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ABSTRACT

A CAPACITANCE WAVESTAFF AND
MEASUREMENTS OF WAVE HEIGHT DECAY IN THE SURF ZONE

David L. Timpy
014 Dominion University, 1982
Director: Dr. John C. Ludwick

A wavestaff system utilizing capacitance was de-
veloped to measure wave heights in the surf zone. Data
were used to test the assumption that wave height decays
linearly across the surf zone. The instrument system con-
sisted of two wavestaffs and housing which contained the
needed electronic circuits and a data recorder. Acceptable
frequency response for waves of period greater than two
seconds could not be obtained if sensor wires were greater
than 0.35 mm in diameter. The size used was 0.35 mm.

Simultaneous wave height measurements at points
distributed across the surf zone were obtained during four
field experiments at Virginia Beach, Virginia. Wavestaffs
were repositioned along a line perpendicular to the shore-
line. Wave height decay across the surf zone was found to
be nonlinear and appears to be categorizable into three
divisions: (1) rapid decay due to turbulence induced by
the breaking preccess; (2) nearly constant decay due to a
balance between turbulence and wave shoaling affects; (3)
rapid decay (of remaining wave energy) as a wave propagates

up the beach slope against the force of gravity. Energy is
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dissipated less rapidly by spilling breakers than plunging
breakers. Spilling breakers result in greater runup at

the shoreline.
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I. INTRODUCTION

Waves on beaches are a source of energy which
drives the nearshore circulation and the resulting sediment
transport along the shore and in the cross-shore direction.
Incident waves breaking in shallow water dissipate most of
their energy as broken waves or surf bores which propagate
across the surf zone. |

Previously, wave height decay across the surf zone
has been assumed to depend on local water depth. The pri-
mary objective of the present study was to test the validi-
ty of this assumption. Stated another way, the objective
was to determine whether the wave height decay in the surf
zone can be described with a linear or nonlinear function.
A secondary objective which evolved during the early part
of the study was the development of a capacitance wavestaff
system that could measure wave height accurately and be
deployable in the surf zone. The resulting system consist-
ed of two capacitance wavestaffs and an instrument housing
which contained all the electronics and data recorder.

The number of studies in the literature on wave
height decay in the surf zone is small. Laboratory studies
far outnumber field studies. The obtaining of field meas-
urements of wave height in the surf zone is a difficult and

at times an impossible task.
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Working on the coast of Lake Michigan, Wood (1970)
obtained wave height measurements and horizontal particle
velocities beneath breaking waves. His data show a de-
crease in wave celerity shoreward of the breaker point,
probably due to the breaking process. In a later study,
Wood (1972) measured waves in the surf zone with capaci-
tance wavestaffs and concluded that wave height decay
across the surf zone was nonlinear. The probes used on the
wavestaffs during the field experiments had diameters of
1 cm.

Suhayda and Pettigrew (1977) measured the average
wave height and celerity of ten individual waves during
movement across the surf zone by photographing closely
spaced graduated poles. Breakers were visually observed
to be plunging. It was shown that wave height decays
rapidly after breaking, followed by a slower decrease with
further progress toward the shoreline. They also conclude
that wave height decay across the surf zone was nonlinear.
Wave celerity values for the same data show a rapid de-
crease after breaking with values slowly decreasing as the
shoreline is approached.

Guza and Thornton (in press) state that wave meas-
urements collected at Torrey Pines indicate that wave
height decay across the surf zone is linear. In this
study, field measurements of wave height were obtained with

current meters, pressure sensors, and dual resistance
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wavestaffs. The sensor wire diameter of the wavestaffs
used during the study was 0.6 mm. L.D. Wright (personal
communication) has also obtained similar results to those
of Guza and Thornton (in press) from pressure sensor meas-
urements of waves off the coast of Australia.

Most laboratory studies of wave transformation
across the surf zone indicate that bore height decav is
nonlinear and that wave heights in the surf zone cannot
be assumed to be a constant fraction of the local water
depth. Studies of this kind include those by Horikawa and
Kuo (1966), Sawaragi and Iwata (1974), Goda (1975) and
Walker (1974). This finding is in direct contrast with
laboratory measurements obtained by Bowen et al. (1968),
who indicated that wave heights in the surf zone can be
assumed to be a linear function of the local water depth.

In the present study, wave height measurements at
points distributed across the surf zone were obtained
during four field experiments at one site located in Vir-
ginia Beach, Virginia (figure 1). Each field experiment was
comprised of five to seven data sets, with the sampling
time of each data set about ten minutes. In each data set,
two capacitance wavestaffs were positioned in the surf zone
along a line perpendicular to the beach. Wave measurements
from the wavestaffs were recorded simultaneously on mag-
netic cassette tape. After each data set was taken, the

wavestaffs were repositioned to new locations on the same

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1. Field Experiment Site
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line within the surf zone. Measurements of breaker posi-
tion, water depth and swash were taken during the acquisi-
tion of each data set. Subaqueous beach profiles at the
study site were obtained before each field experiment.
Generally, results obtained from the present study indi-
cate that wave height decay across the surf zone is non-
linear, but can be approximately linear under certain

circumstances.
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IT. METHODOLOGY

Capacitance Wavestaff System

Many different devices have been used to measure
the elevation of surface water waves as a function of time.
These vary from the most economical, using the human eye,
to the extremely costly, using laser beams. The choice of
device usually depends on the intended use and available
resources.

