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On the Response Characteristics of a Sonic Wave Gauge”

Keisuke TAIRA** and Atsushi TAKEDA**

Abstract: ‘This paper discusses the response characteristics of a remote sensing sonic wave
gauge which measures wave height from a shipboom 7.5 meters high above the sea surface.
It is operated by an echo-ranging method, using pulsed audible sound of 7 kHz at a sampling

rate of 14 per second.

The measurement of long-crested waves generated in a water tank by the sonic wave
gauge indicates that the apparent profile of a wave is distorted so that crests look flatter and
troughs sharper and that the shorter the wave length is the smaller the measured wave height

is. This distortion is due to the finiteness of the cross-section of the sound beam at the sea
surface which is estimated approximately to be I meter in diameter. The results of observations
of sea waves measured by the sonic wave gauge is found to agree well with those measured
by a capacitance gauge in the frequency range lower than about 0.5 Hz.

1. Introduction

Wind waves play an important role in the
process of momentum transfer from air to sea.
In shipboard observations of wind waves, a
remote sensing wave sensor may be required
because it is not practical to have a suitable
platform to fix a wave gauge near the sea surface.

This paper describes a sonic wave gauge which
is operated by the echo-ranging method using
pulsed, audible sound of 7 kHz at a sampling
rate of 14 per second. Since the sound beam
of the sonic wave gauge has a finite cross-section
at the sea surface, the apparent profile of a wave
is distorted. ‘The response characteristics of the
sonic wave gauge have been investigated by
comparing the wave profiles of long-crested waves
generated in a water tank and power spectra of
the displacement of the sea surface measured by
the sonic wave gauge and by the pole-type
capacitance wave gauge.

Measurements of waves by the sonic wave
gauge mounted at the shipboom is subject to
errors due to ship motion. In practice, ship
motion is measured by means of an accelero-
meter and a double-integrator to produce true
wave height. This paper contains however the
description of the sonic wave gauge, particularly
its response characteristics, only.
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2. Description of the instrument

Our sonic wave gauge was designed primarily
to be used aboard the R.V. Hakuho Maru of
the Ocean Research Institute, the University of
Tokyo. The ship has a boom which is pro-
jecting 10 m from the bow at height of 7.5m
over the sea surface and our gauge is mounted
at the boom. The time 4t required for the
echo to return to the gauge is given by di=2H/c¢
where H is the height of the sonic sensor from
the sea surface and ¢ is the sound velocity in
the air. The range of distance detected by our
gauge was designed to be 2m. The longest
sound path of 19m (=9.5mx2) gives the
maximum sampling rate of about 17 per second
and we selected 14 per second.

The sound velocity in the air depends mainly
on the air temperature. It may be regarded as
a constant during one observational run which
When this is
the case, time 4t is proportional to the distance
hetween the gauge and the sea surface. Its
variation therefore gives the relative wave height
measured by the sonic gauge.

is usually several tens minutes.

It is apparent that the narrower the width of
the sound beam is, the shorter the wave length
of waves which can be detected by the sonic
The theoretical beamwidth at 1/2
power points at the operating frequency Fis
in proportion to /1Y, where i=c/F and D is

gauge is.
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the transmitter diameter. Therefore it is ad-
vantageous to use sound waves of high frequency
to have a narrow beamwidth for a given trans-
mitter. On the other hand the attenuation of
sound waves in the air becomes larger as the
frequency is increased. As a compromise, we
have chosen 7 kHz audible sound. An audio
tweeter for phonographs was used as the trans-
mitter. A conical horn (26 cm high and 26 cm
in diameter) was attached to make the sonic
beamwidth narrow.

The block diagram of our sonic wave gauge
is shown in Fig. 1. The oscillator unit gene
rates 7 kHz waves. The same transducer con-
verts electric waves to sonic waves in the trans-
mitting state and sonic signals to electric signals
in the receiving state. An electronic switch
alternates the two states at a rate of 14 per
second. The signal of the returned echo is
amplified and fed into the echo-ranging unit.

The time sequence of the echo-ranging unit is
shown in the lower schematic diagram of Fig. 1.
A saw-tooth wave starts to grow linearly with
time at the beginning of the receiving state and
it is stopped by the returned echo. Consequently,
the grownup voltage of the saw-tooth wave is
in proportion to the time required for the re-
turned echo to reach the transducer. The out-
put of the echo-ranging circuit is fed into a

ECHO RANGING AND _
FILTERING CIRCUIT m

T
ZERO ADJ.

