CHAPTER 69

Wave Group Modulations in Cross-shore Breaking Patterns

T. C. Lippmann! and R. A. Holman?

ABSTRACT

The principal aim of this work is to quantify the long period (group) time scales
associated with incident wave breaking in the surl zone. A video bascd sampling
technique is employed to distinguish those waves which are breaking from those
which arc not. The technique relies on the gray tone contrast between higher
luminance of turbulent generated bubbles and foam associated with wave breaking,
and the darker, unbroken surrounding water. Video image intensity time series,
I(x,y,r), are sampled across the width of the surl zone at 10 m increments, from just
outside the shore break to the far offshorc region of the wave breaking. Outside the
point of minimum depth (at the bar crest), the width of the surt zone {luctuates over
several hundred meters. In this region, low [requency oscillations in 7, phase coupled
to the crest of breaking incident waves, are associated with wave groups. Cross-
shore phase relationships indicate a shoreward progressive group structure up to the
crest of the bar, Landward of the bar crest in the trough, low frcquencies in I are
uncoupled from group modulations seaward of the bar. Video data also show that
wave breaking does not cease immediately as waves propagate past the bar crest, but
continues well into the deeper water of the trough.

INTRODUCTION

Modulations in wave height of incident sca and swell produce variations in the
position of break points in the surf zone. These modulations are on the order of wave
groups, with much longer periods than typical gravity waves. In the past two
decadcs, considerable effort has been focused on understanding the importance of
wave groupiness inside the surf zone.
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Previous estimates of breaking wave distributions in the surf zone were
determined by visually identifying breaking waves in the time series of sea surface
elevation on site during the collection of the data (Thornton and Guza, 1983; Whitford
and Thornton, 1988). Breaking waves were defined as "when white water was
observed passing the sled mast” (Whitford and Thornton, 1988). This method works
well, although with tremendous logistical effort.

In this study, video-based data are presented which quantify the temporal
evolution of breaking wave patterns on wave group time scales in a cross-shore
transect across the width ot the surl zone, 1ln our methods, essentially the same
determination of breaking waves is utilized but with a higher level of quantification,
synchronous ground coverage over large spatial areas, and reduced logistical
difficulty. The premise of the technique is based on contrast between the relatively
low luminance of non-breaking water and the higher luminance of actively breaking
waves and bores. An example snap shot of wave breaking is shown in Figure 1. The
high intensity of the foam and bubbles created trom active wave breaking contrasts
with the darker non-breaking water. Local maxima in image intensity associated with
the turbulent water motion of the breaker or roller is phase locked to a region near the
crest of the wave (Figure 2).

Qur principal aim is to quantity the time scales associated with modulations in
incident wave breaking, 77p. We hypothesize that time series of image intensity,
I(x,y,t), can be used as a means to quantily the time (and space) scales of np(x,y.1) at
given locations throughout the surt zone. Thus we assume

Hxy,t) o< np(x,y.1) O

where x and y are the cross-shore and alongshore Cartesian coordinates, respectively.
For this work we are only interested in the phase relationship and eoherence in (1),
not the absolute magnitude of /. This relationship has been shown to work well for
estimating the phase speed and wave angle of breaking waves (Lippmann and
Holman, 1991). An example time serics of both 7 and 7, from the same position in
the surf zone is shown in Figure 2 (taken from Lippmann and Holman, 1991). The
passage of breaking waves is clearly identified in the video data. There are also waves
which are not identified in 7, indicating that not all the waves are breaking.

Quantification of images is accomplished using a real time image processing
system. Video frames are digitized by the image processor into an array of 512 x 480
picture elements (pixels). Individual pixels store the value of light intensity
(luminance) in gray shades from O (black) to 255 (white). Images are digitally
enhanced to stretch the contrast in the image prior to analysis,
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Image locations of interest (for example the location of a fixed surf zone
instrument) are determined using known photogrammetric transformation equations
assuming the vertical coordinate (0 be the still water level (Lippmann and Holman,
1989). Time series at each location are then collected by sampling the corresponding
pixel intensity at 6 Hz for the entire run (tape) length of ~2 hours. Resolution in
image pixels is typically much less than 1 m in the cross-shore direction, and from
~().5-2.5 m in the longshore direction.

A brief description of the field site and ancillary measurements used in the study
is presented next. Analysis of wave breaking ime series are then presented as a
function of cross-shore distance. Results arc then briefly discussed in terms of surf
zone forcing models and cross-shore distributions in wave breaking patterns.

