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ABSTRACT

Measurements were made of the surface elevation of a fetch-limited wave field (fetch 7 km, wind speed
about 6 m s™'), Good high-frequency response was attained by the use of a very thin, bare wire probe of
diameter 0.13 mm. Breaking waves were detected based on the energy in the 18-32 Hz frequency band. An
appropriate threshold was found by a trial and error method. General agreement was found with visual

observations.

The temporal intermittency of wave breaking (fraction of time spent in breaking regions) was found to be
only 1.2%; however, the fraction of high-frequency (5-50 Hz) energy in those regions was 12%. An argument
is presented to show that the spatial intermittency and the spatial energy fraction should have the same

values.

The mean crest height of the breaking waves was found to be much lower than expected from theoretical

considerations (by a factor of 4).

1. Introduction

This study was simulated by an investigation of
acoustic scattering from the air-water interface from
below (McConnell ez al., 1984). As in the analogous
case of electromagnetic radiation from above, scatter-
ing is mainly due to the small-scale structure of the
surface, through the mechanisms of Bragg scattering
and corner reflections (Wright, 1966).

Although empirical studies have been made relating
backscatter intensity to wind speed and other envi-
ronmental conditions (Krishen, 1971; Jones and
Schroeder, 1977), relatively little is known about the
direct correlation of the return to the character of the
scattering medium itself, that is, to the spatial structure
of the surface on scales of 0.1 to 30 cm. Thus, some
key questions of importance for further modeling of
the process remain unanswered. For example, is the
scattering mainly due to short surface waves, which
are generally present due to their continual generation
by the wind, or is a large fraction of the scattering
due to wave breaking events, which are only present
intermittently but are so energetic that they may
provide the greater part of the scattering cross section?

To answer this question requires intensive, small-
scale, spatial measurements of the sea surface in
conjunction with radar or acoustic observations. This
capability is not yet available; however, intensive,
high-frequency, temporal measurements can be made.

' Dept. of Atmospheric Sciences, University of Washington,
Contribution Number 713.

? Present affiliation: Microscience, Inc., Federal Way, Washington
98003.

© 1984 American Meteorological Society

The present study uses these types of observations to
address the question of how important breaking
events are likely to be. Our approach is to define and
then ‘detect the events in the time series of surface
elevation. Then by conditional averaging, we can
determine to what degree breaking events “stand out™
above the normal background and how much they
contribute to the total energy.

The energy of interest to backscattering we will
consider to be in the 5-50 Hz frequency band. These
frequencies are related to the spatial band of interest,
0.1 to 30 cm, but there is no direct connection. The
frequency of a surface component of, say, 1.7 cm
length depends on the speed and direction that it
passes by the probe. If there are no currents and if
this component is a gravity-capillary wave, its fre-
quency would be about 13.5 Hz (and its phase speed
would be 23 cm s™'). However, if it is riding in a
current of 50 cm s™!, which is typical of the orbital
velocity of long waves, its observed frequency would
be 43 Hz. On the other hand, this component might
not be a gravity-capillary wave at all. It could be
part of the turbulent structure that accompanies a
breaking wave, and its frequency would be determined
by the speed that the turbulent patch moves past the
probe (usually the phase speed of the breaking waves).

Thus, there are two main problems in any attempt
to relate temporal measurements of the small-scale
surface structure to spatial guantities: 1) the small-
scale structure may be due to either waves or turbu-
lence, and 2) the relation between frequency and
wavelength is a strong function of the local currents
and, in particular, of the orbital velocities of longer
waves.
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To a certain extent, the second problem can be
resolved by applying the Doppler shift formula:

w = ¢ + Uk cosf, (1.1)

where w is the measured frequency, ¢ the intrinsic
frequency (the frequency that the component would
have in still water), U the current (mean plus long
wave orbital motions), k the wavenumber magnitude
of the component under consideration, and @ is the
angle between the wave direction and the current
direction. Thus, in theory, by measuring w(f), U(?),
and 6(f) and by assuming a dispersion relation, o(k),
we could apply (1.1) and determine k(f). This ap-
proach has been used, in varying ways, by several
investigators (Sinitsyn et al., 1973; Reece, 1978; Stolte,
1979; Evans and Shemdin, 1980; Richter and Rosen-
thal, 1981).

In practice, however, it is very difficult to measure
U(¥) and 6(¢) directly, and it is not obvious what to
use for o(k). Even if we are confident that we are
measuring gravity—capillary waves, they are under-
going active generation by the wind and ¢(k) can be
expected to be a function of the local turbulent
boundary layer structure.® At times the component
w will be part of a turbulent “burst,” a breaking
event. Then (k) should be set to zero by Taylor’s
hypothesis (Kraus, 1972). Another problem in the
application of (1.1) for gravity-capillary waves was
elucidated by Phillips (1980): The relationship between
w and ¢ (or k) can be multivalued. For a given
measurement of w, there can be two values of .