Adequate descriptions of the different wave-meas-
uring instruments have been given by Ribe (1974), Grace
(1970) and Draper (1966). Grace (1970) classified wave
instruments into four general categories. They are:

(1) measure above the water surface; (2) measure below the
water surface (3) measure on the water surface:; (4) meas-
ure through the air-sea interface. Generally, a wave-
measuring instrument which uses a sensor element that
passes through the air-water interface is termed a wave-
staff. The most common types of wavestaffs are resistance
and capacitance. Types and characteristics of wave-meas-
uring instruments are numerous (Table 1).

For this study, a wave-measuring instrument was
needed that was simple, easy to build, economical, accurate
and capsole of being deployed in the surf zone. A pressure

sensor was not chosen mainly because it was expensive
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Table 1. Types and Characteristics of Wave-Measuring

Instrwuents

Sensor type

Principle of operation Cost range

Capacitance

Resistance wire

Step resistance

Reed switch

Rapid frequency
transmission
lines

Pressure

1

2

Water level variations $ 571

cause a change in capa-
citance which produces
proportional output
voltage.

Water level variations 2
change sensor resistance
which produces a propor-
tional output voltage.

1,150~5, 000
1,400-2,200°

Same as above except the 2

sensor is constructed of
equal resistors placed in
series along the staff.

20,000

Described
by Ribe
(1974)

A magnetic float switches
on and off. A series of
reed switches along a
staff to connect resis-
tance into a circuit.

A transducer element 4,2002
electrically senses

length of parallel

wires above the water

and yields a voltage

output proportional to

water level variationms.

Measured changes in 2
pressure at a fixed
depth below the water
surface are used to
calculate actual
surface elevation.

3,200-18,800
2,600- 4,000°

Timpy (1982), see Appendix I.

Rive (1978)

SGrace (1970)
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Table 1 (continued)

Sensor type

Principle of operation

Cost range

Upward directed
sonar

Downward directed
sonar

Buoys

Lasers

Shipborne
recorder

Wave orbital
velocity

Time between sound
pulses directed
toward and reflected
back from the water
surface are used to
calculate the surface
water elevation.

Surface elevation de-
termined by measuring
transmitted time in-
terval of sound from
transducer down to
water surface.

Vertical buoy dis-
placement measured
with some type of
device such as ac-
celerometers, pres-
sure transducers,
wavestaffs and grad-
uated rods.

Travel time interval
of low power laser
beam down to water
surface determines
surface elevation.

Combines accelero-
meters and subsur-
face pressure sen-
sors to cancel out
ship motion yielding
surface wave meas-
urements.

Measured wave-induced
velocities are used
to calculate surface
elevation using Airy
wave theory.

$10,000-37,750°

7,500-19,000°

prototype2

5,000-100,000

30, 000-80,000

See Tucker
(1956) and
van Aken, H.M.
and E. Bouws

(1974)

1,800

2

2
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and would not provide direct measurements of surface ele-
vation. A resistance wavestaff was not chosen because of
major problems of stability and accuracy associated with
changes in water conductivity due to water temperature and
salinity variations. The accuracy of the resistance staff
is also affected by corrosion of the sensing probe during
operation. Resistance wavestaffs are generally not as
popular as pressure sensing devices, and the literature on
resistance wavestaffs is not as abundant. The reader is
again referred to Ribe (1974) and Grace (1970) for general
information. PFurther information on resistance staffs can
be found in Wiegel (1966), Bigelow (1968) and Flick et al.
(1979).

A1l of the wave-measuring instruments listed in
Table 1, with the exception of capacitance wavestaffs,
are commercially available, and probably at higher costs
than listed in the table. Caution should be exercised
in purchasing one of these devices. An evaluation of
commercially available wave-measuring instruments has been
completed by Ribe (1978). In addition, Althouse (1968)
reports sources and costs of wave-measuring instruments.
It should also be mentioned that the National Oceanographic
Instrumentation Center (NOIC), Washington, D.C. has pub-
lished, up to 1976, instrument performance data on most
types of ocean instruments. This information exists in

the form of Instrument Fact Sheets, Technical Bulletins
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and Technical Memorandums. Since 1976, results of NOAA-
conducted tests have been published in the form of NOAA
Technical Memorandums. They are available for sale from
Superintendent of Documents, Government Printing Office
and through the National Technical Information Service
(NTIS), Springfield, Virginia, 22161.

The type of wave-measuring instrument finally
selected for this study was a capacitance wavestaff. This
type is simple, economical, easy to build, and extremely
accurate when fitted with the proper sensor wire. The
cost breakdown for the development and construction of
the wavestaff system is given in Appendix I.

Capacitance wavestaffs consist of three essential
components: a sensing element, detector circuit, and a
data storage device. The sensing element is usually an
insulated wire which is passed vertically through the air-
sea interface. The insulator is the dielectric of a
variable capacitor with the center conductor and the sea-
water acting as the plates of the capacitor. Variations
in the elevation of the water surface are detected as
changes in capacitance by a detector circuit. This same
circuit transforms the varying capacitance into a propor-
tional voltage signal, which is then transmitted to the
data storage device. It is to be noted that the sensing

element of the capacitance wavestaff is not subjected to

corrosion.
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There are many variations of capacitance wave-
measuring circuits (see Table 2). The circuit design
published by Anderson, Shirley, and Wilkins (1972) was
chosen for this study because it was found to be cheaper,
simpler, and easier to adjust than all other reported
designs. The design also incorporates low power inte-
grated circuits which made modifications to suit the needs
of this study a relatively simple task.

