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ABSTRACT
The study of surface waves in the deep ocean can be carried out effectively by
using a new technique: measurement of accelerations of a small water mass well
below the surface. Instrumentation for carrying out such measurements is described
in detail, including a special accelerometer, neutrally buoyant case, long lightweight slack wire, and data-recording equipment. Some initial results achieved
with this equipment are shown and the possibility of broader applications of this
technique for wave and gravity measurements at sea are discussed briefly.

INTRODUCTION
A major obstacle to the study of waves in the deep ocean is the
difficulty in obtaining adequate data concerning the actual motion
of the sea surface. This difficulty stems primarily from the lack
of an adequate reference level against which to compare the position
of any particular small mass of water, either on or below the surface.
Over some frequency ranges it is possible, because of the rather
large surface amplitudes and rapid attenuation of disturbance with
depth, to use a wave pole (Upham, 1955) or other device to determine
the motion of the surface relative to the somewhat more immobile
subsurface water. This method becomes unsatisfactory for periods
greater than about 10 seconds since the vertical attenuation distance
is large enough to dictate inconveniently long devices or large correction factors.
An alternative is to measure the acceleration of the water mass
rather than the displacement. In this case, the reference used is
the force of gravity, which is conveniently available everywhere.
Some difficulties arise, however, particularly if the measurement
1 This paper represents results of research carried out by the University of California under Contract NObsr-72512, NE-120221-4-5-6 with the Bureau of Ships,
Navy Department. Contribution from the Scripps Institution of Oceanography,
New Series, No. 941.
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is carried out at the surface of the water (Tucker, 1955). In the
first place, the motion of the vehicle carrying the accelerometer
becomes rather complex, including rotational effects which are associated not with the motion of the water at any one place but with its
integrated effect over the entire body of the vehicle. A second and
perhaps more fundamental problem arises from the fact that the higher
frequencies are accentuated relative to the lows in a very pronounced
fashion-in fact, as the square of the frequency. This is particularly
awkward, for instance, if one is primarily interested in the low frequency end of the surface wave spectrum.
The method to be described below in detail minimizes the shortcomings of the acceleration measuring approach by placing the
sensing element in a small case well down in the water, remote from
the ship. In this way the motion of the meter is quite similar to
that of a small particle of water; at the same time the rapid attenuation
of the short period waves with depth compensates for the accentuation of the high frequencies.
Basically the measurements are carried out by operating an accelerometer in a nearly neutrally-buoyant small case connected to
the operating ship by a long, slack, flexible wire. This technique
has been used in underwater acoustics by many groups to obtain
quiet operation of hydrophones at sea in seismic refraction and
ambient noise measurements.
The principal components are the pressure proof case, the slack
wire and winch, a depth measuring system, and the accelerometer
itself. The important characteristics of each of these are described
in the following sections: ACCELEROMETER and OTHER COMPONENTS.
The section on OPERATION describes the system at sea, and the
DrscussION considers future developments and uses which can be
made of this technique.
ACCELEROMETER
The accelerometer as conceived dictated the following requirements: compactness; an easily built sensing unit and a linear system;
measurable response to acceleration changes of about 0.01 cm/sec2 ;
mechanical resonant frequencies that are high compared with one
cycle per second; an output which would be easy to transmit reliably
on a wire and which would be easy to average over arbitrarily long
intervals. The dynamic range would have to be greater than 10
cm/sec 2 •
All of these features pointed to a stiff spring with a direct electrical
determination of its deflection. The resulting sensing element is
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shown in Fig. 1. It consists of a short but broad leaf-spring which
is 2 in. long, 1 in. wide and 0.025 in. thick and is machined from a
somewhat thicker strip of NiSpan "C", an alloy with low thermal
coefficient of Young's modulus. The spring is clamped at one end
and loaded at the other with a brass plate, which forms one side of
each of three air condensers. The other sides of these condensers
are fixed plates of silver on the underside of a glass plate supported
above the end of the spring. The shoulders which support the glass
plate are machined down far enough to insure that the condenser

Figure 1.