Given these uncertainties in any attempt to apply

. the Doppler shift correction, the present report con-
centrates on the first problem mentioned above: To
what extent is the energy in the high frequency part
of the spectrum influenced by, or even dominated
by, breaking events? (Further work in our research
program will address the second problem.) The data
used are wind and wave measurements made at the
University of Washington’s MSMAST site in Lake
Washington. The experimental apparatus and the
data sets are described in Section 2.

Section 3 describes the preliminary processing al-
gorithm, which separated the “long” waves from the
“short” waves. This resulted in time series for the

3 Assuming thin layers of constant shear on both sides of the
interface, Weissman (1976) has shown that Kelvin’s (1871) result
is appropriate:

o = pUk + (a0* — pUk?)'",

where 5 is the density ratio (=0.00125), g, is the frequency without
currents, and U is the velocity difference between air and water
measured just outside the shear layers. (A similar result was reached
by Miles, 1957.) For a turbulent boundary layer, these shear layers
can be interpreted as the viscous sublayers. As a consequence U is
10 or 11 times the friction velocity u* (Schlichting, 1968). Hence,
o will be sensitive to #*, which can be expected to vary along the
phase of the long waves.
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elevation of the long waves and for the energy spec-
trum of the short waves. A “breaking wave detector”
was designed based on the increase in energy in a
high-frequency band and the simultaneous presence
of a wave crest. This algorithm is described in Section
4 and the results in Section 5. Section 6 shows how
these temporal results can be converted to spatial
quantities.

In Section 7, we examine how the elevation of the
breaking wave crests compare to the theories of
Longuet-Higgins (1975) and Banner and Phillips
(1974). We found that the measured elevation of the
breaking crests was much lower than predicted. Pos-
sible implications of this are discussed in Section 8,
along with a summary of the main results and
comparisons to other work.

2. Experimental site and instrumentation

The field measurements for this study were made
during July 1982 on Lake Washington at the
MSMAST facility operated by the University of
Washington, Department of Atmospheric Sciences.
The facility consists of various environmental instru-
ments mounted on a mast located about 20 m
offshore in a water depth of approximately 4 m.
(Since the peak wavelength of the waves we were
observing was about 5 m. (Table 1), this can be
considered to be “deep water.”) Ideal experimental
conditions are achieved during northerly winds when
the fetch reaches its maximum of about 7 km, see
Fig. 1. The environmental conditions during the
study are summarized in Table 1.

Figure 2 shows the data paths for the data acqui-
sition and analysis. The water surface elevation was’
measured by a resistance wire gauge consisting of a
stainless steel wire, 0.13 mm diameter, hung vertically
from the mast and a ground plate placed on the lake
bottom. The resistance of the portion of the wire
exposed to the air is a linear function of the water
surface elevation, to a very good approximation. In
order to avoid the dynamic range limitations of the
recording unit, the output signal was recorded in two
channels: the low-pass channel, which was the original
signal low-pass filtered at 50 Hz (half-amplitude point),
and the high-pass channel, which was obtained from
the low-pass signal by sending it through a 5 Hz high-
pass filter (see Fig. 2). The 50 Hz filter was chosen to
reduce 60 Hz noise. The filter characteristics are
shown in Fig. 3.

Prior to the field measurements, the dynamic per-
formance of the wave probe was tested against a laser
displacement gauge (LDG) in a wind-wave tank (Liu
et al., 1982). Comparisons between the two systems
showed that, in the frequency range 10 to 40 Hz, the
spectral densities obtained from the wire gauge were
consistently lower than those from the LDG by 30
to 45%. In that report, agreement between the two
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FIG. 1. Location of the experimental site.

methods was achieved after an empirical correction
was applied to the wire gauge data. In the present
study we are only interested in relative energy levels;
therefore the correction has not been applied.
Preliminary spectra (Fig. 4) were computed on a
Raytheon 704 computer before the data were passed
on to a Prime 400 for further processing (see Fig. 2).
For convenience and to eliminate bad patches, the
total run of about 10 minutes was separated into
three data segments (see Table 1). The composite
spectra in Fig. 4 is a superposition of the two separate
spectra from the low-pass and high-pass channels.
Self-consistency is confirmed by the excellent match
in the region of 6-10 Hz. Beyond 10 Hz the low-

TABLE 1. Experimental conditions.
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Data segment
Total
767-1 767-2 761-3 run
Duration (s) 128.50 256.50 256.50 641.50
Wind speed (m s™") 5.34 5.90 6.18 5.90
Air-water temperature .
difference (°C) — — — —-0.04
Dominant wave:
Frequency (Hz) 0.57 0.55 0.56 0.56
Wavelength (m) : 4.80 5.16 497 5.01
rms wave amplitude
(cm) 4.28 4.31 4.01 4.18
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pass signal is lost within the noise of the recording
system (which includes 60 Hz fundamental and sub-
harmonics). No corrections have been applied for
filter response or dynamic response of the wire.