FIELD METHODS

The data were collected as part of the DELILAH experiment in October of 1990,
held at the Army Corps of Engineers Field Rescarch Facility (FRF) on the QOuter
Banks of North Carolina near the village of Duck. A general description of the
experiment and beach conditions at the FRF is given by Birkemeier, et al. (1991).
The imaged area ranges from the dune crest to ~400 m offshore and begins ~180 m
north of the FRF pier and extends alongshore ~350 m. The cameras were mounted on
top of a 44 m high tower in weatherproof housings and hard wired to the FRF
building for recording.  Video time series were sampled along a cross-shore transect,
from just outside the shore break (x = 135 m) to the far reaches of the surl zone (x =
505 m) with a spacing of 10 m.

Data are presented from October 13 at ~0645 EST, coinciding with swell
generated by Hurricane Lily. Low tide (-0.21 m NGVD) occurred at ~0900 EST. A
photographic snap shot from this day is shown in Figure 1. The offshore incident
waves during this period were long crested and energetic, with Hg = 223 min 8 m
depth. Directional spectra from an alongshore array of pressure gages in 8§ m depth
(Long and Oluman-Shay, 1991) shows a very narrow banded swell at the peak
frequency, f,, = 0.083 Hz, approaching from an incident angle ¢, = 24° CW from
normal to the beach. The ncarshore bathymeutry consisted of a prominent linear bar
~100 m offshore (Birkemeicr, pers. comm.). Cross-shore profiles at the position of
the cross-shore transect from October 12, 13, and 14 are shown in Figures 3 and 5.
For reference, the position of the shoreline is at x = 120 m and the approximate bar
crestis at x = 220 m.
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RESULTS

The onc-dimensional pattern of wave breaking is shown graphically by plotting
together time scries of 7 sampled along a cross-shore transect spanning the width of
the surf zone. Figurc 3 shows 38 I time series, cach of 120 minute duration, stacked
vertically with offshore distance increasing loward the top of the figure. Intensity
values arc normalized o +/- 3 standard deviations about the mean in each rcspective
time series. Also shown on the right hand side is the approximate beach profile.

Seaward of the bar crest wave breaking distributions clearly show the arrival of
wave groups, with breaking being more infrequent in the outer surf zone. The groupy
modulations are destroyed by breaking in shallower dcpths. At the bar crest, nearly
all of the waves arc breaking. Interestingly, bores o not cease breaking immediately
landward of the point of minimum depth over the bar, but continue to break well into
the deeper water of the trough.

Examplc auto power spectra (with ~54 degrees ol frecdom) of 7 are shown in the
upper panels of Figure 4 for locations x = 188 (in the landward slope of the bar) and x
= 505 m (in the outer surl zone). Both spectra show a prominent narrow peak at
f=0.08 Hz, corresponding to the peak incident frequency (f =~ 0. 083 Hz). There
is also considerable low frcquency variance, as has been obscrved in previous video
time series (Lippmann and Holman, 1991). This low frequency energy occurs at all
locations sampled in the surf zone (not shown).

Low Frequency Modulations in Wave Breaking

II' modulations in the breaking wave field are associated with wave groups, with
periods long compared to peak incident periods, then we expect low frequeney energy
in 7 to be coupled with incident frequencies. Coupling between frequencies in the
power spectrum ol any given time scries are detected with the third order spectrum,
the bispectrum (e.g., Kim and Powers, 1979; Elgar and Guza, 1985a). The
bispectrum is a measure of lowest order triad interactions between a pair of primary
frequencies (f1, f2) and a secondary frequency, f3

htfa=r; (2)

Sum intcractions in (2) generate harmonics which are phasc-locked to the
primary, and thus are not free and travel at the phase speed of the primary (Elgar and
Guza, 1985b). Diflerence frequencies are associated with coupling between two
signals of nearly the same frequency, and a secondary low frequency signal. In
strongly amplitude modulated time series, lower frequency signals are phase-coupled
to the primary frequencies, as in rectitied signals commonly found in electrical
engineering applications.
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Time series (120 minute records) of 7 sampled along a cross-shore

transect at 10 m intervals, from just beyond the shore break to the outer surf zone.
The vertical axis is nondimensional image intensity (mean corrected) scaled to +/- 3
Time series are stacked vertically with offshore distance
increasing toward the top. The beach profile along the transect is shown at the right.

standard deviations.
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Fig. 4. Example power spectra (upper panels) and bicoherence (lower panels)
for I sampled on the landward slope of the bar (left panels) and in the far offshore
region of the surf zone (right panels). Bicoherences greater than the 95% significance
level for 56 d.o.f. (b = 0.33) are plotted in bi-frequency space with f1 along the
horizontal axis and f> along the vertical axis.
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Bicoherence (b, normalized bispectrum) estimates from / sampled in the trough
of the bar (x = 188 m) and in the outer region of the surf zone (x = 370 m) are shown
in the lower panels of Figure 4. Only contours of bicoherence which are greater than
the 95% significance level (D = 0.33) are plotted (at 0.5 increments). Due to its
symmetry properties, only the unique portion of the bispectrum is shown (see Kim
and Powers, 1979). Figure 4 shows strong coupling between the primary frequency
(0.08 Hz) and the higher harmonics in both regions of the surt zone, arising from the
sharp (non sinusoidal) peaks in the time series records. Strongest coupling occurs at
the self-self interaction (fy, fp), b = 0.61 and b = 0.68, and the interaction between the
primary and first harmonic (fp, 2fp), b = 0.5] and b = (.55, for the inner and outer
surf zone data, respectively.

