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WAVE CLIMATE AT TORREY PINES BEACH, CALIFORNIA

by

Steven S. Pawka, Douglas L. Inman,
Robert L. Lowe, and Linda Holmes

I. INTRODUCTION
1. Background.

Wind-generated waves represent a significant energy input into the
coastal region. Waves incident to the coast provide the principal driving
force for several nearshore processes, including: lofngshore’ currents;

Tip currents; nearshore circulation cells; the seasonal changes in the
equilibrium profile of the beach; and longshore transportation of sand.
A full understanding of these processes in the natural environment
requires knowledge of the incident wave characteristics, which collec-
tively are referred to here as wave climate.

The primary objective of this study was an investigation into the
nature of the frequency-directional spectra of waves in coastal waters,
and, in particular, off Torrey Pines Beach, California. The site was
selected for its straight coastline and offshore bathymetry in an
effort to avoid complicated refraction effects. Torrey Pines Beach is
exposed to several wave-generating regions in the North and South
Pacific. However, offshore islands shelter the study site from waves
propagating from certain sectors.

The frequency-directional spectrum may be obtained in a number of
ways. Cote (1960) treated the use of stereo wave photographs as a means
of deriving directional information. Longuet-Higgins, Cartwright, and
Smith (1963) discussed the use of a tilt buoy for measurement of direc-
tional spectra. Barber (1963) discussed the directional resolving power
of an array of wave detectors. Inman, Komar, and Bowen (1969) and Komar
and Inman (1970) used wave arrays for determining the mean direction of
near-breaking waves. Munk, et al. (1963) used a two-dimensional array
of pressure sensors to resolve the directions of swell from distant
sources. Simpson (1969) used a buoy system to make a limited number of
observations of the directional spectra of waves in the coastal zone.
Panicker and Borgman (1970) computed several directional spectra from the
records of the nearshore five-gage CERC array at Pt. Mugu, California.
The basic techniques employed in this study parallel the directional
finding methods developed:for electromagnetic wave antennas, and adapted
for ocean waves by Barber (1963) and others.




2. Scope of the Study.

Both pressure-sensor arrays and buoy systems appear to be practi-
cal devices for daily measurement of frequency and directional proper-
ties of waves. However, a simple array can be constructed that gives
much better directional resolution than a buoy recording system. The
line array avoids problems of the shoaling transformation of the
frequency-directional spectra as it is roughly parallel to the depth
contours. Accordingly, a 1-2-1 spacing line array of pressure sensors
was used in this study. This array is not an optimal design for direc-
tional resolution, but it does offer redundancy for a reliability
analysis.

The spectra of the various sensors in the array were compared on
a routine basis. The results of the directional analysis of the sev-
eral groupings of pressure sensors were compared to determine the
stability of the array's response to the waves. In addition, the
results of a surface-piercing staff were compared to that of a pres-
sure sensor. The frequency spectra of current meters at depth were
also compared to those of the pressure sensors. Some parameters of
the frequency spectra were compared to visual observations made from
the beach and from a 300-foot cliff overlooking the site.

II. WAVE CLIMATE DATA SYSTEM

1. Installation.

The study site was on South Range off Torrey Pines Beach. This
is a straight section of the coastline approximately 3 kilometers north
of Scripps Pier. The location of the site is shown in Figure II-1.

A shelf station equipped with radio telemetry link to a shore
station was located on South Range at a depth of 10 meters. The shelf
station has a transmission capacity of 15 data channels. A line array
of bottom-mounted pressure sensors was employed that had a measured
alinement of 13° east (clockwise) to that of the coastline which in
this area runs true north-south (Figure II-1). The sensors had rela-
tive spacings of 1-2-1 with 30.5 meters as the unit spacing. Sensor 3
was located on the base of the shelf station. The shelf station was
also equipped with accelerometers and at times with current meters,
and a surface-piercing staff.

2 Data Acquisition.

Data for the wave climate was collected using a shelf station with
a PCM (Pulse Code Modulation) radio telemetry link to the shore station,
referred to as a Shelf and Shore (SAS) system (Lowe, Inman, and Brush,
1972). The primary wave sensors were four absolute pressure sensors
(Statham Model PA506-33) deployed in a linear array roughly parallel
to the coastline. The mean water depth at all sensors was 10 meters.
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Figure II-1. The location of the shelf station and pressure-
sensor array off Torrey Pines Beach, California.
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The shelf station consists of an air-filled fiberglass spar
having a 9 cm (3.5 inches) outside diameter. The spar section is
coupled to an anchor assembly through a universal joint, so that the
rigid spar is free to tilt in response to currents but not to rotate.
A schematic diagram of the station complete with the pressure sensor
array is shown in Figure II-2.

Signals from the pressure sensors pass through underwater cables,
enter the glass spar through underwater bulkhead connectors, and final-
ly pass up the center of the spar to the telemetry package in the top
section of the spar. The signal conditioning and analog to digital
conversion for each pressure sensor are performed in the telemetry
package.

A timing circuit in the telemetry package controls the period
during which data are gathered. This circuit is set to sample waves
four times per day (0400, 1000, 1600 and 2200 hours PST). Each sam-
pling period lasts for 1 hour. The data from each sensor are sampled
125 times per sec, each sample is converted to a 10-bit binary number
and transmitted -back to the shore station over a PCM telemetry radio
link. The high sampling rate before transmission of the data is re-
quired to provide virtually simultaneous sampling of the data. At the
shore station the data are received and processed by PCM synchronizing
equipment. The data are filtered by a specially designed digital fil-
ter to eliminate digital noise due to transmission of the data. The
cutoff frequency of this filter is approximately 10 Hz which will not
affect the wave data being collected. The digital filter is part of
the data communication system and contains, in addition to the digital
filter, a small buffer memory. The memory is loaded with the data at
the high rate of the communication system and unloaded at the slower
rate of the digital magnetic tape, which for this study was four samples
per second. The data in between the slower samples were not used in
this study.

Each data channel is converted back to analog voltages and dis-
played on an oscillographic recorder, and recorded on IBM compatible
magnetic tape. The analog record (Figure II-3) acts as a data quality
monitor. Only 4096 data points are recorded on the magnetic tape at
four samples per second, producing one raw data file. The digital record
represents only the first 17 minutes of the l-hour sampling period.

In retrospect, all of the data should have been recorded on digital
tape. If the entire l-hour sample were available, more sophisticated
data analysis procedures could have been used to avoid some of the
noise problems discussed later in this report.

3k Data Processing.

After the data has been recorded on magnetic tape, it is ready for
processing on an 1130 IBM computer. A special data reduction system
was devised which produces processed tapes, a printed output of the
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Figure II-2. Schematic of the shelf station and pressure sensor array.




Figure II-3. Analog record from Torrey Pines Station. The top four
traces are from the pressure-sensor array; the tilt of
the station is indicated by accelerometer traces 5 and 6,
and current near the base of the station is shown on
traces 7 and 8. The occurrence of the change in tilt of
the shelf station is referenced to local tide in the
insert above traces 5 and 6.
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statistics for each pressure sensor (including the mean, maximum,
minimum, and standard deviation values) and a summary of the energy
values of each pressure sensor.