Wind speed and direction were measured by a Gill
anemometer. This system consisted of two propellers,
one aligned horizontally and the other inclined from
the horizontal, making it possible to calculate vertical
velocities (Pond and Large, 1978). A vane keeps the
propellers aligned into the wind. The speed of both
propellers was recorded, but only the horizontal com-
ponent has been used in the present study. (Stress
measurements are available for future studies.) The
anemometer was calibrated in a wind tunnel at the
Department of Atmospheric Sciences before the ex-
periment.

The horizontal wind speed and the two channels
of wave data were recorded on an Ampex SP700 FM
tape recorder capable of recording frequencies up to
2500 Hz. A fourth channel was used for observer
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FiG. 3. Filter characteristics of the wave gauge. LP: low-pass
filter at 50 Hz; HP: additional high-pass filter at 5 Hz.
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F1G. 4. Composite spectra of the LP and the HP channels.
(All three data segments are plotted.)

commentary. Other parameters (the other wind com-
ponents, the wind direction, wet- and dry-bulb tem-
peratures, water temperatures, radiation, etc.) were
recorded at the same time on another tape system,
but they are not pertinent to the present study.

During the period of data acquisition, visual and
audio records were also made. Close-up photographs
(35 mm slides) were taken of the water- surface to
record the small-scale structure. A Nikon F-2 camera
was mounted on the mast and focused on the spot
where the wire penetrated the surface. The camera
could be triggered remotely from shore. Figure 5
shows examples of these photographs. On the audio
channel of the tape recorder, a description of the
water surface was recorded. Breaking events and the
exposure of a photograph were especially noted.

The analog data on tape were then converted into
computer compatible records on the Raytheon 704
using a 12-bit analog-to-digital converter which digi-
tized each channel at a rate of 256 points per second.
The data were then recorded on digital tape and
transferred to the Prime 400 with which the major
part of the data analysis was performed.

3. Preliminary processing

The first stage of the data analysis on the Prime
computer was to compute the wave elevation due to
the low-frequency part of the wave signal and the
spectral energies of the high-frequency part. This was
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achieved by calculating a “running” average of the
low-pass channel and a “running” fourier transform
of the high-pass channel. (This program is called
RASP for “running averages and spectra”.)

A window of 0.5 s length (128 points) was passed
along the data. At each window position, the data
were multiplied by a weighting function having a
cosine shape (Hanning):

W) =1 — cosQni/128))/W,, i=0,1,...

, 127,
(3.1)

FIG. 5. Photographs of breaking events; (a) generation of a
turbulent patch without air entrainment, (b) a “small-scale” breaking
crest and (c) a “large-scale” breaking crest.
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where
127

Wo = 20 [1 — cos(2mi/128)].
i=0

As illustrated in Fig. 6, the window is moved forward
0.125 s, or 32 points, before the next point is calcu-
lated. This results in new time series that are sampled
at 8 points per second.

For the low-pass channel, the weighted mean within
the window was calculated. This is equivalent to
applying a low-pass filter of 2 Hz (%2 amplitude point)
and decimating the data at 8 Hz. The filter is sym-
metric; i.e., there is no phase shift.

For the hrgh -pass channel, a fast Fourier transform
was performed and the energy spectrum was calculated
at every window position. This gave 64 spectral
estimates every eighth of a second. The estimates
were normalized to conserve variance. Note that
detrending was not necessary since this channel was
previously high-pass filtered.

The length of the window was a compromise
between good temporal resolution (short window)
and good spectral resolution (long window). The
present choice gives 16 points per wave period and
23 spectral estimates in the frequency band of interest,

5-50 Hz.*

Figure 7 shows the raw data before the processing
was done. There are “bursts” of energy in the high-
passed channel, which are most likely due to breaking
events (note event at about 3.5 s and its correlation
with wave crest). There is also a strong event at about
6 s that is not associated with a wave crest; therefore,
we do not regard this as a breaking event. It is
probably due to a localized wind event, such as a
cats-paw. This type of signal is relatively rare. Most
often, activity in the high-pass channel is correlated
with wave crests, even when wave breaking is not
evident. This can be seen in Fig. 7b, which is a typical
section of data without breaking events.

