave response with increasing group
frequency. Supporting this is the observation that while the forcing
magnitude within the BF zone is much larger than in the BLW zone (Figure
5.6), the long waves generated are smaller, as seen in Figure 6.3A.

The total shoreline solution is the linear sum of the BLW and BF
solutions, As seen in Figure 6.3A, this summation is neither totally
constructive nor destructive, indicating a phase relation near

quadrature (90°). There also seems to be some frequency dependence,



Table 6.1
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The set of incident wave periods used to construct the wave
groups. The average incident wave period is always T=11.0

seconds, while the group period varies widely.



T, T, T w, W, Aw
(sec.) (sec.) (sec.) (rad/s) (rad/s) (rad/s)
11.32 10.70 196.35 0.555 0.587 0.032
11.44 10,60 142,80  0.549  0.593  0.OMA
11.55 10.50 116.36 0.544 0.598 0.054
11.69 10,40 95.20  0.538  0.604  0.066
1.8 10.30 80.55 0.532 0.610 0.078
11.94 10.20 69.81 0.526 ° 0.616 0.090
12.08 10.10 61.60 0.520 0.622 0.102
12,22 10,00 55.11 0.514 0.628 0.114
12.39 9.90 49.09 0.507 0.635 0.128
12.54 9.80 4y ,88 0.501 0.6M1 0.140
12.72 9.70 40.80 0.494 0.6u8 0.154
12.88 9.60 37.85 0.488 0.654 0.166
13.06 9.50 34,90 0.u481 0.661 0.180
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Figure 6.3 The effect of varying group frequency. (A) n, at the
shoreline. (B) nLOFF at h=15 m. Solutions are shown for

total, BF, and BLW forcing.

Model Run Parameters

a,=0.40 m, a,=0.12 m} GF=0.3
Y=0.4
tang=0.025

shoreline reflection at h=0.49 m
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with a less destructive interference at higher Aw. These phase
relations will be further explored in Section 6.6. However, an overall
conclusion can be made that the addition of the BF solution results in
very little change in the magnitude of the BLW solution at the
shoreline.

The structure of nLOFF at h=15 m is radically different, as shown
in Figure 6.3B. Now the solutions are the sum of shoreline reflected
waves and anything radiated seaward from the surf zone. The BF solution
appears to match the predictions of Symonds et al. (1982) very closely
(see Figure 2.3A here), with a highly frequency dependent outgoing wave.

Symonds et al., normalize their results by

X = (Aw?X) / (gtans), (6.6)

in which X is the mean breakpoint. They predict that the minimum
outgoing wave is found at a constant xm1n=3'6' However, there are two
reasons why the outgoing BF wave cannot be conveniently normalized here
to give the Symonds et al. prediction. First, the model assumes long
wave reflection seaward of the true shoreline where h=0, resulting in a

higher y for the minimum outgoing wave. ¥ would still be a constant,

min
however, except for an effect that was not accounted for in Symonds et
al.: the setup solution alters the water depth and therefore modifies
Xnin® In the present model, the setup solution is dependent on mean

wave height, Y, and tanB. Because the position of the standing wave

antinode is highly sensitive to the total water depth profile, Xmin is
strongly related to the setup solution. Thus the normalization of the

nLOFF structure in Symonds et al. is an oversimplification,
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The BLW solution in Figure 6.3B also shows some structure, although
it is relatively weak. Tests show that this represents the interaction
of £he shoreline-reflected BLW with a small outgoing wave radiated from
near the breakpoint, in much the same manner that the frequency
dependent BF solution is generated. It appears that when the Sxx
gradients associated with unbroken wave groups reach ve}y shallow water,
model waves begin to radiate both shoreward and seaward. Because this
seaward radiation point is further offshore than the corresponding
radiation point in the BF model, the frequency of maximum interference
is lower, as seen in Figure 6.3B.