Acceleration sensing element.

gap is only about one-tenth of the total deflection of the spring;
thus the condensers short out at accelerations of about 100 cm/sec 2 •
The mechanical resonance of the spring as loaded with the brass
plate lies at 30 cps, which corresponds to a static deflection under
gravity of about 0.034 inch.
The shoulders which support the three fixed condenser plates
above the deflecting mass were machined down to give an air gap
of about 0.002 in. under static conditions. The resulting capacity
of each condenser under these conditions is about 125 µµf, which is,
as will be seen below, sufficient for the purposes at hand.
In choosing an electrical measuring method for determining the
deflection of the spring, it was immediately apparent that requirements
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for linearity, ease of transmission and ease of integration could be
met by allowing the deflection to control the frequency of an RC
phase shift oscillator (Ginzton and Hollingsworth, 1941). In this
circuit a phase shift network of the type shown in Fig. 2 is used as
the feedback loop in a simple amplifier. If all resistances are equal
to R and all condensers have capacity C, then such a network introduces a 180° phase shift at a frequency given by

v6

(1)

f = 21rRC.

If this network is used to couple the output of a single stage vacuum
tube amplifier (which of course introduces a 180° phase shift into
the signal) back to its input, any signal at the frequency given by
(1) will have positive feedback, and if the amplifier has sufficient
gain (about 30 db needed) to make up for the attenuation in the phase
shift network, then the system will oscillate at that frequency. Since
'0A

Figure 2.

I
I

.

E OUT

•

Basic RC phase shi ft n etwork.

the capacity, C, varies inversely as the air gap between the condenser
plates, the result is a direct linear relationship between the frequency
and the spring deflection.
Actually, various complications prevent construction of such a
completely simple device if a high degree of linearity is needed.
Additional vacuum tube stages (cathode followers) must be added
to isolate the phase shift network from the amplifying stage so as to
achieve minimal effects of driving the network from a nonzeroimpedance source and terminating it in a noninfinite impedance.
Further, some provision must be made to control the amplitude of
the signal, otherwise the amplifier will operate in nonlinear fashion
and distort the wave form and output frequency. Care must also
be taken in assembling the circuit, since the smallness of the condensers leads to potentially large and variable effects (due to motion
of components) from stray capacity between circuit elements and
ground. A satisfactory version of the circuit is the one shown in
Fig. 3, which has been used in our initial work with this instrument.
Once adequate linearity has been achieved, it is immediately
evident that determination of the average deflection of the spring
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over any desired averaging time can be achieved in direct fashion
by counting cycles of the output with any of the standard frequency
counters which are available.
In principle all the quantities necessary for relating the deflection
to the frequency are known, but the effects of stray capacity and
finite terminating impedances make use of the theoretical values
impracticable. Instead, a calibration curve is made conveniently
by tilting the instrument to known angles relative to the vertical.
Results of such a test on the first instrument built and used showed
that the sensitivity was about 0.02 cm/sec 2 per cycle per second change
in frequency near the operating oscillator frequency of 9 kc. A

Figure 3.

RC phase shift oscillat.or circuit.