The results of processing with RASP are shown in
Fig. 8. The first 16 seconds are the same as in Fig. 7.
Except for the bottom two traces, each curve is the
spectral estimate at the frequency indicated. The
square root has been plotted so that extreme values
could be better seen, and the curves have been scaled
using approximate maximum values. Relative energies
of the various frequencies are not important to the
present study. The bottom curve is the long-wave
elevation record, and the second curve is the total
energy in the high-frequency channel (5-50 Hz, again
the square root has been plotted)

Note that, on occasion, energy is increased

4 This process was meant to serve a few purposes; thus, it is not
optimized for the detection of breakmg waves. As we shall see,
only the energy'in the 18-32 Hz range is needed. Other methods
could be devised to calculate this more efficiently.
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FI1G. 6. The sliding window used for smoothing of the LP channel
and fourier analysis of the HP channel. (Original sampling raté was
256 samples per second)

throughout the entire high-frequency band: e.g., at
3.5, 41, and 60 s. There are also times when energy
has increased only in the middle ranges. To investigate
this further, sums were taken over various frequency
bands (program BANDS).

The bands were chosen as follows: In our range of
interest, there is a characteristic frequency given by
the balance between gravity and surface tension. This
is about 13.5 Hz, which is the intrinsic frequency of
gravity—capillary waves having the minimum phase
speed. Therefore, the bands were chosen to relate to
this frequency. Two bands split the high frequencies
(6-12 and 14-32), one band is on the gravity side
(6-10), one is on the capillary side (18-32), and one
straddles the characteristic frequency (10-18).

The results of BANDS are illustrated in Fig. 9.
There is a general difference between the traces for
the midrange frequencies (6-10, 6-12, 10-18) and
the high frequencies (14-32, 18-32). The total high-
pass energy (the second trace up from the bottom) is
very similar to the midrange bands because it ‘is
dominated by these frequencies. The bottom trace is
again the long-wave elevation. There are eight or nine
occasions in Fig. 9 when activity in the midrange is
“supported” by activity in the high range. There are
other occasions when there is only activity in the
midrange. This has led us to the conclusion that the
bursts of energy in thé highest frequency bands are
indicative of breaking events. This argument is pur-
sued further in the next Section.

4. Design of the breaking wave detector

The rationale used in the design of the breaking
wave detector was the following:

1) The results from RASP show that there are
“events” when the energy is substantially increased
throughout the high frequency part of the spectrum.

2) The events are presumably the result of the
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FiG. 7. Part of the original wave elevation signals from data segment 767-2: (a) 0-8 seconds, (b) 8-16 seconds.

generation of turbulence or of the appearance of a
sharp corner on the surface, either of which would
be associated with wave breaking.

3) The best descriminator of such an event would
be the energy in the highest frequencies since the

shortest scales are dissipated most rapidly. That is,
these frequencies would stand out best from their
background levels.

4) We expect breaking events at or near wave
crests.

f(Hz)
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FIG. 8. Output from RASP: spectral energies for frequencies of 2-32 Hz (top 16
curves), total energy in the HP channel (second curve up from bottom), and LP
elevation (bottom curve). Square root energies are plotted; vertical scales are arbitrary.
From data segment 767-2, time 0-64 seconds.
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FIG. 9. Output from BANDS: spectral energies for various frequency bands (top
5 curves), total energy in the HP channel (second curve up from bottom), and LP
elevation (bottom curve). Square root energies are plotted; vertical scales are arbitrary.
From data segment 767-2, time 0-64 seconds.

Therefore, the detector function was chosen to be
the energy (i.e., the variance of the surface elevation)
in the 18-32 Hz band. The upper limit is considered
to be a reasonable bound on the frequency response
of the instrument (the spectra of some runs start to
degenerate into noise at about this frequency). Of
course, we know that the frequency response of the
wire is generally low in this region (Liu er al., 1982);
however, our detection scheme is based on the energy
in this band compared to its background value, not
to an absolute value.

The detector function D(f) was actually calculated
as

32
D) = 2 Si(nAf,
f=18

where S,(f) are the running spectral estimates from
RASP and Af is the frequency resolution (2 Hz).
Thus, D(¢) is a time series sampled at eight points
per second, and the minimum duration of an event
that we can measure is 0.125 s.

After choosing a detector function, we must specify
an appropriate threshold level. Two preliminary
methods were ruled out: 1) to correlate breaking
events, and thus threshold levels, with visual obser-
vation, and 2) to fix the threshold as some fraction
of the mean value (e.g., Khalsa and Businger, 1977,

in a study of intermittency in atmospheric convective
boundary layers take the threshold to be equal to the
mean value). For the former method, it was difficult
to see and record precisely what was happening at
the probe. For the latter method, we could not find
any intrinsic argument for what this fraction might
be. It is probably a function of conditions during a
run, as is the threshold itself.