There is a distinct lack ol coupling between incident (f 2 fp) and lower
[requencies (f << fj,) in the trough ol the bar, suggesting that / variance at infragravity
[requencies in the trough is derived from [ree signals not directly associated with
incident wave breaking. However, seaward of the bar crest, widespread bicoherence
at low freveals strong coupling (o fp. Highest coupling (b = 0.62) occurs at (f1, f2) =
(0.082, 0.015). Low frequency spectral energy in / in this region is coupled to
modulations in incident wave breaking patterns throughout the surl zone seaward of
the bar,

Phase Propagation of Breaking Wave Groups

Wave group modulations also appear coherent across the surl zone up to the
region near the bar crest (Figure 3). The phase propagation of the groups can be
quantified using frequency domain (complex) empirical orthogonal tunctions (CEOF).
In CEOF analysis, eigenvectors of the cross-spectral matrix are computed at each
frequency (Wallace and Dickinson, 1972). Thus the data are decomposed into
orthogonal factors representing the amplitudes and phases at cach frequency as a
function of cross-shore distance.

The tirst CEOF from the peak incident [requency (f, = 0.082 Hz), and also from
the low frequency peak (f = 0.015 Hz) observed in the power spectra (Figure 4) are
shown in Figure 5. Only the first factor is shown since it contains the greatest
proportion of the variance (63.7% at f, and 45.9% at low f), and because
orthogonality constraints in the decomposition of the data make interpretation of
higher modes unclear. CEOF phases are relative to cross-shore position (the absolute
value of individual phase estimates is arbitrary), and amplitudes are normalized by the
spectral power within each [requency bund. Also shown are estimated (relative) phase
relationships for phase speeds, Cp, predicted by shallow water (Solitary) wave theory
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Fig. 5. Frequency domain empirical orthoganal functions (CEOF) from 7 at the
peak frequency (f = 0.082 Hz; left panel) and also the low frequency peak in the
power spectra (f = 0.015 Hz; right panel), plotied as a function of cross-shore
distance. Phases are shown in the upper panels and normalized amplitudes in the
middle panels. The approximate (smoothed) beach profile (from October 14) is
shown in the lower panels for comparison. Predicted relative phase relationships
(equation 4) are indicated with the dashed lines in the phase plots.
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Cp =+/g(h+ Hung) 3)
where Hypg is the root mean square wave height, Hppg across the surf zone was
estimated using the random wave dissipation model of Thornton and Guza (1983),
shown previously to well predict the energy deeay of ineident wave energy in the surf
zone. The predicted phases, ¢(x), in Figure 5 were computed by

_2nfAx
P(x)= c, )

where 5!] is the mean phase speed of the peak incident waves over the distanee Ax =
10 m.

For fp, predicted and observed phases are matched at the most seaward loeation
to allow eomparison across the surf zone. The tirst CEOF shows a clear negative
phase ramp, indicating shoreward progressive (breaking) incident waves are coherent
all the way through the surl zone. The data are reasonably predicted by (4), although
near the bar crest and in the trough the theory systematically over prediets the
observations (i.e., steeper phase ramps), eonsistent with previous eomparisons with
video derived data (Lippmann and Holman, 1991).

At the low [requeney peak (f = (0.015 Hz), the cross-shore phase structure in the
first CEOF also has a linear trend, but only scaward of the bar crest. In this region
theoretical group phase speeds are in excellent agreement with the data (although
deviates slightly in the far reaches of the surf zone, x > ~425 m). Predieted phases
relationships (4) are best fit to the data in the region of (approximately) eonstant
celerity, between x = 255-425 m, The average phase speed between x = 255-425 m,
Ep = 7.3 m/s, is very nearly the same as predicted by Solitary theory, C_p =~ 7.5 m/s.
The phase relationships are consistent with a shoreward propagating group
modulation in the breaking incident wave field wraveling at the group veloeity of the
incident waves. Furthermore, the very small CEOF amplitudes over the bar erest
indicate that low frequencics observed in this region are uncoupled to wave groups
seaward of the bar, a consequence ol widespread breaking over the bar destroying the
group structure in the breaking wave licld.