Fig. 1. Block diagram of sonic wave gauge and
the time sequence of the echo-ranging.

lowpass filter and then to the meter readout,
and also to the output for recording.

The time sequence mentioned above is con-
trolled by the oscillator unit. This is necessary
because the error in time of one period (1/7000
sec.) gives the error in height of about 5cm.
The trigger to stop the saw-tooth wave must be
made by the first return of the pulse. The
output of the amplifier unit is also fed into the
check termina! and we can observe it through
an oscilloscope synchronized to the echo ranging
unit. A sketch of the screen is shown in the
upper portion of Fig. 2. The rectangular pulse
composed of 7 kHz waves shows the echo re-
turned from the sea surface. There is noise
before and after the pulse. We have measured
voltage of the echo (Ve) and that of the noise
(Vn). The results are plotted in the lower
portion of Fig. 2. The abscissa represents the
measure of the gain control of amplifier. The
values noted by open circles and dots were
measured at the boom of the Hakuho Maru and
at the marine observation tower at Hiratsuka
respectively. In the figure, the higher values
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Fig. 2. Signals at the check terminal: (upper)
oscilloscope, single sweep, (lower) voltage of
the returned echo and voltage of noise.
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Fig. 3. Calibration curve of the sonic
wave gauge.

show Ve and the lower Vn for the given gain.
The trigger to stop the saw-tooth wave is made
by the signal that exceeds the trigger level of 5
volts. With the sonic wave gauge, wave height
can be measured if the echo voltage is higher
than the trigger level and the noise voltage is
lower than the trigger level. Fig. 2 indicates
that the gain is 2-8 for the observation ahoard
the Hakuho Maru and 2-7 for that at Hiratsuka.

An examination of the linearity relation of
the distance in the response characteristics of
the gauge was made on the roof of our building.
The wall of the building was the target surface.
The result is plotted in Fig. 3. The abscissa
represents the distance between the transducer
and the wall adjusted to be zero at 7.5m from
the wall. It shows that the gauge has a good
linearity of distance as well as sufficient accuracy
of 1em,

3. Laboratory tests for long-crested waves
A sampling rate of 14 per second is considered

to be sufficient to describe surface waves in the

frequency range of our interest. In principle,

on the other hand, a sonic gauge is not capable
of detecting those waves whose wave length is
shorter than the diameter of the target area of
the sound beam at the sea surface. In order
to examine the response characteristics of the
sonic gauge, we have made comparison between
the profiles of long-crested wave measured by
the sonic gauge and that by a pole-type capa-
citance wave gauge which measures the local
water level within an area of 1cm diameter.
The test was made using a wave tank of 80 m
square. Arrangement of the two wave sensors
is shown in Fig. 4. The transducer unit of the
sonic wave gauge was mounted at the top of a
pole about 5m high above the water surface.
The sensing pole of the capacitance wave gauge
was hung down from it.

The tank test was carried out in various
conditions and the experimental conditions are
tabulated in Table 1. Water wave length was
varied from 2m to 9m. Waves were long-
crested except in the last case (5.7). The
results of the comparison are shown in Fig. 5.
In Figs. 5-1~5-7, water level was read every
0.1sec. and the time elapsed is taken on the
abscissae. Solid curves in the figures show the
waves measured by the capacitance wave gauge
and the dots show those by the sonic wave
gauge. The two records are arranged in the
figure so that they are matched at the crest

Fig. 4. Arrangement of wave sensors
in the tank test.
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Table 1. Experimental conditions in the tank tests.
‘ Frequency Wave length } \Vavezl)eight : ‘ \‘Vﬂ\‘k‘,- Qaip of the VVHVEE height

‘ a steepriess sonic gauge ratio
5.1 ‘ 0.39 Hz 9m 18 cm 2 % G4 1.0
0.2 0. 43 7 21 3 G4 0.90
= ! . ~
53 0,51 6 19 3 G-3 0.98
5.4 | 0.51 6 20 5 G-6
55 0.63 4 18 5 G5 0. 85
5.6 0.88 2 9 5 G5 !
5.7 0. 88 2 18 9 G6 | 0.58

: E-

30 ) s ode o w e

Fig. 5.

Tests at a wave tank: (1-7) wave pro-
files of long-crested waves measured by the
sonic wave gauge (dotts) and by the pole-type
capacitance (solid curves), (8) wave

height ratio against wave [requency, (9) esti-

gauge

mation of the socic beam width.

level for the convenience of the following con-
sideration.