The method finally used was based on the funda-
mental assumption that, if it is possible to separate
“events” from “background,” then the statistical
properties of these two modes of behavior must be
sufficiently different. In particular, we expect that the
probability density function for all the data should
be a combination of two distributions, one for the
events and one for the background. If the correct
detector function is chosen, the total distribution
should have two modes, between which lies the
optimum choice for a threshold. Equivalently, the
cumulative probability function should have a plateau.

Thus, ultimately the method used was to look for
such a plateau in a suitable cumulative distribution.
Figure 10 shows the results of using variable threshold
levels in determining the number of breaking events.
(The criteria of being near a wave crest was also used
here, see below.) For each data segment and for the

entire run, relatively flat regions were found at the



OCTOBER 1984

same values of the threshold. This region therefore
contains the best value for the threshold for these
experimental conditions. It was chosen to be 7.25
X 107 cm?, the midpoint of the region indicated by
the double-arrow in Fig. 10.

A breaking event will have one or more points for
which the detector function is above the threshold,
but, in addition, these points should lie on or near a
crest of the underlying long wave (otherwise, the
high-frequency activity might be due to other causes,
such as cats-paws). The crest point itself was defined
to be a local maximum in the long-wave elevation
record, and one-eighth of a wave period was consid-
ered to be a reasonable definition of a crest “region”
(i.e., £0.125 s, or one time step, around the crest
point).

Therefore, the full definition of a “breaking event”
was

. 1) There is a (contiguous) group of one or more
points where the detector function is above the
threshold, and
2) One or more of these points are within +0.125
s of a local maximum of the long-wave elevation.

5. Results of the breaking detection

For each point in the time series, the detector
function was tested to see if it was above the threshold,
and the long-wave elevation was tested to see if it
was at or near a local maximum. A number of
categories were specified, such as: all points, all points
above the threshold, all points at a crest (i.e., at a
local maximum). For each category, basic statistics
were calculated: the number of points, the average
long-wave elevation, the variance in the 18-32 Hz
band (i.e., the mean of the detector function), the
variance in the entire high-frequency band and the
mean wind speed.

The two categories we are mainly interested in
comparing are 1) all points and 2) all points above

70 T T T T T T T T T

V-ZM<m N0 AMWICZ

2.0%0"°

0 .2 4 .8 .8 1.0 t.2 1.4 t.6 1.8
18-30 HZ ENERGY (CM2)

FIG. 10. The number of breaking waves detected by the algorithm
as a function of the threshold assumed for the high frequency
energy.
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TABLE 2. Temporal statistics for breaking waves.

All points:
Number of crests ..........: 359
Length of record ........... : 641.5s

0.00195 cm? + 0.00018
1.25 cm?s £ 0.12

High-frequency variance . . ... :
Integrated variance ......... :

Breaking events only:
Number of crests .......... : 31
Average length of event . .... : 0.25 s + 0.06
High-frequency variance . . ... : 0.0195 cm?® = 0.0043
Integrated variance ......... : 0.151 cm? s + 0.07

Ratios:
Breaking crests/total crests ... : 8.64%
Breakingrate .............. : 2.9/min
Intermittency .............. : 1.21% = 0.29
Fractional variance ......... : 12.1% + 6.7

Notes:
1. The variance is for the frequency band from 5 to 50 Hz.
2. The uncertainty indicated is the sampling error at the 95%
confidence level (1.96 times the standard error of the mean),
except for the error in average length of the breaking events,
which is half the resolution of our technique.

the threshold and in a group that is within one time
step (0.125 s) of a local maximum. The latter category
is our definition for points that are in breaking events.
The number of such groups (events) was also counted.

Table 2 summarizes the results. There were 31
breaking crests during the entire 641.5 second run.
Of these, 8 were very energetic and, from rough
correlation with visual observations, appeared to be
large-scale spilling breakers (as in Fig. 5c). The rest
were either small spilling breakers (Fig. 5b), or crests
that were very “peaky” (breaking without entrainment
of air, see Fig. 5a).

This number should be compared to the total
number of crests. The actual number of local maxima
was 506; however, this is not the best criterion to use
because it includes crests due to small-scale waves. A
more representative number is the number of crests
that would be in the long wave alone. From the
length of the run (641.5 s) and the frequency at the
peak of the spectrum (0.56 Hz), this is 359. (This is
also better for comparison to other experiments where
the number of local maxima can not be counted.)
Thus, the ratio of breaking crests to peak wave crests
is about 8.6%.