The electronics of the wavestaff measuring circuit
is composed of five major elements as shown in the upper
portion of figure 2. A schematic is shown in figure 3 to
facilitate the following description: The sine wave
oscillator is a Wein Bridge circuit and is the heart of the
detector circuit. When properly balanced this part of the
circuit has constant voltage output under variations in
load and has good frequency stability. Ways to achieve
this balance are discussed in detail by Jung (1980) and
Irvine (1981). Only a brief discussion will be given here:
The freguency of oscillator, fo, can be approximately

ad justed using the following relationship,

_ 1
fo"ZnRﬁH (1)

where R1 is resistance in ohms and C1 is capacitance in

farads (see figure 3). It is required that R,=R, and C,=C,.

The Wien network, composed of R1—C1 and R2—02, provides a
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Table 2. Summary of the Various Capacitance Wavestaff

Designs

Reference Use Gain Sensor

Designed Constant Diameter

For (mm )

This paper field 33 mv/cm 0.35

Anderson field 59 mv/cm 1.60

et al.

(1977)

lGardner field — 9.50

(1970)

1Davidson laboratory — 6.40

(1970)

Brown et field 5.2 X 1072 0.25

al. (1966) sec/cm

Kinsman field 8 mv/cm 13.00

(1960)

Killen laboratory 33 pf/cm 0.35

(1955)

Tucker & laboratory 28 ma/cm 0.62

Charnock

(1954)

Krizek laboratory 0.7 mv/cm 1.00

(1974)

Lion laboratory 394 mv/cm 0.025

(1964)

McGoldrick  laboratory 50 mv/cm 6.40

(1969)

%Wood field - 6.20

(1973)

Blair laboratory - 16 awg

(1976)
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Table 2 (continued)

Reference Use Gain Sensor
Designed Constant Diameter

For (mm )

2Bub field 20 mv/cm 6.20

(1974)

2Galvin field 15 mv/cm 6.20

(1975)

1

Cited by Anderson et al. (1977)

2Followed McGoldrick's design

positive feédback loop while R3 and L1 provide a "regulated"
negative loop. The attenuation of the Wien network is
three (3.0) and must be maintained using the relation,
R, + R3

—§——-=3 (2)

3
where R3 and R4 are resistors as shown in figure 3. Main-
taining the attenuation at this level will automatically
balance the positive and negative feedback so that the
amplitude of oscillations will be regulated. In this state,
the sine wave voltage output will be at a maximum, as will
the frequency stability. The nonlinear resistance of the

lamp (128/40) is used to regulate the amount of negative

feedback (figure 3). The lamp responds to the output level
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Figure 2. Capacitance Wavestaff System. Part I Represents
Field Portion and Part II Represents the ILaboratory Portion.
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Figure 3. Circuit Schematic for Linear Capacitance Wavestaff
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of the oscillator, adjusting its resistance in inverse
proportion. If the output level of the amplifier rises,
the resistance of the lamp increases, counteracting the
rise. Similarly, a reduction in output level results in a
decrease of lamp resistance, thus stabilizing the oscilla-
tion level.

The constant voltage of the sine wave oscillator
is applied to the measuring circuit of the wavestaff, which
consists of two capacitors in series. One is a discrete
component in the circuit, the other is formed by the sensor
wire. These capacitors are labeled CS and Cp respectively
in figure 3. If CS is made much larger than Cp, then the
voltage across CS is directly proportional to the capaci-
tance of Cp which varies with the surface elevation of the
water surface.

The voltage across Cs will be an amplitude modulated
sine wave. This signal is amplified 40 db by a differential
operational amplifier. This is followed by a precision
half wave rectifier to detect the amplitude modulated sig-
nal. This rectifier consists of an operational amplifier
with diodes in the feedback circuit such that on negative
excursions of the sine wave, the gain is much less than
one. This circuit has much less nonlinearity than a simple
diode rectifier and so reduces errors at low water levels.
The rectifier is followed by a 40 Hz low pass filter to

eliminate the carrier frequency.
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The output at this point is an amplitude modulated
voltage signal proportional to the capacitance of the sen-
sor wire. This voltage is then converted into a propor-
tional frequency with a VEV-10K voltage-to-frequency con-
verter, manufactured by Datel Systems, Inc. The VFV-10K
converter can be thought of as an analog-to-digital conver-
ter with serial output pulses which must be counted. The
output pulses are constant width pulses of 70 pusec and a
200 nsec rise time.

The power requirements for a single wavestaff sys-
tem are + 15 volts at 45 milliamps. The power require-
ments for Jjust the frequency-to-voltage converter are + 15
volts at 25 milliamps. The wavestaff system, without the
frequency-to-voltage converter draws 18 milliamps. The
power supplied to the wavestaff system was regulated using
two + 15 volt linear voltage regulators. The plus and minus
supply voltages for the two wavestaff circuits were supplied
by two sets of four six-volt Eveready Heavy Duty lantern
batteries (model no. 1209). ZEach set of four were connected
in series to supply + 24 volts to the linear voltage regu-
lators. The voltage regulators have a maximum rating of
35 volts and a cutoff voltage of about 17 volts (4.25 volts
per battery). TFigure 4 shows that with a current drain of
75 milliamps, the service life of the lantern batteries is

about 89 continuous hours.
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Figure 4. Voltage Versus Time for Eveready Models 1209 and
509 Six Volt Lantern Batteries
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The frequency modulated signal output from the
wsvestaff was stored on standard magnetic cassette tape
using a Realistic SCT-12 stereo cassette tape deck. The
specifications for the tape deck are given in Appendix II.
Selection of this recorder was made after testing sixteen
other cassette tape units. The model quality ranged from
the least expensive Realistic model to the more expensive
Sony model. It was found that all stereo cassette tape
decks tested were able to record the full range of fre-
quency signals (0-1C kHz) output by the wavestaff system.
Portavle single channel cassette recorders could only
record up to about 7 kHz and were not capable of recording
the full range of frequency signals. Little difference,
if any, was observed in the performance between brands.
The brend of cassette tape used in all recorder tests was
Msxell UDXL/I. This is & standard tape with normal bias
and 120 microsecond equalization.