Finally, the total nLOFF solution is the linear sum of all outgoing
waves. From Figure 6.3B it appears that the superposition of the BF and
BLW solutions goes from destructive to constructive and back to
destructive as a function of frequency. A detalled phase analysis will
not be attempted for the outgoing case. However, one significant
conclusion is clear: the total solution does not show the structure of
the BF solution, explaining the lack of field observations to support

the Symonds et al. model (see Section 4.6.1).
6.4.2 Wave Groupiness

Figure 6.4 shows the effect of wave groupiness on the total, BLW,
and BF solutions. Not surprisingly, increasing the incident wave
groupiness increases the long wave size. However, GF does not seem to
affect the relative contributions from the BLW and BF solutions.

An interesting feature of Figure 6.4 is the strong interdependence

of GF and Aw for the BLW solution; at higher Aw the amplitude is a
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Figure 6.4 The effect of wave groupiness on the (A) total, (B) BLW, and
(C) BF n, solutions at the shoreline. Solutions as a
function of Aw are given for GF=0.0, 0.2, 0.4, 0.6, 0.8, and

1.0,

Model Run Parameters

GF a; (m) a, (m)
0.0 0.20 0.00
0.2 0.20 0.04
0.4 0.20 0.08
0.6 0.20 0.12
0.8 0.20 0.16
1.0 0.20 0.20

Y=0.4

tang=0.025

shoreline reflection point for all runs at h=0.43 m
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stronger function of GF. This effect is very weak for the BF solution.
To establish the form of the GF-amplitude relationship, values from
Figure 6.4 at Aw=0.102 are plotted in Figure 6.5. The association
appears to be extremely linear, Note that at this frequency, the
addition of the BF solution has little effect on the BLW solution,
indicating a phase difference near 90°.

-

6.4.3 Breaking Wave Height to Depth Ratio

Figure 6.6A shows the shoreline amplitude versus Aw using Y=0.8.
All other run parameters are the same as in Figure 6.3A, in which Y=0.l4.
It is evident that a higher Y has significantly increased all shoreline
amplitudes, although the relative contributions of the BF and BLW
solutions appear to be the same., This is not surprising, since the
primary effect of a higher Y is to translate the breakpoint landward to
a smaller water depth resulting in a larger forcing term (Equation 5.18)
for both run modes.

Another interesting difference between Figure 6.6A and Figure 6.3A
is the relation between the total and component solutions. In Figure
6.6A the summation becomes much more constructive at high Aw. An
explanation for this in 1ight of the mean breakpoint position will be
discussed in Section 6.6.

The nLOFF solution at h=15m 1p Figure 6.6B can also be compared to
its lower Y counterpart in Figure 6.3B. Although the amplitudes are
larger with larger Y, the structure is the same except that only the low
frequency portion of Figure 6.3B appears in Figure 6.6B., This is a

direct result of a mean breakpoint closer to shore with a higher Y;
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Figure 6.5 The effect of wave groupiness on the total, BF, and BLW n,

solutions at Aw=0,102 rad/s (61.6 seconds).

Model Run Parameters

GF a, (m) a, (m)
6.0 0.20 0.00
0.2 0.20 0.04
0.4 0.20 0.08
0.6 0.20 0.12
0.8 0.20 0.16
1.0 0.20 0.20

Aw=0,102 rad/s.
Y=0.4
tang=0,025

shoreline reflection point for all runs at h=0.43 m
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Figure 6.6 The effect of a higher Y on (A) the shoreline amplitude of
n, and (B) nLOFF at h=15 m for total, BF, and BLW solutions,
Compare to Figure 6.3.

Model Run Parameters

a,=0.40 m, a,=0.12 m} GF=0.3
Y=0.8
tang=0.025

shoreline reflection at h=0.56 m
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since ¥ in AwX/gtanB is lower, Aw must be higher to give the same
structure.

In Figure 6.7 the shoreline amplitudes are given for solutions
using v=0.4, 0.5, 0.6, 0.7, and 0.8. The effect of Y is very similar to
the effect of GF: the BLW and total solutions show a Aw-dependent
relation with v, wh}le the BF solution does not.

Again using Aw=0.102, the shoreline amplitudes are plotted against
Y in Figure 6.8, However, because the setup solution varies as a
function of Y, the water depth at the reflection point varies slightly
with each run. Thus the amplitude values are adjusted to the mean water

/4 (see Figure 6.8

depth using the simple shoaling relation, (h/h)
caption for details).