The intermittency is defined as the time spent in
breaking events (7.75 s, as determined from the num-
ber of points in category 2) divided by the total time
of the run (641.5 s). This is only 1.2%.

However, the more important quantity for radar
and sonar backscatter is the energy of the high-
frequency signal (5-50 Hz) in the breaking events as
compared to that in the entire run (the “fractional
variance”). We found that the energy density (the
variance) for the breaking events was ten times that
for the entire run. Thus, even though the time spent
in breaking events is about a hundredth of the total
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time, the energy in those events is about a tenth of
the total energy (12%, actually).

It should be remembered that these are temporal
results. That is, the intermittency and fractional energy
are for a probe in a fixed position. These quantities
might not be directly transferrable to spatial obser-
vations, such as those made by a radar or sonar. This
Question is addressed in the next section.

6. Conversion of temporal results to spatial results

Since the waves do not move past the probe
without change of form, it is not obvious how to
interpret the temporal measurements of intermittency-
and fractional energy. Due to the difference between
phase velocity and group velocity, wave crests move
through wave packets twice as fast as the packet is
moving. A crest will appear at the rear of a packet,
break in the center where its amplitude is largest, and
then stop breaking as it moves toward the front of
the packet where it disappears. (This is illustrated in
Fig. 11.) Thus, the crests measured with a stationary
probe are not the same as those observed spatially,
much less the breaking events themselves.

However, we can relate the wave packets, that is,
the propagation of energy. Consider a line parallel to
the direction of the group velocity of the dominant
waves and passing through the wave gage. During an
experimental run, the probe observes the wave packets
(not the same peaks and troughs) that lie along this
line. In order for the amount of energy observed in
time to be equal to that observed in space, the length
of the line must be

L =T, (6.1)
where ¢, is the group velocity and 7 is the duration

of the experiment. )
The spatial intermittency can be defined as

NL
o= 2 L/L, (6.2)
i=1
or,
ds = NLJ/L, (6.3)
breo_king
region

elevation l

FI1G. 11. Crests breaking at the center of a wave group.
The dotted line is a possible amplitude threshold for breaking.

distance or time
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where /; is the length of an individual breaking patch,
[ is the average length of a patch, and N; is the
number of breaking events in length L. (An implicit
assumption is that the wave field is homogeneous in
both directions and stationary in time.)

The length /; of an individual patch can be deter-
mined from the time that it takes the patch to move
past the probe position if we know the velocity with
which the patch is moving. (Since the duration is
typically very short, we can assume the patch is not
evolving during this time.) That is,

I; = (v1);, 6.9
where v is the velocity and ¢ is the duration. Therefore,

a measurement of the average patch length is
Nt

l_= E (vt)!/NT,

i=1

6.5)

where N; is the number of breaking events in time
T. (Note that

N

Nt
2 L# 2

i=1 i=1

the patches that lie along the line are not the same
ones observed by the probe.) Substituting (6.1) and
(6.5) into (6.3),
Nt
Np 2 (vt);
O NeoT (6.6)

We do not have measurements of v, but there is
good reason to take it to be equal to ¢, the phase
speed of the dominant wave. In order for a wave
crest to start breaking, the particle velocity at the
crest must become equal to its propagation speed.
Then the spilling part of the breaker is carried forward
with the crest until the amplitude decreases and the
turbulence is left behind. Thus for most of its lifetime,
the turbulent patch will move with the crest velocity;
at least this will provide a good upper bound. The
best estimate that we have of this velocity is the phase
speed of the wave at the peak of the spectrum.

Now we need to relate the number of breaking
crests in L to the number in 7. It is reasonable that
the proportion that are breaking in L would be the
same as the proportion that are breaking in 7' that
is

Np/M; = Nr/Mr, 6.7)

where M, is the number of crests in length L and
M is the number of crests in time 7. A rationale for
this argument comes from the simple view of the
breaking process shown in Fig. 11. Here it is assumed
that a threshold exists for crest amplitude (or some
other wave parameter) that determines when breaking
will occur. For a typical wave packet, the length of
the region where the crests exceed the threshold will
be some fraction of the total length of the packet.
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The proportion of breaking crests will be equal to
this same fraction, which is a function of the shape
of the wave packet. Therefore, if the shape of the
wave packet is the same when viewed as a function
of time or space, the proportion of breaking waves
will also be the same.

If the evolution of the wave packet shape is slow
then it will pass the probe without change of shape,
and (6.7) will be correct. Most theoretical work (e.g.,
Lake and Yuen, 1978) assumes that envelopes evolve
slowly; however, Longuet-Higgins and Cokelet (1978)
have shown that there are instabilities that can lead
to rapid changes of shape. We do not know which is
the case in the real world, but it seems reasonable to
use (6.7) as a working hypothesis for the time being.