The Realistic SCT-12 recorder was selected over
other stereo cassztte taps decks because of its small size,
plastic construction, and economical price. The dimensions
of the recorder are 8.3 cm X 14.7 cm X 24.7 cm. Plastic
construction was preferred because it would not corrode
in the marine environment.

The recorder was originally designed to use ac

power only. Since the wavestaff system was to function as
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a fully contained instrument, modification of the recorder
to ac/dc power was required. Figure 5 shows the way in
which this was done. An external switch was added to the
cassette recorder to provide the choice of ac or dc supply
power.

After the cassette deck was modified, two types of
cassette tapes were tested for optimum performance. The
tests were conducted by connecting the voltage output
directly to a strip chart recorder and at the same time
recording the output frequency signal on a cassette tape.
Standard and chromium dioxide cassette tapes were the two
types tested. A significant difference in the amplitude
of the output frequency signal from the recorder was found
to exist between the two tapes. The desired information
is contained in the freguency of the signal and not in the
amplitude. Test data recorded directly on the strip chart
recorder were essentially identical to the data output
from the cassette recorder using both types of cassette
tapes. Standard TDK cassette tape was used for all field
and calibration experiments. This tape has normal bias
and 70 microsecond equalization.

The major disadvantage with this type of data
storage system is the length of tape which can be used.
Duration of the longest cassette tape available is 120

minutes (60 minutes per side). At a sampling rate of a
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Figure 5. Modification of Circuit Schematic for Realistic
SCT-12 Stereo Cassette Deck Enabling AC or DC Power Use
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guarter second, this represents 28,800 words of data.
For comparison, standard digital cassette tape has a
packing density of 242 bits per centimeter (615 bits per
inch) and is usually 98.4 m in length. This converts to
138,375 words of data or about ten hours of continuous
sampling time.

The instrument housing was fabricated from steel
pipe 30.48 cm in length and diameter (figure 6). The wall
thickness was 7.94 mm. The housing contained two printed
circuit boards, one for each wavestaff, the cassette tape
deck, and batteries. All these were attached to a plexi-
glass frame which bolted to the bottom of the housing
(which was welded to the steel pipe). The plexiglass
frame, with items attached could be removed from the
housing as a unit. This allowed both for easy trouble-
shooting and for battery checks. The weight of the housing
with all items in place was approximately 187 kg.

The housing was sealed using a 1id 2.54 cm in
thickness fitted with double "o" rings on its outside edge
(see figure 6). It was necessary to construct an opening/
closing mechanism and to attach it to the outside of the
housing. Without this, the 1id could not be removed from
the housing.

An eight hour water leakage test was conducted
from the Oceanography Department's research vessel, the

R/V Linwood Holton. The housing was tested at a depth

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6. Instrument Housing. Top View Shown in Upper
Portion. ©Side View Shown in Lower Portion.
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of 11.5-13.1 meters. No leaks developed and the housing
was opened and closed with ease.

The sensor wires from the wavestaffs were connected
to the electronics inside the housing via Electro Oceanics
underwater connectors. FEach wavestaff uvsed a separate
connector, each of which contained two conductors. An
external switch, manufactured by Electro Oceanics, was
used to turn the cassette recorder on and off for each
data set during the field experiments. Turning the recorder
on and off could be seen in the data as zero voltages and
was very useful in the identification of individual data
sets. All the connectors and the switch were mounted on
the plexiglass housing 1lid.

The ability to see through the plexiglass 1lid
proved to be advantageous during the field experiments.
The digital tape counter could be seen and the count could
be recorded before and after each data set. In addition,
a voltmeter for each wavestaff circuit was mounted on the
plexiglass frame inside the instrument housing. This
allowed the operation of each wavestaff to be checked
before and after each data set.

Occasionally, a cassette tape had to be changed

during a field experiment. This was due to the limited
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recording time of a cassette tape. In this event, it was
required to remove the instrument housing from the surf
zone, open the 1lid, change the cassette tape (or just turn
it over), close the 1lid, then return the instrument back to
the surf zone. This normally took a total time of 15 min-
utes, but has been achieved in as little as seven minutes.
Initially, a problem of sand infiltrating between
the outer edge of the plexiglass 1lid and the inner wall of
the instrument housing was encountered. The sand penetrated
as far as the first "o" ring. This made it difficult to
remove the 1id from the housing. The problem was solved
by applying Mortite weatherstrip and caulking cord over
the space between the plexiglass 1id and instrument housing.
Five different sensor wires were evaluated before
the first successful dynamic response test was achieved.
Increasingly better results were obtained by successively
decreasing the diameter of the sensor wire. The reduction
has the effect of minimizing the amount of water available
for rundown. In Table 3 are listed the types of sensor
wires and their diameters that were evaluated for dynamic
response. Thin magnet wire was the sensor wire chosen for
this study. The wire has a single copper conductor coated
with enamel and a diameter of 0.35 mm. The major disadvan-
tage of this sensor wire was the limited abuse it could

withstand. New sensor wires had to be used for each
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Table 3. Tested Sensor Wires