The data reduction system reads and processes each specified mag-
netic tape data file from the raw data tape produced by the telemetry
system. If magnetic tape or sequencing errors exist, the data run is
aborted and the system resumes processing at the next specified file.
The raw data of each channel of a run are then reformatted and cali-
brated. Next, a Fast Fourier Transform (Cooley and Tukey, 196S) is
performed and cross-spectra of all combinations of the four pressure
sensor channel pairs are calculated. The Fourier coefficients are
multiplied by a depth correction coefficient up to a cutoff frequency
of 0.25 Hz. The cross-spectral values allow phase and coherence to be
calculated for each of the six possible channel pairs. These, together
with the energy values, are used to calculate the directional spectra;
first using all four sensors (1, 2, 3, 4), then for the two redundant
three -sensor arrays (1, 2, 3 and 2, 3, 4). This procedure gives a de-
gree of redundancy in the calculations which was desired by CERC. The
Fourier coefficients are then squared and grouped by 11 to form the
frequency spectra values. Grouping by 11 was desired for compati-
bility with CERC data. However, in light of the poor resolution in the
lower frequency bands, grouping by a smaller number of bands would be
desirable (e.g., band 6 includes wave periods ranging from 18.4 to 15.4
seconds). Considering the trade-off between frequency resolution and
statistical reliability, we feel that grouping of eight is optimum for in-
vestigation of surface waves with this sample rate and record length.
Finally, a program which selects spectral peaks in the frequency spec-
trum, gives their energy and bandwidth, and also sums the energy of the
spectrum (up to 0.25 Hz), outputs this information for each pressure-
sensor channel on the line printer. This printout is used in tabulat-
ing the tables for Appendixes A and B. The processed data tapes con-
tained the following seven files for each SAS run (when all four sensors
were functioning):

File 1. Identification information and contents list.

2. Reformatted and calibrated raw data time series
for each channel (4096 data points each).

3. Fifty spectral values (energy density) for each
channel.

4. Fourier coefficients, consisting of 1024 floating
point numbers per channel (i.e., 512 real, 512
imaginary which give phase).

5. Directional spectra values for four-sensor array
(181 real words giving values from 0° to 90°).




6. Directional spectra values for three sensors
Exitey hn ) B

7. Directional spectra values for three sensors
(i.e., 2, 3, 4).

For other purposes, such as analyzing current meter or accelero-
neter data, or any other time series recorded on one of the available
channels, the individual programs used in the data reduction system
were available to supplement any further programing. Plotter programs
exist which plot frequency spectra for any pair of channels along with
the phase and coherence between that pair. Directional spectra plots
for either the pressure-sensor array method, or the current meter
method can be obtained when desired.

4. Sensors.

The four-pressure-sensor array is the primary wave measuring in-
strument. These sensors are Statham Model PA506-33 absolute pressure
transducers with accuracy of *0.2%. These sensors are housed in a PVC
container to protect them from the seawater.. Pressure is coupled to
the transducer through a flexible rubber diaphragm and a silicone oil
bath. A photograph of this assembly is shown in Figure II-4.

Accelerometers are used to measure the tilt of the station as it
responds to waves and currents. Appendix B describes dynamic response
of the spar and provides the analysis procedure used to obtain tilt
angle from the raw accelerometer data. A high quality servo-type ac-
celerometer is used. These accelerometers are Donner Model 4311AS-2A.
Accelerometer data were found to be a valuable indication of the wave
direction as well as current speed and direction (Section V-6).

An electromagnetic current meter was used on occasion to measure
currents near the base of the station. The current meter resolves the
current vector into two orthogonal components. In all cases, the probe
was positioned to measure horizontal velocity. The meter was manufac-
tured by Marsh-McBirney (Model 711) and has a velocity threshold of
1 cm/sec, and 0.2 second time constant. A picture of the meter in-
stalled on the shelf station is shown in Figure II-5. Wave direc-
tional spectra obtained from current meter data are discussed in
Section V-5.

Wave height measurements of the sea surface were to be made using
a recently developed digital wave staff. The digital staff was 5 meters
long with contact spacing of 0.5 cm. Although the digital wave staff
functioned properly, it did not prove to be adaptable to the shelf
station. The positive buoyancy of the station was not sufficient to
hold the staff vertical during low tide. A detailed.description of
this wave staff is providedin Appendix C.
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Figure II-4.

Aview of the disassembled pressure sensor showing the sensor and its PVC housing.




Figure II-5. Underwater pnotograph of the lower section of shelf
station anchor assembly, universal joint, and electro-
magnetic current meter.
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A resistive wire gage was constructed for use on Torrey Pines
shelf station. This gage is similar to others developed at Scripps
Institution of Oceanography and used for wave studies off the research
vessel FLIP. This gage is also described in detail in Appendix C.

Data obtained from the resistive wire gage were compared with the pres-
sure gage mounted directly below the staff. Two sets of data were
taken, one set with the station free to tilt, and one set with the
station tethered. Comparisons of these data are reported in Section
V-2.

5. Underwater Cables and Connectors.

The electrical cables used to connect the pressure sensor to the
shelf station proved to be a major source of problems in the early
phase of the study. The pressure sensors were tied to 1.5-inch
steel pipes that were driven approximately 4 feet into the sand bottom.
Neoprene-jacketed cables with four 16-gage conductors were used to
carry power to the sensor and the return signal from the sensor. These
cables were weighted by 16-pound shackles placed about 20 feet apart.
The idea was that the cables would quickly bury in the sand, thus pro-
tecting them from the wave forces. However, it was found that high
waves uncovered the cable and caused it to loosen from the weights.
Once freed from the weights, the cables were carried back and forth in
the wave surge. This constant' motion would "workharden' the electrical
conductors causing them to break. Several different cable-weighting
techniques were tried, with little success. The final solution to the
cable problem was to use four conductor armor cable. This cable con-
sists of four wires individually insulated with polypropylene inside a
two-layer, counterlaid, steel wire outer jacket. A steel pipe, 2 inches
in diameter, was jetted approximately 6 feet into the sandy bottom near
the base of the shelf and at the pressure sensor locations. The armor
cable was strung between these pipes by scuba divers. Care was taken to
ensure that the cable had no sharp bends.

Of course, armor cables are more expensive and more difficult to
install than are neoprene-jacketed cables, but this factor is more
than offset by the reliability of the armor cables.

Problems were experienced with underwater connectors in the early
phase of this study. Originally, a flush-mounted, right-angle con-
nector (510F) manufactured by Electro Oceanics was used at the base
of the shelf station (Figure II-6). These connectors were found to be
unsatisfactory because they are structurally weak and were easily
loosened. Both of these connector problems caused seawater to enter
the shelf station, thus shorting out unprotected wires. A redesign of
the base of the station (Figure II-7) allowed stronger connectors
(Electro Oceanics S53E) with an improved '0" ring seal to be used. This
new design completely eliminated the connector problems.




Figure II-6. Detail of the bottom section of the original shelf
station showing the right-angle underwater connectors.
The scale is in centimeters.




Figure II-7. Detail of the redesi
improved connectors.

gned bottom section showing the
The scale is in centimeters.