Therefore,

Np/Nr= M /My

= (L/NNT)

1

= Cc =
cg/ 2,

(6.8)
where \ is the wavelength and fis the frequency of
the dominant wave. Substituting v = ¢ and (6.8) into

(6.6) results in
Nt

5s = 2 t,'/T= 67‘.

i=0

(6.9)

Thus, the two intermittencies are equal.

A similar argument shows that the spatial fractional
variance (the ratio of energy in breaking events to
total energy) is also the same as the temporal quantity.
The inferred spatial statistics are summarized in
Table 3.

7. Crest elevations and slopes for breaking waves

We found the somewhat surprising result that,
when the waves were breaking, the wave amplitudes
were much lower than expected from theoretical
results. Nonlinear calculations for steady, periodic
waves, such as those of Longuet-Higgins (1975), show
that breaking occurs when

ak = 0.443,

where a is the amplitude and k the wavenumber.
This is the overall slope parameter (a equals half the
peak-to-trough distance) which should not be confused
with the local slope of the interface. Our measurements
of this parameter are summarized in Table 4. The
value for k is obtained from the dispersion relation,

k=Qnf)/g
= 1.26 rad/m

for g = 9.81 m s™! and f = 0.56 Hz, the frequency
at the peak of the spectrum. For breaking crests, ak
is about a quarter of the calculated value on average
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TaBLE 3. Inferred spatial statistics for breaking waves.

All points:
Number of crests .......... 179.5
Length ofrecord ........... : 8970 m + 183

0.00195 cm? + 0.00018
1.75 cm®> m + 0.20

High-frequency variance . ....:
Integrated variance ......... :

Breaking events only:
Number of crests
Average length of event .....:
High-frequency variance . . ... :
Integrated variance ......... :

15.5

70.0 cm + 18.2
0.0195 cm? + 0.0043
0.212 cm®* m + 0.10

Ratios:
Breaking crests/total crests . .. : 8.64%
Breakingrate .............. : 17/km
Intermittency .............. : 1.21% * 0.29
Fractional variance ......... : 12.1% * 6.7

Notes:
1. The variance is for the frequency band from 5 to 50 Hz.
2. The uncertainty indicated is the sampling error at the 95%
confidence level (1.96 times the standard error of the mean),
except for the error in average length of the breaking events,
which is half the resolution of our technique.

and even the maximum measured values are half
those expected.

Another theoretical viewpoint is provided by Ban-
ner and Phillips (1974). From the basic premise that
breaking will occur when the particle velocity at the
surface becomes equal to the phase speed (again for
a periodic wave), they show that the amplitude for
breaking can be reduced considerably if a drift current
is present. Their formula is

a=(c— q’/2e

where g is the surface drift. Using a generous value
(=0.04) for the ratio of drift current to wind speed,
we get the predicted value for amplitude given in
Table 4. Again, the measured values are much less.

8. Summary and discussion

Although our data base is limited, we feel that a
number of significant results have been achieved:

1) A detection scheme has been devised that uses
the energy in a very high frequency band (18-32 Hz)
to test for turbulence at the surface.

2) A suitable threshold for breaking events was
found.

3) The temporal intermittency for breaking under
the given conditions (wind speed 5.9 m s™!, fetch 7
km, dominant wave frequency 0.56 Hz) was found
to be 1.2%. The fraction of high-frequency energy
(2-32 Hz) in those events was 12%.

4) Under reasonable assumptions, the spatial in-
termittency and the spatial fractional energy was
found to be the same as the temporal quantities.

5) Elevations of the breaking crests were much
less than expected. The mean crest height was a
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TABLE 4. Amplitude and slope of breaking crests.

JOURNAL OF PHYSICAL OCEANOGRAPHY

Measured Expected
Std. Maxi-

\ Mean dev. mum L-H* BP**
All crests: ‘

Amplitude (cm) 44 347 177 —_ —_

Slope 0.055 0.044 0.223 — —
Breaking crests:

Amplitude (cm) 8.2 3.96 17.7 35.2 330

Slope 0.103 0.050 0.223 0.443 | 0.416

* Longuet-Higgins (1975).
** Banner and Phillips (1974).

quarter of the values predicted by nonlinear studies
of steady waves.