The figures show that the wave height meas-
ured by the sonic gauge is smaller than that
measured by the capacitance gauge. The ratio
of the wave height measured by the sonic gauge
to that by the capacitance gauge is plotted against
the wave frequency in Fig. 5-8. The ratio is
almost constant in the lower frequency range
and it decreases rapidly with the frequency in

the higher frequency range. There is a 40 %
loss in the highest frequency range in our ex-
periment,

at a wave measured by the soniec gauge is dis-

The figures also show that the profile

torted to be flatter near the crests and sharper
at the troughs. We may then conclude that:

1. The sonic gauge measures the highest
water level in the finite target area of the sound
beam. This is because that the echo-ranging
unit is operated by the first return from the
water surface,

2. Therefore, the level of the crest i1s never
missed and the level is maintained as far as the
crest remains in the target area.

We can estimate the diameter of the target
area from Figs. 5-1~5-7, by assuming that
water waves propagate with their phase velocities
while keeping their shapes unchanged. We first
evaluate the time delay between two instances
at which the sonic gauge and the capacitance
The time
delay multiplied by the phase velocity may cor-

gauge measure the same water level.

respond to the target radius of the sonic wave
gauge. They are represented in Fig. 5-9 in the
form of histogram. The figure indicates that
all data are in the range of about 2m and 8%
are in the range of one meter. We may there-
fore take 1m as the diameter of the target*.
The center of the histogram is not located at

¥ The distance is represented by a negative value
when the level is recorded by the capacitance
gauge earlier than by the sonic gauge. The
range of the histogram, therefore, shows the
target diameter. The histogram is rather dis-
persed. If we rearrange each pair of waves
to have minimum discrepancy and reduce the
rounding error, we could show more precisely
the target diameter (see the table in the upper
portion of Fig. 5-9).
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It shows that the
capacitance gauge was located closer to the wave
maker.

zero but at —20~—40 cm.

The effect of the gain control of the sonic
gauge on the response characteristics was ex-
amined by comparing the cases of 5.3 and 5.4.
There is no significant difference in wave shapes
or in diameters of the target areas (see the table
in the upper portion of Fig. 5-9).

4. Field test for ocean waves

We have observed ocean waves at the Marine
Observation Tower off Hiratsuka with the sonic
wave gauge and also with the capacitance wave
gauge.
in Fig. 6. The transducer unit of the sonic
gauge was mounted at the top of a pole, about
8 m high above the water surface.
pole of the capacitance wave gauge was set at
the base of the pole, about 1m apart {rom the
place right under the horn.
made for various gain controls of the amplifier

The arrangement of the sensors is shown

The sensing

Observation was
of the sonic gauge. Power spectra of wave
height were calculated {or each record. Coher-
ence and gain (frequency response function of
the sonic gauge compared with the capacitance
gauge) were calculated using the two simultane-
ous records of the sonic gauge and of the capac-
itance gauge. The result is shown in Figs. 7,
8 and 9.

Fig. 7 shows the case where the gain control
In the left figure,
the dots and open circles show the power spectra
measured by the capacitance gauge and by the

of the amplifier was set at 5.

sonic gauge respectively, The good agreement

Fig. 6. Arrangement of wave sensors at

the marine tower.

can be seen between two spectra in the low
frequency range. In the frequency range higher
than about 1 Hz, however, a significant difference
can be seen between the two spectra. The
degree of freedom in the spectra is 43 and the
corresponding 95 % confidence limit is also shown
in the figure. The gain of the record by the
sonic gauge in comparison with that by the
capacitance gauge is plotted in the upper right
of the figure. It is almost constant in the lower
frequency part. A remarkable decrease of the
gain can be seen in the region higher than about
0.5 Hz. The coherence plotted in the lower
figure decreases rapidly in the range higher than
0.5 Hz, while the coherence exceeds 0.5 in the
range lower than that frequency. Though the
spectral density by the sonic gauge agrees with
that by the capacitance gauge up to 1Hz, the
response function shows that the sonic gauge
describes ocean waves with a good accuracy up
to about 0.5 Hz.