Figure 6.8 shows that shoreline amplitude varies approximately
linearly with Y. Note that the total solution is smaller than the BLW

at low Y, but of equivalent amplitude at high Y.
6.4.4 Incident Wave Height

Figure 6.9 shows the effect of mean incident wave height on the
total, BLW, and BF solutions. Similarly to the GF and Y results, an
increased H produces higher amplitudes in all solutions, but does not
change the relative levels of the BF and BLW. Also, the rate of
amplitude increase with H is dependent on Aw for the BLW, but not for
the BF solution.

Amplitudes at Aw=0.102 are plotted against H in Figure 6.10,

showing yet another linear relationship. Interesting, in this case a
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Figure 6.7 The effect of Y on the (A) total, (B) BLW, and (C) BF n,
solutions at the shoreline. Solutions as a function of Aw

are given for Y=0.4, 0.5, 0.6, 0.7, and 0.8.

Model Run Parameters

Y h at x=0 (m)

0.4 0.49

0.5 0.51

0.6 0.53

0.7 0.55

0.8 0.56
tang=0.025

a,=0.40 m, a,=0.12 m} GF=0.3
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Figure 6.8‘ The effect of Y on the total, BF, and BLW n, solutions at

Aw=0.102 rad/s (61.6 sec.).

Model Run Parameters

Y h at x=0 (m) shoaling factor (n/m) '/
0.4 0.49 0.98
0.5 0.51 0.99
0.6 0.53 1.00
0.7 0.55 1.01
0.8 0.56 1.02
h=0.53 m

Aw=0.102 rad/s
tang=0.025

a,=0.4 m, a,=0.12 m} GF=0.3






Figure 6.9 The effect of mean incident wave height on the (A) total,

(B) BLW, and (C) BF n, solutions at the shoreline.
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Solutions as a function of Aw are given for E-O,Z, 0.4, 0.6,

0.8, and 1.0 m.

Model Run Parameters

H
0.2
0.4
0.6
0.8

1.0

Y=0.14
GF=0.3

tang=0,025

0.20
0.30
0.40

0.50

0.03
0.06
0.09

0.12

h at x=0 (m)
0.40
0.43
0.U46
0.49

0.52
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larger H results in a more destructive interference between the BF and

BLW.
6.4,5 Incident Wave Period

In the present model there is no assumed relatidnship between the
average‘incident wave period and the degree of wave groupiness. As seen
in Section 3.3.3 the assumption that higher frequency storm waves are
less "groupy" than organized swell was not supported by a limited set of
observations. Nevertheless, even with an equal GF, the group structure
in shorter waves would be more transient (except in shallow water),
leading to an expectation that this could limit the long wave response.
However, this is probably not a very important factor, because
significant long wave growth does not occur until shallow water where
the wave group structure becomes fixed (in the interacting sinusoids
model). Therefore, the effect of incident wave period here is only a
modification in the degree of wave shoaling, which affects the shoreline

amplitudes in the same manner as incident wave height variations.
6.5 Effect of Beach Slope

Because it is difficult to vary the beach slope while maintaining a
constant model configuration, only two beach slopes were considered
here: tanf=0.025, which is used in the model runs presented above, and
tanB=0.050. Figure 6.11 compares these two cases for the shoreline
amplitude of the total, BF, and BLW solutions. The results here are

strikingly different than seen for GF, Y, or H: an increase in tang



Figure 6.10 The effect of H on the total, BF, and BLW n, solutions at

Aw=0.102 rad/s (61.6 sec.).

Model Run Parameters

H
0.2
0.4
0.6
0.8

1.0

Aw=0,102 rad/s

'Y=0.’-I

GF=0.3

a,

0.10
0.20
0.30
0.40

0.50

tanB=0.025

a

0.03
0.06
0.09

0.12

h at x=0 (m)
0.40
0.43
0.46
0.49
0.52

h=0.46 m

shoal fact: (h/h)
0.96
0.98

1.00
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