Wire type Diameter Coating Material Conductor
(mm )

Self-fabricated 12.7 polypropolene Al rod

Stripped RG-59U 7.2 polyethylene solid Cu

coaxial cable

Hook-up 18 AWG 2.0 thermoplastic stranded Cu

Audio speaker 1.6 vinyl stranded Cu

Hook-up 1.3 teflon stranded Ag

Kynar computer 0.51 plastic vinyl solid Cu

wrap

Magnet 0.35 enamel solid Cu

experiment even though great care of the wires was taken
during each experiment. Future sensor wire designs should
incorporate a more durable conductor with a flexible
coating.

The sensor wire was connected to the instrument
housing via a coaxial cable (RG-59U) 6.6 meters in length.
An inexpensive underwater connector for joining the two
wires was fabricated with two rubber stoppers, a polyvinyl-
chloride (PVC) coupling and a coupling nut. The connector
never failed while being used in the surf zone.

The sensor wire was mounted to the lower end of the

wavestaff support frame by sewing the wire through a rubber
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stopper and attaching the rubber stopper to the wavestaff
frame. Attempts to fasten the sensor wire directly to the
support frame were unsuccessful because the copper conduc-
tor was too easily broken. The rubber stopper was attached
to the support frame by sewing a loop of monofilament
through the stopper and attaching this loop to the support
frame.

The wavestaff support frames were constructed from
PVC pipe, 3.8 cm in diameter. Baseplates were attached to
the bottom of each support frame. The dimensions of each
baseplate were 45.7 cm X 45.7 cm X 0.32 cm. The design of
the baseplate limited the water depth at which the wave-
staff could be deployed. This depth was approximately
15 cm.

The process here termed rundown is associated with
the film of water which remains on a sensor wire during
receding water levels. The only known solution to the
problem is the use of a sensor wire of very small diameter.
The problem, as related to capacitance wave sensors, was
first reported by Tucker and Charnock (1954). Rundown has
been referred to as "flowback phenomenon" by Wilner (1960)
and "capillary effect" by Krizek and Monsonyi (1974).
McGoldrick (1970) considered rundown as the "meniscus"
formed around the sensing probe. He studied the effects
of static and dynamic surface tension on the meniscus.

Similar treatment was also used by Sturm (7973) in a study
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of capillary waves on currents. Kinsman (1965) suggests
that the rundown problem does not have a significant
effect on wave measurements.

The rundown problem was discovered in this study
after many unsuccessful attempts to obtain satisfactory
dynamic response with sensor wires of large diameter (see
Table 3). It must be noted that excellent static response
of the wavestaff was obtained in every experiment with
larger diameter wires.

The effects of rundown on the output amplitude of a
wavestaff under dynamic conditions can be quite severe. The
unwanted effects of rundown found in this study agree with
those described in previous reports. These are summarized
as follows: (1) wave crests are spuriously broadened; (2)
wave troughs appear spuriously pointed; (3) amplitude reduc-
tion increases with increasing frequency; and (4) amplitude
reduction is less with decreasing sensor wire diameter.

A large majority of field studies using wavestaffs
have presented only static response characteristics of
the wavestaffs used, apparently indicating that the dynamic
response of the wavestaffs was not tested. The importance
of measuring the dynamic response of a wavestaff could not
be over-stressed. All studies which utilize wavestaffs
should report static and dynamic response characteristics.
Moreover, the dynamic response of the combined electronics-

probe system should be tested.
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Calibration Procedures and Results

A1l calibration data used in the reduction of
actual records was obtained under field conditioms.

The field calibration experiments were performed to
determine wavestaff response characteristics and were done
in a manner that simulates actual field experiments. Both
static and dynamic tests were performed. Static calibra-
tion tests were frequently carried out in the laboratory
to check the wavestaff electronics and cassette recorder
operation. All calibration tests were conducted in sea
water.

A calibration test site was required having a water
depth of three to four meters and some type of pier struc-
ture on which to place the calibration devices. Two sites
were used. The initial site was located on the pier
maintained and used by Virginia Pilot Association at the
end of Bousch Street in Norfolk, Virginia. Use of the
final site required permission of the Norfolk Redevelop-
ment and Housing Authority, and was located in the south
end of the Freemason Harbor complex, Norfolk, Virginia.

Static calibration tests were carried out by
raising and lowering the wavestaff in 15 cm increments
along the entire length of the staff. The wavestaffs were

held at each increment for a period of 30 seconds. The
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static response characteristics of the seaward wavestaff
are shown in figure 7 and the shoreward wavestaff in
figure 8. Data for the shoreward staff was not obtained
during field experiments two and three because of a failure
in the Electro Oceanics underwater connector. The gain
constant of both wavestaffs was consistently near 33 mv/cm.
The offset constant of the seaward wavestaff ranged from
approximately 5.1 to 6.4 volts while that of the shore-
ward wavestaff ranged from approximately 4.4 to 4.8 volts.
An explanation for this variation in the offset constant
is the use of different sensor wires between tests.