6. Field Operation of System.

The performance of the system used to obtain wave climate has
been evaluated for the 16-month period from 5 February 73 to 31 May 74.
A total of 1130 data runs was collected during this period, or approxi-
mately 59 percent of the scheduled runs (i.e., four per day). Of the
1,130 runs, 71 percent was with all four pressure sensors working, 25 per-
cent with three sensors working, and 5 percent with two sensors functioning.
The efficiency of the data collection system increased after several
hardware improvements were made. During the period of February to May
1974, which followed the system improvements, 76 percent of the data
runs was recorded, of which 80 percent had all 4 pressure sensors pro-
perly functioning. Forty-three percent of the data loss was due to
structural failure of the fiberglass spars. There were two such occur-
rences which account for over one-third of the lost data. Both these
events were structural failure of the fiberglass spars which required
replacement of the entire shelf station. Close inspection revealed
that the resin had fatigued causing the spar to develop pinhole leaks
at the point of maximum bending stress. The first failure occurred
on 18 April 73, and the second occurred on 14 November 73. After the
first failure, the system was down for 1 month; the second time for
2} weeks.

Other major causes of loss of data were problems with the tele-
metry package which accounted for 14 percent of the data loss, 13 per-
cent of data loss was due to faulty cables and connectors, and 13 percent
as a result of problems with the recording system. The remaining data
loss was due to a number of minor causes, such occurrences as low
batteries combined with long periods of bad weather preventing their
replacement; storm waves breaking over the station interrupting data
transmission; and component failures in the receiving system.

With the exception of failures due to fatigue, the SAS system has
proved to be a very reliable system. With the experience and improve-
ment of the system components, we are convinced that the system's
major failure modes have been overcome. This has been proven to some
extent by the successful operation of the system during the winter
months of 1974 when 74 percent of the anticipated runs were recorded.
It is important to note that the shelf station as a system remained
intact and on station even during several storms when waves were break-
ing over the station in 10 meters of water.

III. ARRAY THEORY
An ocean wave field is composed of waves of various frequency,
amplitude and direction of propagation. The total energy per unit

surface area of the wave field, E, is related to the sea surface dis-
placement n, by the relation:

E= pg<n?® (I1I-1)
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where p is the water density, g is the acceleration of gravity, and
<n2> is the variance of the time series of n , which gives the mean-
square elevation of the water surface due to waves. Spectral analysis
is a determination of how <n2> is distributed with respect to wave
frequency and direction. The frequency spectrum, S(f), is energy
density as a function of wave frequency, in units of cm? per Af,
where Af is the frequency bandwidth. The area under the frequency
spectrum equals the variance of the sea surface displacement,

<n?> = I S(f) df , (I111-2)
0

where S(f) is the Fourier transform of the autocovariance function

Ry, (1) = <ny(t) = nyt + 1)>, (I111-3)
so that

S(f) = ZJ Ry, (1) e 2™ gr (111-4)
where 1 is a timelag, i = /?T, and n:(t) 1is a time series of sea

surface displacements as measured by the sensor labeled j. The sub-
scripts j, k of the function Rjk(T) reference the sensors that

were sampled for the data used in the computation of <n;(t) nk(t + T)>.
In general, Rjk is termed the covariance function and i% referred to
as the autocovariance function when j = k. The autocovariance func-
tion has the units of cm2, which is proportional to energy, and it
preserves the frequency structure inherent in the original time series.

The analysis of wave direction requires more than one blind sen-
sor. Assuming that the waves are known to approach within a 180° arc,
the direction of a single wave train can be determined from the relative
arrival time of a wave crest at two blind sensors. The phase differ-
ence between the signals of two sensors expressed in radians is related
to the direction of the wave train by the equation:

¢ = 27w &-Sina (I111-5)

L ?
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where 2 < L/2 1is the distance between the sensors, a is the angle
of the wave's approach relative to the normal to a line separating the
sensors, and L is the wavelength. The phase difference of the wave
signals of two sensors as a function of frequency is obtained from the
frequency cross-spectrum. The frequency cross-spectrum,

Ci2(f) - 1Q;2(f), between two sensors is defined as the Fourier trans-
form of their covariance function,

-27ift

Ci2(f) - 1iQyo(f) = I Rio(1) e dt, (I111-6)

where
Ri2(r) = <n;(t) = n,(t + 1)> (I11-7)

and the subscripts reference the sensors.

If the wave field is made up of a single wave train, then

n, = JﬁKg cos 2rft and n,= V2A, cos(2nft + ¢), where A = <p2> ,

The cross-spectrum is then

(@]
"

Ao cosé , (III-8)

and

=
N
1]

A° sing , (I11-9)
whgre

¢ = 2 %- sina = tan-l(Q12/C12)-

Thus, the phase is related to the relative sizes of the real and
imaginary parts of the cross-spectrum.
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Equations (III-8) and (III-9) show that the cross-spectrum varies
sinusoidally with the separation distance of the sensors. The frequency
of this variation is k sina, where k = 1 /L is the magnitude of
the wave number and is fixed by the frequency of the waves by the dis-
persion relation,

2rf 2 = gk tanh(2wkh) ,

where h 1is the depth. If the cross-spectrum is known for all separa-
tion distances in the two orthogonal horizontal directions x and vy,
then the complex function C(X, Y, f) - iQ(X, Y, f) may be defined as

a continuous function analogous to the frequency cross-spectrum given
in equation (ITI-6). C(X, Y, f) - 1Q(X, Y, f) is the directional
cross-spectrum and is defined by its relation to n(x, y, t):

CX, Y, £) - iQ(X, Y, f) = Im R(X, Y, 1) e 2"ifTy (I11-10)

where
R(X, Y, T) = <n(x, y, t) n(x+X, y+Y, t+r1),

and X and Y are horizontal component lags. The Fourier transform
of C(X, Y, f) - iQ(X, Y, f) over X and Y space yields S(f, a),
the frequency-directional spectrum:

S(f, a) = Jw J [C(X,Y,f) - iQ(X,Y,f)J e~2mi(kX sina + kY cosa)sygy,
D (I1I-11)

The frequency-directional spectrum is the energy den51ty as a function
of wave frequency and direction, and has units of cm 2/Afba, where Aa
is the directional bandwidth.

In reality the cross-spectrum is known only for the separations of
the finite number of sensors in the array. For the linear 1-2-1 array
with a unit spacing of 2, equal to 30.5 meters the separations X = 0,
+1, #2, +3 and +4 are known, and there are no Y separations. The
equation for S(f,a) reduces to the summation:
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) 4
S(f, a) = CX=0, £f) + 2 ZZ [C(X = lon, f) cos(2mnk sina)

n=1
+ Q(X = 2on, f) sin(2wnk sinai], (111-12)
where n =1, 2, ... are the number of unit spacings, lo in the array.

Equation (III-12) was used for the calculation of the frequency-
directional spectra. The cross-spectra were calculated using the Fast
Fourier Transform (FFT) method (Bendat and Piersol, 1971). The outline
of how equation (III-11) reduces to equation (III-12) and a more
detailed development of spectral theory in general are included in
Appendix A.

The approximation of S(f,a) through the use of the summation in
equation (III-12) rather than the integral in its definition, equation
(III-11), leads to problems of "aliasing'" and poor resolution. The
spectral analysis problems in the frequency domair are analogous but
less severe. Therefore, only inadequacies of the spatial transformation
are discussed.