DISCUSSION

In the surl zone, break point amplitudes are olten taken as a linear proportion of
the depth

Hj, =y, &)
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where Hp is the height (twice the amplitude) of the breaking wave, hp is the water
depth at the break point, and yis a constant of O(1) (e.g., Thornton and Guza, 1982),
For a plane sloping bottom, hy, = xptan 3, breaking wave amplitudes can be
expressed in terms of break point positions. Models based on forcing due to
modulations in break point amplitudes can be distinguished by the behavior of %, In
one type (i.e., Foda and Mei, 1981; Schaffer and Svendson, 1988), break point
positions are assumed constant, and the group modulations are allowed to progress 10
the shoreline. Thus, yin (5) is a temporal function of the amplitude modulation, in
which yis larger for the bigger waves. In the second type (i.e., Symonds, et al.,
1982), yis assumed constant, and break point position is the parameter that fluctuates.

Our data indicates that the initial break points vary over large distances, ranging
from far (> 400 m) offshore lor the largest waves to near the bar (~100 m offshore)
for the smallest waves. Moreover, the group structure is substantially reduced by
wave breaking in the inner surf zone, thus restricling group modulations to seaward of
the bar. Thus constant ¥ more accurately describes the data, and is consistent with
energy saturation in shallow depths (verilied previously with [ield data; Thornton and
Guza, 1982; Sallenger and Holman, 1985).

Wave Breaking in the Trough

Some recent models predicting longshore current profiles, V(x), have been
based on the ensemble distribution ol incident wave dissipation, (81,(x)> (e.g..
Thornton and Guza, 1986; Whitlord and Thornton, 1988). Incident wave breaking is
assumed to decrease shoreward ol the bar crest due to increasing depths in the trough.
Thus model predictions over barred profiles suggest that longshore currents are
strongest on the scaward flank of the bar where maximum incident wave dissipation
occurs. However, recent observations ol V(x) at Duck suggests that the maximum
current often occurs in the trough, in direct conflict with the dissipation models
(Whitlford and Thornton, 1988; Howd, er al., 1992).

The decay of wave height across a barred protile is well predicted by the model
of Thornton and Guza (1983). However, the model assumes implicitly that no time
lag exists between the production ol turbulent kinetic energy by wave breaking and
actual energy dissipation (a point muade previously by Roelvink and Stive, 1989;
Nairn, et al., 1991). Our observations of wave breaking across the width of the surf
zone (Figure 3) indicale that, although the initiation of breaking is confined to depths
seaward of the bar, wave breaking docs not cease immediately shoreward of the crest,
but continues into the trough. The widespread presence of wave "rollers” and bores
past the bar crest suggests that advecting turbulence away from the region of highest
production over the bar, can be a viable mechanism for transporting momentum into
the trough where often the maximum longshore current is observed.
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CONCLUSIONS

A video based technique is presented which accurately quantifies temporal
modulations in wave breaking across the width of the surt zone. The technique is
based on the gray tone (intensity) contrast between the lighter foam and bubbles
created by actively breaking waves and bores, and the darker, surrounding non-
breaking water. Thus video records of the surf zonc contain visible-band time
histories of wave breaking patterns. Quantification is accomplished with an image
processing system, in which images are digitized at discrete pixels corresponding to
defined tield coordinates.

Data are presented from a very narrow banded ( f), = 0.083 Hz), unidirectional
day (0; = 24° CW) during the DELILAH experiment. In addition to encrgetic incident
frequencics associated with the actively breaking incident waves, considerable low
frequency variance was observed in all video time series, from the outer portions of
the surf zone Lo the trough of the bar. In the outer surf zone wave breaking at incident
frequencies is coupled to low frequency energy, indicating that {luctations in break
point patterns arc associated with long period modulations in incident wave
amplitudes. Group modulations propagate landward at the phase speed of the incident
waves, consistent with simple shoaling expectations.

Finally, we observe the group strucwre in the wave field to be greatly reduced
by breaking in the inner surl zonc. Al initiation of breaking occurs seaward of the
crest, with generally larger waves breaking [urther offshore and a higher percentage of
breaking waves in progressively shallower depths. This suggests that surf zone
forcing models which assume a depth dependence on breaking amplitude are more in
keeping with the data (e.g., Symonds, et al., 1982). Furthermore, breaking does not
cease at the point of minimum depth at the crest, and in fact breaking is widespread in
the trough of the bar. This suggests that lateral mixing of momentum across the surf
zone, due to the advection of wrbulence at the wave {ront (e.g., Svendsen, 1984,
Roelvink and Stive, 1989; Nairn, er al., 1991, and others), could be an important
mcchanism tor modeling longshore currents.
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