Dynamic calibration tests were conducted by os-
cillating the wavestaffs, vertically, relative to the water
surface, at known amplitudes and frequencies. To do this,
a hand crank and pulley system was constructed. A "clacker"
was attached to the hand crank to aid in aehieving smooth
wavestaff oscillation. Simulated sinusoidal motion for
various wave periods were obtained by maintaining a desig-
nated time interval between "clacks". Fach simulation
lasted for about three minutes. Wave amplitudes of 15 cm
and 30 cm and wave periods ranging from two to 16 seconds
were used in dynamic response tests. The dynamic response
characteristics of both wavestaffs show a flat response

down to about four seconds (figures 9 and 10). The
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Figure 7. Static Response of Seaward Wavestaff for Each
Field Experiment
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Figure 8. Static Response of Shoreward Wavestaff for Each
Field Experiment
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Figure 9. Frequency Response of Seaward Wavestaff for
Amplitudes of 15 and 30 Centimeters
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Figure 10. Frequency Response of Shoreward Wavestaff for
Amplitudes of 15 and 30 Centimeters
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slight amplitude reduction below this value is due to water
remaining on the wire (rundown). Better freguency response
may be obtained by using smaller diameter wire. The diame-

ter of the sensor wire used in all experiments was 0.35 mm.

Experimental Site

The ideal field experiment site could be des-
cribed as having a gentle slope with no longshore bars, a
wide surf zone, a well-defined breaker region, a small
tidal variation, easy vehicle access, small waves, weak
longshore currents, and a maximum water depth in the surf
zone of 1.5 meters (wading depth). It was also essential
that the site be located in the Tidewater, Virginia area.

The experimental site selected was located at the
end of 17th Street, Virginia Beach, Virginia, immediately
north of the local fishing pier (see figure 1). The near-
shore profiles measured before each field experiment are
shown in figures 11-14. Breaker heights at the study
site are usually a meter or less. Longshore current speeds
are generally 30 cm per second. The tides are semidiurnal
with an average range of approximately 0.9 m. The beach
has been nourished artificially at locations several blocks
north of the site. In a2ddition, sediment is periodically
pumped onto the beach from a sand-bypassing system at
Rudee Inlet which is less than 2 km south of the experiment

site.
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Figure 11. Beach Profiles and Measurement Locations for
Field Experiment No. 1. Symbols for Data Sets are:
(1)o , (2)e, (3)O, (4)m, (5)A, (6)A .
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Figure 12. Beach Profiles and Measurement Locations for
Field Experiment No. 2. Symbols for the Data Sets are:
(Do , (2)e , (3)o, (4)m , (5) A, (6) A.
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Figure 13. Beach Profiles and Measurement Locations for
Field Experiment No. 3. Sg‘mbols for the Data Sets are:
(1o ., (2)e , (3)O, (4)m , (5)A .
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Figure 14. Beach Profiles and Measurement Locations for
Field Experiment No. 4. Symbols for the Data Sets are:
(o , (2)® , (3)o, (4)m, (5) A, (6)A.
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Field Procedures

As in most field experiments, weather played a
major part in the selection of days for field experiments.
Days were chosen only if there were small waves, calm winds
and no precipitation. The weather conditions for each

field experiment are listed in Table 4.

Table 4. Physical Conditions During Field Experiments

Field Wind Longshore Current
Experiment Direction/Speed Direction/Speed
(knots) (ft/sec)
1 W/5-15 N/1
2 SW/5 N/1.2
3 E/5 N/1.2
4 SSE/8-15 variable

Each field experiment required a minimum of four
people to carry out the procedures. These procedures are
illustrated in figure 15. The wavestaffs were deployed
and held in place manually during the taking of each data
set using PVC extensions attached to each wavestaff sup-
port frame (see figure 16). This method worked well and
allowed repositioning of the wavestaffs quickly (see
elapsed times, figures 11-14). The time to complete an

entire data set, including the time to reposition the
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Figure 15. Sequence of Field Procedures for Each Field
Experiment
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Figure 16. Sensor Wire Support Frame and Extension for
Manual Deployment in the Surf Zone
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wavestaffs was usually 12-13 minutes. It generally required
about four hours to complete an entire experiment.

The duration of each data set was approximately
10 minutes (see figures 11-14). Measurements of breaker
distances, mean swash positions, and the mean water depth
at each staff were taken during each data set. The breaker
point was taken to be the place where the wave crest curled
over completing the breaking process. Bowen et al. (1968)
refer to this point as the plunge point.

After each data set the cassette recorder was
turned off and the meter count recorded. The wavestaff
electronics, for each staff, remained on throughout the
experiment.

The instrument housing was left virtually unmanned
during data sets. It was held in place with two steel
stakes attached to each side. These were 0.5 meters long
and constructed of 0.32 cm angle iron. The housing had a
tendency to shift position, requiring frequent visual
inspections during the taking of the data sets. This
shifting was due to scour at the base of the housing.

Static calibrations of each wavestaff were carried
out before and after each experiment. Field calibrations
were conducted in a 14-gallon plastic container filled
with sea water taken from the site.