The finite total length of the array introduces a smearing of the
directional spectra estimates leading to a lack of resolution in direc-
tion. This poor resolution is analogous to the spreading of light
through a diffracting slit. The wave analogy to this application of
the uncertainty principal (Dicke and Wittke, 1960) states that a wave
packet with a finite width will have an uncertainty in wave number.

Our finite array forces us to assume a finite width of the wave packet
which leads to uncertainty in wave number, and thus in the direction as
well.

This effect can be seen by using a cross-spectrum calculated for
a single wave train in the summation of equation (III-12) for the esti-
mation of S(f,a). The estimated S(f,a) will have a spread in direc-
tion and is termed the array's response to a single wave train. The
1-2-1 array's response to 14 second waves propagating at normal inci-
dence to the array is shown in Figure III-1.

The knowledge of the covariance function at discrete points in
space, rather than in a continuous line, leads to the problem of
aliasing or the confusion of wave directions. An inappropriately
designed array will respond to waves from a particular direction with
several peaks in its directional spectrum. All but the true peak are
referred to as aliased spectral peaks. This problem can be easily
seen for the case of only two sensors. Equation (III-5) does not have
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an unique solution for o« given ¢, £, and L if the wavelength L is
not greater than 2%. As an example, if & = 3/2L and the phase
equals 0, then equation (III-5) gives:

¢ = 0 = 3w sine = n2m, (III-13)

where n 1is an integer. This equation can be satisfied with a = 0
and $41.8°.

This problem becomes quite severe for higher frequency waves
whose wavelength is short relative to the smallest sensor spacing of
the array. A more mathematical treatment of the techniques of array
analysis, and these analysis problems, is included as Appendix A.

It is apparent that while a long total length of array is de-
sired, a small spacing between any two adjacent sensors is also neces-
sary. With a maximum spacing specified for any two adjacent sensors,
and a finite number of sensors, a line array will obviously give the
maximum possible length of sensor arrangement, and hence the maximum
resolution in direction. However, a line array has a 180° ambiguity
in direction. The coast is effective in eliminatiag possible sources
from two quadrants, providing wave reflection can be neglected.

With a set number of wave sensors, the size of the spacings de-
sired is dependent upon the length of the waves of interest. For ex-
ample, an array with large spacings that gives good resolution for
long waves will seriously alias the spectra of the higher frequency
waves. A good display of an array's performance with respect to waves
of a particular frequency is the directional response function. This
is the response of the array, in energy density versus direction, to
waves of a single direction. Figure III-1 displays the response of
the 1-2-1 line array, with 30.5-meter unit spacing, to 14.2 and 4-
second waves approaching the array from 0° from the normal to the
array. While there is better central peak resolution of the 4-second
waves, two -‘alias peaks are also present. The array is best designed
for waves of a period around 5.5 sec. That is, this is the period of
waves for which the array has the best resolution while still having
no serious aliasing problems. The response of the array to 4.7-second
waves is plotted in Figure III-2. Aliasing is a serious problem for
wave periods less than 4.5 sec (Section V-7). Although a longer array
would have been desirable for the investigation of waves with periods of
10 to 18 sec, the total length used, 122 meters, appeared to be a practi-
cal limit considering problems of cable maintenance, continuity in
bathymetry, and coherence of the wave field.
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IV. CHARACTERISTIC PARAMETERS FOR WAVE SPECTRA

The wave field at any particular time may be complex and include
components that differ in their place and circumstances of origin.
These wave components can usually be identified as relative peaks in
the frequency spectrum. In an effort to specify the principal wave
components, the dominant peaks of the measured frequency spectra were
routinely identified. The spectral peaks are characterized by three
parameters: (1) peak frequency fo; (2) bandwidth Af; and
(3) energy Ep, The center frequency of the frequency band with the
greatest energy density is designated the peak frequency. The cutoff
frequency band for a peak is defined as the frequency band of minimum
energy density between two adjacent peaks or the frequency band in
which the energy density equals approximately 10 2 of the energy at
the peak frequency if there is no adjacent peak. The energy density
in the cutoff frequency band between adjacent peaks is used in ‘the
determination of the energy of the peak with the lower frequency. The
details of the peak selection procedure are included in Appendix A.

A tabular display of the characteristic parameters evaluated for the
data runs of this project is included as Appendix D.

Three directional parameters were developed to characterize the
directional spectra. The directional parameters resulted from a com-
parison of the measured directional spectra with model directional
spectra computed with the assumption of a single direction of wave pro-
pagation. This technique was used by Munk, et al.(1963) in observations
of long-period swell. The model spectra were least-squares fit to the
measured spectra, the variables of the fit being the energy and direc-
tion of the single wave train. The parameter a, is the direction of
propagation of the single wave train model whicn best fits the measured
directional spectrum. With well directed swell this angle will approxi-
mately equal the direction of maximum spectral density. The parameter
P(ap) 1is an indication of goodness of fit and is essential for the
interpretation of o P(a,) is related to the residual of the least-

. o’
squares fit:

%
[S(fo,a) : §ao(fo,a)] (Iv-1)

2
S(f,, )]
a = -90 [ 0*®
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where S(fy,a) is the measured directional spectrum for the fre-
quency band centered on f,, and S (f ,a) is the model direct-
ional spectrum The summatlon was %o rout1nely computed for steps of

5° from o« = 90° north to a = 90° south. For a mean value
of S(fg,a) - Sag (fo-a) around 107°S(f5,a), Play) would equal
4x10"". Values as low as 1 x 10-3 have been recorded which imply a

very narrow directional spectrum. Values of P(a,) below about 10~

are considered to be good fits and indicate the directional spectrum is
unimodal and narrow. Figure IV-1 is a plot of the measured directional
spectrum for 16.8-second waves versus the residual directional
spectrum, S(f,,a) - Sm0 (fg,a@), for the run SAS-1-21 July 73-04.

P(ag) was 2 x 107" for = this fit, indicating a good fit. Figure IV-2
is a plot of the measured and residual directional spectra for the

6.9-sec waves of SAS-1-21 July 73-04. The residual spectrum shows defin-
ite peaks indicating the multidirectional character of the incoming waves.
P(ag) + for this fit was 0.5, which is considered to be a poor fit.

There is an uncertainty in direction of best fit, a_, when

P(a,) 1is a slowly varying function of the trial values of a, . The
spread in trial values of a, for which P(a,) 1is approximately the
same is defined as the parameter ba . Aag has typical values ranging

from #1° to #4°.

The spectral parameters are useful in the identification and char-
acterization of waves from the various source regions. They may also
be used as direct input into computational models. The practical val-
idity of representing the spectra by the peak frequency, the total
energy in the peak,and the mean direction in calculation of longshore
wave power available for transport of sand was shown by Inman, Komar,
and Bowen (1969) and Komar and Inman (1970).

V. COMPARISONS OF VARIOUS METHODS AND TECHNIQUES

1. Comparisons Among the Various Pressure Sensors.

The records of the various pressure sensors in the linear array
were systematically compared to evaluate the stability of the measure-
ment process. Wave by wave comparisons were deemed to be unrealistic
because of the short crestedness of waves; further, the comparisons of
the frequency spectra computed for the several pressure sensors yield
easily interpretable results.