The line ¥ (Y =8¢%(2 = f)~% is included in the
left figure, with the dimensionless constant 3
set equal to 1.17X107% (suggested by PHILLIPS
(1966)). There is a range of frequency near 1
Hz in which the measured spectral points by
the capacitance gauge is well represented by this
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Fig. 7. Observation at the marine tower: gain
control at 5, power spectra (left, o= by the
sonic wave gauge, -+ hy the capacitance
wave gauge) and [requency response [unction
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u'% co® .
o' ° 2rF
.
G~8 . . "..'.
]
osf A
osf .
1«-43 04 -,
° -
1o e ozt .
Lo
¥ -
) ol GAIN
T
o1 0z 04 0saBi0
. o
s ‘;q a¢t @upf” _
| "
W B laT =10
. Vo WO e,
g I .
&l \ .
o [ 3
- .
L .
ol o5t .
'0
[ COHERENCE
.
r el
L b ks PN | 1 Lol alimy
ol 1 10 ol 02 04 0SABIO

{ toyoles wsa} fam
Fig. 9. Observation at the marine tower: gain
control at 7, power spectra (left) and frequency
response function (right).

line. The waves in this range is considered to
be generated by the local wind. The main peak
of the spectrum is located at about 0.25 Hz and
this may correspond to swells.

Figs. 8 and 9 show the cases where the gain
control of the amplifier of the sonic gauge was

set at 6 and 7 respectively. There appears no

significant difference among Figs. 7, 8 and 9.

5. Discussion

Let us consider a simple model of the response
characteristics of the sonic wave gauge. We
first assume that sound waves of 7 kHz are re-
flected uniformly by the wavy surface. In other
words, the reflection is assumed to be independ-
ent of the surface slope. The result of our
tank experiment indicates that this is true up
to the wave steepness of 9% (see Table 1).
We also assume that the sonic gauge has a target
area of D meters in diameter and that the gauge
does not receieve sound waves reflected from the
outside of this target area. The gauge measures
the distance from a certain point in the target
area by means of the first return. The water
waves are assumed to be sinusoidal long-crested
waves and expressed as p=acos 2zxx/4, where
a is amplitude and 2 is wave length. If the
gauge has a point target, the recorded waves
must be unchanged. However the model gauge
has a target of diameter D, and therefore the
apparent profile of a wave must be distorted.

The solid line in Fig. 10 shows the original
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Fig. 10. Response characteristics of a model

wave gauge: profiles of distorted waves (upper)
and wave height ratio to the original wave
(lower).



On the Response Characteristics ol a Sonic Wave Gauge

sinusoidal wave. The broken line and the dotted
line show the profiles of a wave which are
recorded by the model gauge with target of
D/i=1/4 and D/i=1/2 respectively. The
apparent waves are distorted to have the profile
which is flatter near the crest and sharper
at the trough than the original shape. The
wave height becomes smaller as the ratio D/
increases. A simple consideration shows that
the ratio of the recorded wave height to the
original is given by

af{l—cos(znx =D/}

2a
=0 , D/ax>1.

The value is plotted in the lower figure as a
function of wave length. The solid and dotted

Gain=

, D/2<1

lines shows the cases of D=1m and D=2m
respectively. Circles in the figure show the ex-
perimental results obtained in the tank test.
The good agreement can be seen between the
experimental and theoretical results. We may
conclude then that our sonic gauge has respense
characteristics similar to this simple model and
that our sonic gauge has a target area of 1m
in diameter. The latter conclusion is also based
on the result shown in Fig. 5-9.

6. Summary

We have investigated the response character-
istics of the sonic wave gauge to water waves.
The sonic gauge is operated by the echo ranging
method using pulsed audible sound of 7 kHz.
By the first return of the pulse reflected from
sea surface, the gauge measures the distance
between the sea surface and the transducer unit.
The measurement is made at a sampling rate
of 14 per second.

Although the gauge has a gocd linearity of
distance, the apparent shape of waves recorded
by the sonic gauge have flatter crests and sharper
The height

of the measured waves becomes smaller as the

troughs than the original waves.
wave length is decreased. It is shown in this
paper that the diameter of the target area is
about 1 m and the distortion of the apparent
profile is due to the finiteness of the target area
of the sound beam. In order to have a better
understanding of the response characteristics of

iy
=
N

the wave gauge, a simple model is presented.

The comparison has been made between the
power spectra of the displacement of the sea
surface measured by the sonic gauge and by the
capacitance wave gauge. The results indicates
that two gauges give quite similar spectra in the
frequency range lower than 0.5 Hz. It is con-
cluded that the observation of the ocean waves
with the sonic gauge is feasible with a gocd
accuracy in the range of frequency lower than
0.5 Hz (corresponding to about 6 m in wave
length in deep water). The fact suggests that
the sonic wave gauge must have target area
of adiameter smaller than 1/6 of the wave length
which is required to be measured.

The same argument may be applied to other
remote sensing wave sensors such as the gauges
described by MARK (1962) and BARNETT (1967)
and also to submarine ultra-sonic wave gauges
set on the seafloor.
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