The positions of each wavestaff, breaker points,

and mean swash locations were sighted using a level transit.
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Each transit reading would give the position in the form
of a distance and azimuth both relative to the transit
position on the beach. The position measurements were
later converted to x-y components indicating the offshore
and alongshore directions, respectively. The x-component
was used for caiculating offshore wavestaff positions,

nearshore bottom profiles, and breaker point estimates.
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ITII. DATA ANALYSIS

Wave Data Preparation

After the acquisition of the field data which were
stored on magnetic cassette tape, a second phase of opera-
tions was needed to transfer the data into the university
computer system (see figure 2). The wave data in analog
form, stored on cassette tape, are contained in the varying
frequency portion of the recorder output signal. Doubling
the amplitude of the signal enables the signal to be re-
ceived by the frequency-to-voltage unit. The output of
this unit is the original analog voltage which was output
by the wavestaff detector circuit. This procedure was
verified with calibration data and the cassette tape tests
(page 20). The data at this point were recorded on both
a strip chart recorder and a digital data logger so that a
further check of the data could be made at a later stage.
The data were digitally recorded onto digital cassettes
using an Interocean model 680 digital data logger. The
digitization interval was a quarter-second. The allowable
input analog voltage range of the digital data logger is
+ 7.992 volts. To prevent any possible damage to the data
logger the input voltage was attenuated using an instru-
mentation amplifier based on a Burr-Brown 3662 low offset

voltage amplifier.
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The digitized data were then transferred into the
university Dec-10 disk storage system using an Interocean
digital cassette reader. The time necessary to transfer the
data into the computer and data editing was considerable.

It generally required 9-13 seconds to read in one group of
data. Each group contained eight seconds of data or 64
words (data values).

Editing of data became necessary as a result of
transmission errors between the digital cassette reader
and the university Dec-10 computer. The errors consistently
were in the form of spurious spikes and interchanged data
between the two channels. The latter error would only
affect one group of data at a time and was easily edited.

Conversion of the data back to the original analog
voltage values was accomplished using the asctual attenuation
constants of the instrumentation amplifier. These constants
were determined for each channel by simultaneously recording
on the data logger, known input and the corresponding output
voltages of the instrumentation amplifier. A least squares
equation was fit to the data. The equations for channels
one and two of the amplifier are:

Channel 1: y = 0.5193x + 0.0103 (3)

Channel 2: y = 0.5181x + 0.0327 (4)
where x is the input voltage value and y is the attenuated

output voltage value.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

Calculations and Plotting

All wave data read into the university Dec-10 disk
storage system were in digital voltage form. The computer
programs used for data editing, calculations, and plot
routines are listed in Appendix IITI. Text editor commands
for interfacing the digital cassette reader and a rearrang-
ing data format structure are also listed. The conversion
from voltage to actual measures of surface elevation were
computed with the following relation:

n(t) = voltage-offset constant , (5)
gain constant

where N(t) is the measured water surface elevation over
time. The gain and offset constants are those determined
from the static calibration tests before and after each
field experiment.

Equation (5) works in the following way: Subtract-
ing out the offset constants corrects for zero offset,
which in effect reduces the signal voltages such that gzero
dc volts will correspond with the zero level on the wave-
staff. In the same step, division by the gain constant
converts the signal voltage values to actual measures of
water surface elevation. Ideally, if the gain and offset
constants have been accurately determined, the varying dc
voltage signal can be converted to actual measures of water
surface elevation above the sea bed. The mean value com-

puted from the wave record could then be used to approximate
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the mean water depth at the wavestaff location, providing
the offset constant remained stable.

The offset constants did vary considerably (ex-
plained earlier) so were not used to determine the mean
water depth at each wavestaff location. They were used,
however, in plotting the two wave records (simultaneously)
so that they would be offset from one another and eliminate
any intersections.

Each wave record was detrended using a linear least
squares criterion. This was done by fitting a linear func-
tion to the data and then subtracting this function from
the data. The wave data were then usually inspected for
errors by simultaneously plotting the data from each wave-
staff. A sample plot of a wave record is shown in figure .
17. The wave heights shown are not relative to the sea
bed and have been offset from one another as described
above. The records are not exactly simultaneous, out,
rather, are a quarter-second out of phase. This is due to
the sampling design of the digital data logger.

A final check of the data was made by comparing
wave records output by the computer with the strip chart
records'of the anralog data before it was recorded on digi-
tal cassette and read into the computer (see figure 2).
Occasionally the wave data at this stage was not error-free

and required further editing. In the end, wave records
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Figure 17. Sample Computer Plot of a Wave Record
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output from the computer compared identically to the wave
records output onto the strip-chart recorder.

Relative position in the surf zone was taken as
the ratio of the distance from the mean breaker position
to the surf zone width. The width of the surf zone is
the distance from the mean breaker position to the shore-
line of mean water level. TUse of relative surf zone posi-
tion takes into consideration spatial changes which may
have occurred in the surf zone geometry between data sets,
thereby making separate data sets comparable.

Mean breaker position was approximated by averaging
all measured breaker distances taken during a data set.

The number of breaker positions measured during a data set
varied; the maximum number measured during a data set was
twelve. When the mean breaker position was found to be
relatively stationary throughout an experiment, a mean of
all measured breaker positions was calculated and used for
the mean of each individual data set.

The shoreline of mean water level was assumed to be
the point at which the mean water level intersected the
foreshore. This position was estimated graphically using
figures 11-14. The height of mean water level above the
sea bed was estimated using the mean water depths at each
wavestaff. These depths were visually estimated during the
data sets in each field experiment. The mean water level

for each data set is not shown in figures 11-14 but can be
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obtained by extending a horizontal line from the indicated
mean water shoreline to the mean breaker position.