The total energy for each of the four sensors, their average, and
the range about this average have been computed for the SAS runs
analyzed, and included in Appendix E. The "total" energy included data
ranging from 0.0 to 0.25 Hz. From a sample of 587 runs it was deter-
mined that 68 percent of the time the total range of the energy values
was less than 20 percent of the mean. The total range was less than

30 percent of the mean for 90 percent of the runs. For 2 percent of the
runs, the range of the energy values was greater than 50 percent of mean.

3l




[4

16.8 sec. PERIOD

_~MEASURED

RELATIVE ENERGY DENSITY

RESIDUAL

SOUTH NORTH

DEGREES FROM NORMAL TO COAST

Figure IV-1. The measured directional spectrum and residual spectrum for southern swell of SAS
1-21, Jul 73-04. The residual spectrum is the difference between the measured and
single direction model spectra. The fact that the residual spectrum is very small
relative to the measured spectrum indicates the waves are approximately unidirec-
tional.




1%

6.9 sec. PERIOD

RELATIVE ENERGY DENSITY

90 a5 7

SOUTH N NORTH
DEGREES FROM NORMAL TO COAST

Figure IV-2. The measured and residual spectra for northern waves of SAS 1-21, Jul 73-04. The
bimodality and broadness of the measured spectrum are reflected in the peaks of
the residual spectrum.




The sum energies recorded by each of the four sensors over two
periods of extended four sensor operation were computed. The results
are listed below:

Sum Energy cm?
60 Runs Sensor 1 Sensor 2 Sensor 3 Sensor 4
29 Jan 74-31 Mar 74 49,649 50,061 47,853 46,456
24 Runs
16 May 73-22 July 73 8,447 8,980 8,588 7,999

The range in the sum energies for the 60 Truns in 1974 was 7.4
percent. Although this indicates some systematic difference-in the
energy levels of the various sensors, this range is small relative to
the average range of energy levels over these runs, which was 15 per-
cent. The range in the sum energies for the 24 runs in 1973 was 20.7
percent. The systematic difference in the energy levels of the sensors
may be explained in part by the slight angle that the array makes with
the bottom contours. This orientation has sensor 1 in the shallowest
water; therefore, this sensor should see a slightly more shoaled
version of the spectrum. The mean pressure difference between sensors
1 and 4 is equivalent to 0.6 meter of water.

A band by band comparison was made for the spectra of the four
sensors for 27 SAS runs. The mean range of energy density values was
calculated for the first 24 frequency bands, 0.0 Hz - 0.25 Hz. The
range in the total energy of the first 24 bands, and the energy of the
dominant spectral peak were also calculated for each of the SAS runs.
There was some inconsistency in the selection of bandwidths of peaks
in the records of the various sensors by the computer procedure. There-
fore, the peak energy values were recalculated by visual inspection of
the spectra. The results of these sensor comparisons are summarized in
Appendix F, Table F-1. The mean range of energy density values of the four
sensors over all the runs, 63.8 percent, was significantly higher than the
mean of the ranges of total energy, 20.4 percent. This suggests that the
sensors are measuring somewhat independent samples of a stochastic
process. Since this is not a wholly deterministic process, the variance
is to be expected. The estimate of the total energy has more degrees
of freedom than the individual band estimate. However, the estimates
of the energy contained in the dominant spectral peak appear to agree
better than those for the total energy. The mean range of the peak
energies for the 27 runs was 12.1 percent. This implies the waves of
the dominant peak are more deterministic in their nature.
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The runs which display a very large range in the total energy
( >35%) as measured by the four sensors are affected by noise problems.
Figure V-1 displays the more infrequent disparity in energy of the
lower frequency bands. This may be caused by the "turn-on'" transients
of the pressure sensors and will only significantly affect the compar-
ability of the total energy among the sensors when.the wave energy is
very low. The more common problem of variability of the high frequency
region of the spectra is pictured in Figure V-2. This problem is due
to noise in the system which in the more severe cases manifests itself
in the form of data "dropouts.'" These dropouts are of sufficient
length that no simple quality control measures could accurately recover
the unaltered spectra. In 90 percent of the runs where the total range
of the energy levels vary by more than 50 percent of the mean, most of
the variation is in one sensor. The cause of these very high varia-
tions is an erratic sensor whose record is marred with dropouts.

Various groupings of 3 of the 4 sensors of the array have been
used to calculate directional spectra. For example, the sensor group-
ings 1, 2, 3 and 2, 3, 4 represent redundant 1-2 spacing arrays. The
direction of best fit to a single direction of propagation, a,, defined
in Section III, was calculated for the directional spectra of each 3
sensor grouping. The results are included as Appendix G. The direc-
tions obtained for the lower frequency peaks agree well in general. A
sample of 103 runs was selected which included runs from each of the
seasons. For 90.7 percent of these runs, the range in a, for the
dominant spectral peak was 3° or less. The maximum range in the values
of a_ was 7°. The range in a_ was not well correlated with the
range of total energy of the various sensors. Therefore, even though
the range in total energy of the sensors indicates a possibility of
nonstationarity in the wave field, it is not reflected in the direct-
ional estimates.

24 Surface-Piercing Staff Versus Pressure Sensors.

Measurement of the wave field by use of pressure sensors at
depth requires that a rigorous relationship between the surface height
and vertical pressure field be known. Linear wave theory has been
assumed to relate the pressure signal at depth to the surface elevation.
To validate the use of bottom-mounted pressure sensors for the measure-
ment of sea surface elevations, a comparison was made of simultaneous
records of a surface-piercing staff and a pressure sensor at depth.
A continuous wire staff was designed which resembled other staffs dev-
eloped at Scripps Institution of Oceanography. The staff is described
in detail in Section II and Appendix C of this report.

Linear wave theory yields a solution which has a wave-induced
pressure which decreases with depth as a function of its frequency.
The pressure at distance z' from the bed of waves of frequency f is
given as:
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cosh(kz')

P(h.k) = Py Cosh(kh) (V-1)

where p_ = gH/2 1is the pressure fluctuation due to sinusoidal waves
of heighg H at z = 0, k 1s the absolute value of the wave number, and
h 1is the depth of the water column. The frequency spectra of the pres-
sure records may be corrected to account for this filtering by the water
column. The correction factor becomes exponentially larger for increas-
ing frequency. Therefore, it is necessary to cutoff the correction
beyond a frequency to avoid bringing the noise region of the spectrum

up to the signal level. To determine where to fix the cutoff point,
several spectra were corrected for depth out to 0.5 Hz. A high fre-
quency trough (Figure V-3), at approximately 0.25 Hz to 0.3 Hz, appeared
beyond which the increasing correction factor dominated the measured
spectral trends. Therefore, the frequency 0.25 Hz was selected as the
correction cutoff for these pressure sensors located at a mean depth

of 10 meters. The frequency spectra were uncorrected for frequencies
higher than 0.25 Hz.

A prototype of the continuous wire staff was tested off the end
of Scripps Pier. The staff was maintained in a vertical position by
nylon lines. Simultaneous records were taken with this staff and a bot-
tom-mounted pressure sensor at a depth of approximately 5.5 meters.