Taking the last point first, a number of factors
have not been considered in the theoretical compar-
isons. One is unsteadiness, which is certain to develop
due to the Benjamin-Feir (1967) instability. Longuet-
Higgins and Cokelet (1978), in numerical calculations,
and Melville (1982), in laboratory experiments, have
shown that these types of instabilities can lead to
wave breaking at somewhat lower values of ak, e.g.,
for ak = 0.39, where this parameter is calculated for
an individual breaking crest. This is still much larger
than our measured value of 0.1. We did not measure
local wavenumber values for the breaking crest; how-
ever, we can be quite confident that they are not four
times larger than the value calculated using the
dispersion relation. In any case, the comparison is
not really valid because Longuet-Higgins and Cokelet’s
calculation and Melville’s experiment were for sub-
harmonic interactions, not for wave groups, such as
we encountered in the field.

Ochi and Tsai (1983) have studied breaking of
irregular waves (typical of sea spectra) in a wave tank
without wind. They also found breaking to occur for
ak roughly equal to 0.39.

A second factor that we have not considered in
comparing to theory is three-dimensional effects.
McLean et al. (1981) have found that wave trains
can be unstable to three-dimensional disturbances for
slopes as low as 0.29. This is still three times the
measured value.

A third possxblhty is that the wind plays a more
important role in wave breaking than is commonly
thought. Schooley (1979) and Okuda et al. (1977)
have shown that, for small-scale waves under the
influence of the wind, the surface drift can vary
considerably from crest to trough. Even for large-
scale waves, the drift layer, as a viscous flow regime,
should respond quickly to variations in surface stress.
These variations could be significant, especially if the
local boundary flow has separated (Weissman, 1981).
The stress would be of such a nature as to increase
the drift current near a crest, perhaps to the stage
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where the particle velocity becomes greater than the
crest speed and breaking occurs.

For the measurements on intermittency and frac-
tional energy, very few other measurements have
been made with which we can compare our results.
In the temporal domain, Longuet-Higgins and Smith
(1981) and Thorpe and Humphries (1980) used a .
wire probe (of unspecified diameter) and a detection
algorithm that was based on the rate of change of the
elevation signal (which is related to the local slope of
the surface). Very few statistics are offered by either
of these studies. Under wind conditions similar to
ours, Longuet-Higgins and Smith (1981) observed
roughly two breaking waves in a 10 minute period.,
This implies the fraction of breaking events to be
1.3%, whereas we found 8.6% of the crests to be
breaking. We can only conclude that their method
was not as sensitive as ours to small-scale structures.
No information is given on the duration of the events.
We can not compare to Thorpe and Humphries’
temporal measurements because they did not count
individual crests.

The only spatial data avallable come from photo-
graphs of the surface. Whitecap coverage is a measure
of spatial intermittency. However, these are actually
measurements of the foam that has been produced
by wave breaking, not the breaking events themselves.
The “small-scale” breaking events (with and without
air entrainment) that we can observe with the wire
wave gauge are probably not visible in photographs.

Monahan has measured whitecap coverage on lakes
(1969) and oceans (1971). His results for similar wind
speeds and fresh water are generally a factor of 10
smaller than our estimate of 1.2%.

Thorpe and Humphries (1980) also made spatial
measurements. They have calculated N;/M;, the
number of breaking events as a fraction of total
crests. When a wave group had more than one
breaking crest, it was only counted once. This was
the same as a count of individual breaking crests
because it was very rare that they had more than one
breaking crest per wave group.’ For wind speeds
similar to our conditions, they found values from
2.5% to 6.5%. These are much closer to our measure-
ments of 8.6%.

In a recent series of papers, Snyder and Kennedy
(1983), Kennedy and Snyder (1983) and Snyder et
al. (1983) have suggested that the vertical acceleration
can be used to form a criterion for wave breaking.
When vertical acceleration is above a threshold (e.g.,
0.5 g), the waves will break. Since we did not measure
vertical acceleration, we cannot comment on the
validity of this approach. In Section 7, we assume
that wave amplitude is used as a threshold, but this

5 Their temporal group had from one to three individual breaking
crests. Note that this is in agreement with our argument of Section
6 that there are twice as many crests per wave group in the
temporal domain as in the spatial.
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could be any wave parameter. In a “macroscopic”
view, amplitude, velocity and acceleration are all
related.

We have developed in this study a criterion for the
detection of wave breaking. Once breaking has started,
or just at the onset, we expect increased energy in
the very high-frequency components (due to turbu-
lence or a sharp corner in the surface). This cannot
be used as a criterion for the prediction of wave
breaking, but it does give us a definitive means for
determining that wave breaking has really occurred.

We anticipate that temporal measurements will
continue to be important for some time as our main
data source for the true structure of the sea surface.
Therefore, the questions raised in Section 6 concerning
the conversion of temporal quantities to spatial quan-
tities are very important, such as: “are wave groups
evolving slowly?” and “do the breaking events move
with the phase speed of the dominant waves?”’. We
hope to address these in the future, along with
continued studies of the small-scale structure itself at
other wind speeds and fetch.
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