Wave height was estimated from the digitized records
by computing the standard deviation of the elevation of the
water surface as a function of time, then multiplying this

valve by four,

_ ,[ZEnG)
i - 4]

— D % '
:1n(t)] ] = 40 (6)

n
where H40 is wave height and ¢ is the standard deviation
(i.e. root mean square amplitude). Wave height, when cal-
culated this way, is sometimes referred to as the signifi-
cant wave height, H1/3.

Silvester (1974) showed that one way to obtain
equation (6) is to substitute the relationship between a
statistical wave parameter, E, and the variance of the
record, 02, found by Longuet-Higgins (1952),

E=206° (7)
into the relationship between the significant wave height,
H, /3 and VE' found by Longuet-Higgins and Cartwright (1956),

Hy 5 = 2.83 VE (8)
yielding,

H, /5 = 2.83 YE = 2.83N2'6~4c (9)

The statistical wave parameter, E, has dimensions
of (length)2 and is proportional to the energy of the waves
at the measuring point. To eliminate any confusion, the

use of H40 instead of H1/3 for wave height has been chosen

for this study.
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The calculated wave heights, as a function of off-
shore distance for all field experiments, together with the
bottom profile for the time of the experiment, are shown in
figures 11-14 along with the locations of the mean water
shorelines and breaker positions used to calculate the
relative surf zone positions for each wavestaff. The mean
water level shown represents an average of the data sets
in the experiment.

A least squares cubic polynomial was fitted to the
wave data collected during each field experiment (figures
11-14). These curves were computed on Hewlett Packard
model 41C hand calculator using the POLYC program available
in the HP STAT-PAC. The program reference is HP-67/97
MATH PACI, Program MA1-07.

At present, there is no established criterion for
classifying breaker type on a natural beach. Previous
field studies have given gualitative descriptions of the
observed breaker type. Studies by Galvin (1968) and Gaughan
(1976) produced different criteria for breaker type classi-
fication for lavoratory studies. An attempt was made in
the present study to classify the observed breaker type
gquantitatively for each field experiment utilizing bvoth
laboratory criteria. The agreement between the observed
and the laboratory breaker type classificsetion is fair
(Table 5). This may be expected since the laboratory

studies have neglected certain physical factors such as
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Table 5. Comparison of Breaker Type Classification Using
Laboratory Criterion to the Observed Breaker Type

Field Galvin (1968) Gaughan (1976) Observed
Experiment
1 plunging spilling-plunging plunging
2 plunging spilling-plunging spilling
3 plunging spilling-plunging mixed
4 spilling spilling spilling

wind. Different breaker types were present during each
field experiment. A qualitative classification has been
chosen for use in the analysis.

The first field experiment took place at slack
before flood. The breaker point position and mean water
shoreline variation between data sets were small, and
hence surf zone width was taken to be constant throughout
the experiment (see figure 11). The breaker line was
moderately well-defined and was characterized by plunging
breakers. Six data sets were collected in this field
experiment in a total elapsed time of 81 minutes. Winds
were northwest (offshore) at five to fifteen knots.

The second field experiment was conducted just
prior to slack before flood. The breaker point position
appeared to remain constant but the mean water shoreline

retreated offshore, resulting in a narrowing of the surf
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zone width of about six meters (see figure 12). The breaker
zone was well-defined, and the breakers were of the spilling
type. ©Six data sets were collected in a total elapsed

time of 101 minutes. Winds were west-northwest (offshore)
at five knots.

The third field experiment was conducted on the
same day as the second experiment, but during a flood tide
about two hours prior to slack before ebb. This was the
only experiment where both the breaker point position and
the mean water shoreline were not constant (figure 13).

Both appeared to move onshore at about the same rate,
resulting in a fairly constant surf zone width. The breaker
zone was moderately defined, with the larger waves occasion-
ally breaking farther out, in the vicinity of the breaker
zone of the second experiment. It should be noted that
these breakers were well beyond wading depth so that their
positions could not be measured. Mixed spilling-plunging
breakers were present during this experiment. Seven data
sets were collected in a total elapsed time of 72 minutes.
Winds were east (onshore) at five knots.

The fourth field experiment was conducted about one
hour after slack before ebb. South-southeast (onshore)
winds at 8-15 knots produced small wind waves and spilling
breakers. The breaker zone was not well-defined so that a
mean breaker position for all data sets was used. The

shoreline of mean water level moved offshore resulting in
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a decreasing surf zone width during the experiment. Six
data sets were collected in a total elapsed time of 78
minutes (figure 14). |

Wave heights, as a function of relative surf zone
position measured during each field experiment, are shown
in figures 18-21. For comparison, two estimates, derived
from traditional methodologies, of wave heights across the
surf zone are illustrated with the dotted and dashed lines.
The mean breaker position, Xb’ is located at the right of
each graph and the shoreline of mean water level is located
at the left of each graph.

The calculation of estimated wave heights across
the surf zone was based on the assumption that the height
of the broken wave is a constant proportion of the mean
water depth, locally,

H(x) = ¥, h(x), (10)
where H(x) is the wave height estimate as a function of
offshore distance, x: vb is the ratio of breaker height to
breaker depth; and h(x) is the mean water depth as a
function of offshore distance. The mean water depth across
the surf zone was determined graphically from figures 11-14.
The wave height estimates indicated with dotted lines in
figures 18-21 were calculated by using McCowan's ratio,

Yb = 0.78. The wave height estimates indicated with the
dashed lines were calculated using a value for Yy, deter-

mined using a method outlined in the Shore Protection Manual
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