A representative plot of the frequency spectra obtained is shown in
Figure V-4. The spectral values for the staff and the pressure sensor
agree well across the spectral peaks. The spectral amplitude of the
pressure sensor falls below that of the wave staff beyond the cutoff

of the spectral correction for depth. Both spectra show a small peak
around 0.3 Hz and there is a relative peak in the coherence at this fre-
quency. As expected, the wave staff shows a higher level of energy in
the high-frequency region of the spectrum. The staff in the pier con-
figuration had a lower signal to noise ratio than that of the pressure
sensor.

Following the experiment off the pier, a staff was attached to
the SAS station at Torrey Pines Beach. The station was tethered tempo-
rarily by steel cables to restrict its motion. The results of the
four runs of this experimental setup are included in AppendiX H. A
quantitative comparison was made of the spectral values across the coher-
ent band, that is for wave periods of 4 to 18 seconds. The energy density of
the grouped frequency bands was compared for the spectra from the two
different sensors. A mean percent difference of the spectral values in
the bands was calculated as follows:
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Frequency and cross-spectra of a bottom-mounted pressure sensor and the surface-
piercing resistive wire gage for simultaneous runs off Scripps Pier. The pressure-
sensor spectrum is depth corrected for a 5.3-meter depth from 0.0 to 0.25 Hz.

The sensors show good spectral agreement below 0.3 Hz.




where D, is the defined percent difference of the band energy, Sws and
SpS are the frequency spectrum values for the wave staff and pressure
sensor respectively, n is the frequency band number, and Af is the
bandwidth, 0.0107 Hz. Also considered was the percent difference of
the total energy as calculated from the spectra of the two different
sensors. The total energy was calculated as the area under the coherent
region of the spectrum. The results of the comparisons are listed below:

% Difference of Sensor with Largest

Run Dg Total Energy Total Energy
SAS 1-15 Feb 74-03 14.0 13.2 P.S.
SAS 1-15 Feb 74-04 2770 25.3 W.S.
SAS 1-16 Feb 74-03 Jler 9 20.9 W.S.
SAS 1-16 Feb 74-04 12.7 8.4 Pr5.
Average 16.4 17.0

In three of the four runs the spectral values of one of the
sensors were consistently higher than those of the other. However, for
the run SAS 1-16 Feb 74-03 the lower frequency bands of the wave staff
had larger energy density while for the higher frequency bands, from
6.0 to 4.0 seconds, the pressure-sensor values were higher.

Although the shelf station was tethered, there was some motion
which was recorded by the accelerometers. The spectra of the accelero-
meters for SAS 1-15 Feb 74-03 are shown in Figure V-5. Although the
standard deviation of the angle of tilt of the spar was only 2°, the
spectra of the accelerometers closely resembled the spectrum of surface
elevation.

The coherence of the records of the wave staff and pressure sensor
drops off around 0.25 Hz and at the very low frequency bands. The run
SAS 1-15 Feb 74-03 displays two fairly coherent higher frequency peaks
located at 0.27 Hz and 0.34 Hz. This suggests that the wave staff used
with a pressure sensor is useful in the identification of higher freq-
uency peaks. The peak in coherence helps identify a spectral peak while
the energy of the peak will be indicated by the 'spectrum of the wave
staff. Generally, there is very low coherence at these frequencies be-
tween pressure sensors which are separated by large distances, the
smallest spacing in our array is 30.5 meters. Therefore, positive iden-
tification of these low-energy peaks is difficult with the pressure
sensors alone.

Figures H-6 and H-7 (App. H) are representative plots of results of
cross-spectral analysis between a pressure sensor and the wave staff when
the station was untethered. The spectral peak shapes appear quite similar,
but the staff recorded more energy, particularly in the lower frequency
bands. Also, the high-frequency region levels off at a much higher
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Figure V-5. Frequency and cross-spectra of accelerometers mounted on the tethered spar.

Although the standard deviation of the angle of tilt is only 2°,

the motions

have a close resemblance to the wave spectra {sec Fig. H-4 in App. H).




energy than the case when the station was tethered. It is apparent that
the tilt of the untethered station biases the data from the wave staff.

3. Comparison with Visual Estimates of Wave Height and Direction.

An effort was made to compare the measured wave spectra with'
visually observed wave conditions. Several of the characteristic para-
meters of the wave spectra (Section IV) are compared with observed wave
parameters. The observations were made on a daily basis from the top of
a 300-foot cliff overlooking the site of the Torrey Pines Station. The
observer makes an estimation of an average breaker angle, and period of
the dominant train of waves. An estimation of average wave height is
made from the beach. The comparison of these observations with the
spectral information should be most meaningful when the energy spectrum
is largely composed of one narrow peak. With these conditions the
observed wave period should be close to the peak period of .the spectrum.

The root-mean-square wave height Hyps measured at the station
in 10 meters of water (h = 10 m) is related to the energy in a spectral
peak by:

He . = 8 <n?>, (v-3)

where <n2> is the mean-square elevation of the water surface as meas-
ured at the station. From this and a knowledge of h/L_ where L  is
the deepwater wavelength, H, can be obtained. Taking <n2> as the
energy under a spectral peak and assigning it to the peak frequency
allows the relationship for breaking solitary waves (Munk, 1949) to be
used:

+1/3
] (v-4)

Hy = H, /3.3[H°°/Lm

which uses the assumption H _/h, = 0.78, where h, is the breaking
depth, Hy, 1is the height of "the wave at breaking, H_ is the deepwater
wave height, and L, is the deepwater wavelength. Snell's law was then
used to compute the breaker angle at the depth at breaking.

Table F-2 (App. F) is a summary of the comparisons between the observed
and measured parameters. The peak with period nearest the observed period
generally agrees best in height and angle of approach with the visual
observations. Since it is hard to judge angles accurately to the nearest
degree, visual angles are usually recorded as 0° or 5° north or south and
are useful mainly in checking the north-south tendency of direction.
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The observed wave heights agree well with the Hyps of the major
spectral peak when the peak is relatively narrow (bandwidth <0.15 Hz)
and contains most (>80%) of the energy in the spectrum. In general,
Hyms of the major spectral peak, the sum of the rms wave heights of the
peaks, and H1/3(=4(<n2>1/2) do not correlate well with observed wave
height. The observed wave height is generally smaller than H1/3 and
the sum of the rms wave heights.

4. Orbital Velocity as a Function of Wave Energy and Frequency.

A Marsh-McBirney Electromagnetic Current Meter, Model 711, was
installed 1 meter above the bottom and 5 meters south of pressure sensor
3, which was mounted on the shelf station. The meter is a solid state
water velocity sensor operating on the principle of electromagnetic
induction and consisting of an electronics case, powered by *6 volts,
and a transducer probe 2.5 cm (1 inch) in diameter and 20 cm long with
a permanently attached cable. The meter, which measures two orthogonal
components of water flow perpendicular to the longitudinal axis of the
probe, was calibrated in a wave channel by measuring voltage outputs for
various known input velocities. The relation between velocity and volt-
age was linear. The meter has a resolution of 1.0 cm/sec with a response
time of 0.2 sec, and a velocity range of 0.01 to 2.5 m/sec, as determined by
tests conducted at SIO Hydraulics Laboratory and at the Naval Undersea
Research and Development Center, San Diego, California.