useful dynamic range of at least 2 kc exists, corresponding to 40
cm/sec2 •
Reasonably low frequency drift is required if records of many
minutes duration are desired. To achieve this, well regulated power
supplies are needed, for both B+ voltage and filament current. In
the present version, power is fed down the lead wire from a currentregulated supply on shipboard. All filaments are operated in series
on this power; in addition, current is bled off to a voltage regulating
circuit in the pressure proof case and used for B+ supply. The current
regulation is to 1 part in 104, while voltage control is to 0.01 %.
In addition to power supply control, it is necessary to provide good
thermal insulation to minimize frequency drift during the observation
period or to operate the instrument in a cold-water environment for
a half hour or so before making an observation.
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OTHER COMPONENTS
Aside from the accelerometer, the principal components are the
case, the slack wire and winch, and the depth-measuring system.
The case must protect the equipment from sea pressure and at the
same time it must be large enough and light enough to provide adequate buoyancy. The shell shown in Fig. 4 was fabricated from 8
in. aluminum pipe, 61 ST grade, and heat-treated after welding
of flanges. Its design-collapse depth is about 1200 ft. Its height
of about 30 in. and its weight of 42 lbs results in a net reserve buoyancy
of 27 lbs to support the necessary equipment. The two thin strands
of wire are led through tight-fitting holes in a rubber sheet which is
held and supported between an external plate and the top plate of
the container. A hydrostatically operated weight dropper is mounted
on the bottom of the case, and the weight attached to this provides
negative buoyancy to speed the descent of the case to its desired
operating depth. Note that the aluminum cylinder used has a
compressibility less than that of water; thus it is stable in its hovering
characteristics.
The wire, a critical portion of this system, must be light, watertight, and flexible, yet strong enough to be used to pull in the case;
also it must be available in very long lengths. One particular cable,
Signal Corps WDl TT Communication Wire, a type of signal corps
field wire, is entirely satisfactory. It consists of a twisted pair of
wires, each being composed of 4 copper and 3 steel strands, all 30
gage. This wire, being insulated with vinyl and coated with polyethylene, affords completely satisfactory watertight integrity. In
water it weighs about 4 lbs per thousand feet, and its breaking tensile
strength is greater than 100 lbs. Long continuous runs of 5000or 6000-foot lengths are easily obtained and are quite satisfactory
for this application. The winch, which is shown with the wire on it
in Fig. 4, need not be large but it shouid have two characteristics:
it must run freely in order that the wire can be paid out rapidly;
and its drive should be designed so that it cannot exert a tension on
the wire in excess of the breaking strength.
Two different depth-measuring devices have been used. The
first was a de telemetering system with a bourdon tube sensing element
to drive a potentiometer (G. M. Gianini & Co., Pressure Transmitter,
Type 46131). The second was an FM telemetering system with a
pressure controlled Vibrotron oscillator (Byron Jackson Co., Model
101). Both of these were satisfactory in their absolute accuracy,
but the second was preferred because of its smaller hysterisis.

\

\

."'

'· '

Figure 4. Accelerometer equipment on board R/ V STRANGER. The neutrally
buoyant case is the vertical cylinder in the left foreground. The winch is at right
rear with a spare r eel of wire adjacent to it.
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OPERATION

In carrying out a measurement, the weight-dropper is set for the
J esire<l operating depth and the sinker (usually about 6 lbs) is attached.
The case is then put over the side and wire is paid out rapidly. Typically 2000 to 4000 feet of wire would be used, although this varies
somewhat with weather conditions. Fish-net floats with about 1 lb
buoyancy are attached to the wire at about 200-foot intervals for the
first 1000 to 1200 feet; this procedure provides buoyancy to that
portion of the wire that is closer to neutral, and it also decreases
any tendency for the wire to transmit mechanical jerks along its
length from surface to instrument. The instrument case drops
initially with a speed of about 2.5 feet per second to the point at which
the sinker is released. Almost instantaneously the case stops and
then begins to rise very slowly, speeds of less than 0.1 of a foot per
second being common . As more wire is paid out, beyond the first
1000 feet, some of the weight of the wire is supported by the case
which then begins to sink slowly. Thus the vertical velocity is zero
for some section of the run . To date, record lengths of 15 minutes
with the case in a 20-foot depth interval near 400 feet have been
obtained.
Data have been recorded in two ways. (1) The accelerometer
signal is heterodyned down to the 1 kc range and recorded on a conventional tape recorder for eventual analysis upon return to the
laboratory ; (2) For immediate perusal both depth and acceleration
outputs are fed to conventional frequency meters which in turn
drive E sterline-Angus recorders. Fig. 5 shows a section of a typical
wave acceleration record . This example was taken with the meter
at a depth of about 400 feet in water of about 2000 fathoms depth
off the coast of southern California. A strong sinusoidal component
is evident wit h a period of about 16 seconds. The maximum variation
in acceleration in t his record is approximately 0.4 cm/sec 2 •
The water acceleration at depth can be converted to wave displace-
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ment amplitude at the surface by using the classical theory for deep
water waves (Lamb, 1932: Chap. IX), since this is very nearly a
single frequency spectrum at 62 cycles per kilosecond. For sinusoidal
waves of small amplitude, A, angular frequency, w, and wave number,
k, the theory gives a displacement of

s= A

e-h sin (kz - wt)

at depth z (positive downward). The vertical acceleration would
then be
f = - w2A e-kz sin (kz - wt).
Thus the acceleration amplitude at depth z can be converted to the
surface displacement amplitude by
A = fo (eH•/w 2).
In deep water this becomes:
A = fo [e+<ch/ql/w2).