Current meter data collected during special runs on 14 June 73,
16 June 73,and during routine runs in November allowed a comparison to
be made between the field measurements of orbital velocities and the
value predicted by linear wave theory. If u and v are the orbital
velocity components of wave motion in the onshore-offshore and longshore
directions respectively, then the magnitude of the orbital velocity as
measured by the current meter is given by:

U = Yu? + vZ , (V-5)

where the subscript cm denotes the measurement by current meters. The
values of u,v are obtained from the velocity variance-frequency spec-
~ trum where the u, v signals are treated as is n in equations (III-3)
¢ and (III-4). From linear theory, the orbital velocity measured at a
height z' above the seabed is:

mH cosh kz'

T sinh kb °°8(0t ) (V-6)
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here H is the wave height, T the wave period, k the wave number,
and h the mean water depth. Or, since ¢ = 2" is the angular
frequency of the wave, g

_ Ho cosh kz' B
U = >~ sinh kh cos ( ot). (v-7)

The wave amplitude is obtained from the pressure signal recorded by
pressure sensor 3 which has been depth corrected (equation V-1).

Equations (V-5) and (V-7) were then used to compare the horizontal
orbital velocities obtained from the electromagnetic current meter with
the values predicted from linear wave theory.

Values were obtained for the 20 usable runs of November 1973
during which the current meter was installed. For these runs the value
calculated from linear theory (equation V-7) was higher than the measured
value (equation V-5) with an average ratio of 1.2 when the values for
each run were averaged over the first 24 elementary frequency bands,
that is, to 0.25 Hz.

However, most of the variation between the measured current velo-
city values and the theoretical ones is found at the high energy, low
frequency peaks. The largest waves of these 20 runs were recorded on
13 November 73 (Table V-1) where the ratio of the theoretical current
value to the measured value of the high energy-peak (872 cm?) located
at 10.9 sec was 1.7 (Figure V-6). Comparatively high waves were also
present on 12 November 73. The 10.9 sec peak, 579 cm?  of energy,
(Figure V-7) has a peak ratio of 1.4.

For lower energy waves the ratio at the low-frequency peak is
typically 1.2, such as those on 9 November 73 (Figure V-8), where the
peak at 14.2 sec contains 85.5 cm? of energy; and on 11 November 73
(Figure V-9) 1 where the 14.2 sec peak contains only 26.3 cm? of energy.

The discrepancy may be a calibration problem. However, the results
indicate that another theory should be used in place of the linear one,
especially for waves with periods larger than 10 sec, where the linear
theory no longer gives the best approximation of wave characteristics.
Similarly, there is a need for a better understanding of the relation
between properties measured at or near the bottom and the actual surface
behavior.
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Table V-1. Directional information for SAS 1-14 June 73-01 and SAS 1-14 June 73-02 showing the
results of the preliminary current meter runs. The periods, E, and BW were obtained
from the_pressure sensor data; a, and P(ay) were computed from the directional array;
a and o are angles obtained from the current meter data.

Array Current Meter

Run Period(sec) Ep(cmz) BW(Hz) % P(ag)% o a

SAS 1-14 June 73-01 14.2 481 .075 5°S 1.7 5°S 7°N
8.8 547 .107 1°N 0.2 4°N 7°N

SAS 1-14 June 73-02 12.3 463 .070 2°S 0.2 4°N 9°N
8.8 692 .097 1°N 0.3 4°N 7°N

Definition of Terms:

Period :

p :
BW :

The period of the spectral peak at which the directional information was obtained.

The energy contained in the spectral peak, average of the data of all four sensors.

The bandwidth, an average of the data of all four sensors.

The angle where the directional spectrum obtained from orbital velocity records reaches a
maximum, measured from the normal to the beach, but corrected to the alinement of the array.

The mean angle obtained from the current meter data as defined in the text.

The direction of the best fit to a single wave train obtained from the four-pressure-sensor
array, measured from the vertical to the array. The fitting technique is based on the
minimum value of P(a,).

A measurement of the effectiveness of the fit for the four-sensor array.
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theoretical and measured velocity. This run also
showed the largest discrepancy between the theore-
tical and measured rms velocity at the low-frequency
peak.

47




IZF

SAS-1-12NOV73-04

10

—— |U] MEASURED
— ——|U| THEORETICAL

@0

@

~

N

o,

RMS ORBITAL VELOCITY (cm/sec)
H

W

0 | | | | | | | | | | | |
O OO — &N 0 W O O N O
o R © ® O N « EB ©® o 0w
" O 0 ©Q = = = = = &N o @
© g o oS0 oo 6O o g
F

REQUENCY (Hz)

Figure V-7. Comparison of the orbital velocity measured by the
current meter with that predicted by linear theory
using the energy density values measured at pressure
sensor 3,
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There is generally low coherence between the onshore-offshore
and longshore velocities with significant coherence only at the low-
frequency peak. Figure V-10 shows a plot of spectrum of onshore-
offshore and longshore current velocities for SAS 1-09 Nov 73-01.

5. Direction from Current Meters and a Single Pressure Sensor ,

Following Bowden and White (1966), the frequency-directional
spectrum is defined by:

S(£, @) = gpo z 2 la (V-8)

where in denotes the mean value of the amplitudes a, which repre-
sent the amplitudes of the n wave components. The summations are of
the mean-square value of all wave component amplitudes contained in

the infinitesimal ranges of frequency and direction (f, f + df) and

(¢, @« + da). Thus, S(f,a)dfda is the contribution to the mean-

square value of n due to the wave components in the ranges (f, f + df)
and (o, a + da).

The frequency-directional spectrum S(f,a) can be written as a
Fourier Series:

S(f,a) = %-ao + a) cosa + b; sina + a, cos2a + by sinZ2a  (V-9)

+ ... +a cosna +b sinna + ... -
n n

This sum is similar in form to the one of equation (III-12) where the
coefficients are the directional cross-spectra. C(X, f) - 1iQ(X, f)
in equation (III-12) is a function of the horizontal component lags X
and is well defined in array theory due to the separation distances of
the sensors in the array. The time series of pressure and two horizon-
tal velocity do not involve separation distances. Other methods are
used to obtain the coefficients a_ and bn'

51




2s

PERIOD (sec)

16 8 4

S
N

ENERGY DENSITY (cm¥/sec/AF)

B s 3 3
v ag - + -

/

LONGSHORE VELOCITY

\N/A/ ON-OFFSHORE VELOCITY
// CH. 7

SAS 1-09NOV73-01

+ CH. 8

104

0.062 0.125  0.25

COHERENCE

+PI

PHASE
(=]

-Pl
Figure V-10.

AL
T

‘a‘ |V -
UV TV

Frequency and cross-spectra for channels 7 and 8 (in situ onshore-offshore and
longshore velocities) used in calculating wave direction from the current meters.




If p represents the pressure fluctuations near the seabed and u,
v the orbital velocity components of wave motion in the onshore-offshore
and longshore directions respectively, then the frequency cospectra

Ci'
p,Ju, v:

Cpp()

Cuu(f)

va(f)

C._..(f)

Cuv(f)

C_ ()

cos?a  S(f,a) da

sin?qg

S(f,a) da

cosa S(f, a) da

1 2
= — j S(f, a) da
cosh?kh 0
2
" [gk ] cosh? kz' JZ"
2nt cosh? kh 0
A , 2w
. [gk J cosh? kz J
2rf cosh? kh 0
_ [gk ) cosh kz' JZ"
2nf cosh?kh

0

2 2m
_ [gk ] cosh? kz' J
cosh’kh 0

- [8k

cosh kz' 2w
. & J

2
cosh4kh 0

sina cosa S(f,a) da

sina S(f,a) da.

The above are related to the Fourier coefficients

2w
= %- Ienla S(f,a) da
0
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(Vv-10)
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of the spectrum S(f, a) so that:

= = 2
ao(f) cosh? kh Cpp(f)
1 (2nf | cosh? kh
al(f) : E'[ gk ] cosh kz' Cpu(f)
1 |2nf ’ h? kh
cos
a,(f) = ?'[gg ] cosh? kz'[cuu(f) - va(f)] - . (vV-12)
1 [2nf | cosh? kh
b (f) = E'(EE— ] cosh kz' va(f)
2
_ 2 (2nf ) cosh? kh
b (£) = ;'[gk ] coshz kz" Cuv(f) >

where z' 1is the distance of the instrument from the seabed, h is
the mean water depth, g is the acceleration due to gravity, f is the
frequency of the waves,and a is the direction of wave approach.

From the pressure and orbital velocity data, the first five Fourier
coefficients of the frequency-directional spectrum can be obtained. So,
the first five terms of the series in equation (V-9) are known giving the
partial Fourier sum, or an estimate of the frequency-directional spectrum,

§(f,a) _ %.ao +a, cosa + b, sina + a, cosla + b, sinZa. (V-13)

If the terms of higher order are small, equation (V-13) may be a good

approximation to the true frequency-directional spectrum given by the
infinite series in equation (V-9).
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This method does not involve spatial aliasing as described in
array theory (Section III). The spectrum obtained in this manner is
broader than for the array method since only five terms are obtained as
compared to nine for the four-sensor array (Equation III-12). If the
directional spectrum for a fixed frequency is plotted, it will attain a
maximum for some directional value which will be referred to as the
peak direction, . A look at equations (V-10 and V-12) indicate
that a mean direction o can be found: .

tang = ") . (V-14)
a)

This mean direction o has meaning only for unimodal narrow angular
distributions. The better the agreement between the peak direction
ap and the mean direction a, the more the spectra can be considered
as due to a single wave train approaching from the direction a.

The above method was used on data collected at the SAS station
off Torrey Pines Beach. A Marsh-McBirney Electromagnetic Current
Meter, Model 711 (described in Section V-4) installed 1 meter above
the bottom and 5 meters south of pressure sensor 3 collected prelim-
inary data during special long-term runs on 14 June 73 (0945 to 1120
hours PST), and 16 June 73 (1029 to 1200 hours PST) at a rate of 2
samples per second. Data on 16 June 73 were eliminated because of
erratic pressure sensors and magnetic tape errors. Two segments of
data from 14 June 73 were analyzed. The first 34-minute segment of
.4,096 points was labeled as SAS 1-14 Jun 73-01, and the segment from
1019 to 1053 hours PST as SAS 1-14 Jun 73-02.

A computer program was written which used equation (V-12) to com-
pute the coefficients ag, aj;, ap, by, and by. A grouping of 22 adja-
cent bands was used in the calculation of the spectra. With the sam-
pling rate of 2/sec and a total of 4096 data points, this grouping
yielded a frequency resolution of Af = 0.0107 Hz. The coefficients
were then used to calculate an estimate of the directional spectrum.
Equation (V-14) was used to obtain a. Directional information was
also determined from the four pressure-sensor array using the proce-
dure described in Appendix A. The uncertainty in direction of posi-
tioning the orthogonal current meters is estimated to be of the order
of +5° to 10°. This results from the difficulty in adjusting a 2.5-
centimeter-diameter cylinder to a compass direction underwater. On
the other hand, the position of the pressure sensor array has been
determined to within 1° by horizontal sextant angles from known
shore station. The array was measured to be alined 1.5° west
of magnetic north. This indicates that the normal to the array 1is ro-
tated 13° clockwise of true east-west, which is the normal to the beach
shoreward of the array. Current meter directional values have been
corrected to account for the alinement of the array.
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For SAS 1-14 June 73-01 peak spectral energies were located at
periods of 14.2 sec and 8.8 sec. The peaks have a similar amount of
energy. However, the peak for the 8.8-sec waves is broader than that
for the 14.2-sec waves (Table V-1). S(f,a), when calculated using pres-
sure and two horizontal velocity components reaches a peak direction at
5°S for the 14.2-sec waves, the mean direction, a, is 7°N. The direc-
tional spectrum obtained from a four-pressure sensor array peaks at 5°S
with P(ay) = 1.7 (where P(a,) is defined by equation (IV- 1)) For the
8.8-sec peak, the method u51ng orbital velocities peaks at 4°N as the
direction of the energy with a = 7°N. The array method gives peaks at
1°N with P(ay,) = 0.2. In both procedures, the 8.8-sec peak fits better
to a single wave model.

The energy spectrum from SAS 1-14 June 73-02 has peaks at periods of

12.3 sec and 8.8 sec. The peak direction from the current meter for
the 12.3-sec wave is 4°N and from the array, 2°S. Here P(ao),= 0.2
while a = 9°N. The 8.8-sec wave has a directional array spectral peak
at 1°N with P(a,) = 0.3 and a current meter spectral peak at 4°N with

= 7°N. 1In this run both peaks fit to a single wave since P(a,) is
small and o and a are close in value. The frequency spectral plots
for the in situ onshore-offshore orbital velocity and pressure data is
shown in Figure V-11. Normalized directional spectra plots for the 8.8-
second peak of SAS 1-14 June 73-02 are shown in Figures V-12 and V-13.
Figure V-12 shows the directional spectrum as calculated from the time
series of pressure and orbital velocities. Figure V-13 is the spectrum
calculated from the array. Both figures also show the response of each
method to a delta function. The current meter method has a much broader
response than the array method. The current meter method response is
broad since only five terms in the Fourier expansion of S(f,a) can be
calculated from a knowledge of pressure and velocities. The advantage
is, however, that the direction spectral windows are independent of
frequency. This makes comparisons between different frequencies easier
than for the array method whose windows are frequency dependent. Anoth-
er advantage to the current meter method besides the frequency indepen-
dent windows is that less instrumentation is required.

Visual observations made on 14 June 73 indicate waves with a pe-
riod of approximately 10 sec were breaking at an angle of 5° from the
north. The significant height was given as 2 meters. When shoaling
and refraction are considered, these values correspond reasonably well
with a breaker angle of 6°N calculated for the 8.8-sec spectral peak.

The fairly good agreement between the directions obtained using
these two methods for the runs on 14 June 73 suggested that further com-
parisons would be useful. The current meter was reinstalled on 2 Novem-
ber 73 and operated through 13 November 73 during routine runs at the
SAS station so that more comparisons with the directional array method
could be made.

Twenty of these November 73 runs were usable, yielding a total of
38 peaks which were analyzed. Results are shown in Table F-3 (App. F).
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