This expression shows that the conversion factor is large for both very
small and very large values of w and goes through a minimum for depth
of observation zo at wo2 = g/z0• The correction factor will be a slowly
varying function of frequency in the vicinity of w0 ; thus, if a particular
region in the spectrum is of special interest, this can be singled out by
operating the meter at z0 = g/w 02• For waves of 15 seconds period
(w = 0.42 radians per second) this depth is 56 meters.
The analysis above applies specifically to a sinusoidal wave train.
However, sophisticated treatment in which more realistic statistical
properties of waves are treated leads to the general result that the
entire spectrum of the acceleration measured at some depth can be
converted to the surface displacement amplitude spectrum by the
factor simply derived above.
CONCLUSIONS
The basic principles applied in developing this instrument thus far
seem to have been fruitful. The first model was used on the Scripps
Institution of Oceanography expedition CHINOOK into the northeastern Pacific during the summer of 1956. Detailed analysis of the
data from this cruise is in progress and will be reported at a later date.
Preliminary inspection shows that a strong peak exists at a period of
15 to 17 seconds in every record. The surface amplitude of these
waves varies but is of the order of a few centimeters to tens of centimeters. The breadth of the spectrum peak is apparently less than

32

.Journal of Marine Research

[16, 1

that which can be determined from the record lengths (15 minutes
typically) available.
Two major improvements will be incorporated in the instrument
prior to its further use. First, two additional accelerometers and a
telemetering compass will be installed so that all three acceleration
components can be observed simultaneously; from their amplitudes
and phase relations, directional information will be obtained. No
difficulties are anticipated in this development with the experimental
equipment; analysis of the data in t erms of an approximation to the
directional spectrum will present much more formidable problems.
Second, to make the wavemeter more useful, a mechanism for adjusting the buoyancy of the case during an observation must be provided
in order to increase appreciably the useful length of the record.
Several methods for accomplishing this by remote control within the
limits of weight, space and power are being investigated; at least one,
utilizing a small high-pressure pump, appears promising.
In addition to its usefulness as a wave measuring device in the open
ocean, this same instrument will be tried for measuring gravity at sea
from a surface ship. In this case it will be operated at such a depth
that the wave amplitudes will be small enough so that the second order
horizontal acceleration correction terms can be neglected; this will
allow the resultant values to be obtained by simple averaging. Sufficient sensitivity and ease of averaging have already been achieved to
reduce uncertainties to near one milligal (0.001 cm/sec2). The chief
obstacle at present is the attainment of the necessary long-term
stability; in this connection, development of a suitable temperature
regulation system is the problem under consideration.
ACKNOWLEDGMENTS
The development of this instrument has been aided considerably
by discussions with Dr. V. C. Anderson and by encouragement from
Dr. L. N. Liebermann. Actual construction of the electronic equipment was carried out by Mr. M . McGehee. Mr. J . Joy, who assisted
in its operation on the CHINOOK expedition, analyzed the resulting
records. We are indebted also to the Hudson Laboratories, Columbia
University, which provided the pressure proof case and hydrostatic
weight dropper.

1!)57]

Spiess: Measurem ents in the Dee p Ocean

33

REFERENCES
GINZTON,

1941.

E. L.

Al'iD

L. M.

lI OLLINGSWORTH

Phase-shift oscilhtors.

Proc. Inst. Radio Engrs. N. Y., 29: 43.

LAMD, IIonAcE

1932.
T UCK ER,

1955.

Hydrody namics.

Cnmbridge U niv. Press.

738 pp.

1\1. J .

A shipborne wave recorder. Proc. 1st Conf. Coast. Engng. Inst., pp . 112118.
UPHAM, s. H.
1955. Electric wave staff (Hydrographic Office :tvfo<lel M ark I ). Rep. U. S.
hydrogr. Off., TR-9 (Unclass.): 1-17.

