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OCEAN MICROSEISM MEASUREMENTS WITH A NEUTRAL BOUYANCY
FREE-FLOATING MIDWATER SEISMOMETER

H. Brapngr, Louts G. pE JERPHANION® AND RicHARD LaNGLOIST

ABSTRACT

Seismometers in spherical aluminum pressure housings have been weighted
to float stably at midwater depths in the ocean, and thus record water motions in
a frequency band of 0.02 to 5 cps. Simultaneous records made with a midwater
instrument at 1.2-km depth and o bottom instfrument at 4.6-km depth showed
coherence at spectral power peaks of leaky organ-pipe frequencies and additional
coherence peaks at frequencies down to 0.025 ¢ps. Twenty organ-pipe modes
can be tentatively identified. The spectral power can be attributed almost en-
tirely to microseismic motions in wave-guide modes, We conclude that the forcing
functions for microseisms are broad enough so that deep ocean-bottom and
midwater microseism spectral peak frequencies are characteristic of local bathym-
metry.

INTRODUCTION

We have modified our ocean-bottom seismometers to be neutrally bouyant at pre-
determined depths in the ocean, like Swallow floats (Swallow, 1955). Such stable mid-
water operation is possible since the aluminum pressure cases of our instruments are
less compressible than sea water. The work was initially undertaken by the first and
third authors in order to study the modes of ocean wave-guide excitation that had been
inferred from ocean-bottom seismic background spectra (Bradner and Dodds, 1964).
The second author joined the work for his master’s degree thesis project. Additional
motivation for the work arose from our belief that water motion around ocean-bottom
instruments may mask seismic background spectra at frequencies lower than the
microseism peak. A free-floating neutrally buoyant instrument will move almost exactly
as the surrounding water and hence will not produce signals due to steady water flow.
The correspondence is not quite exact because the compressibility of the instrument is
not the same as water. The center of mass of the instrument is displaced from the
geometrical center, and the seismometer has a small spring-supported mass which
moves with respect to the center of mass of the instrament.

OceaN Wave-Gurpe MobpEs

The general equation for the displacement potential of small amplitude elastic wave
motion in a homogeneous fluid is the simple wave equation

Y _ oy
ot oz’

If we consider a source to be an antinode of pressure oscillations on a rigid bottom
interface, and consider the air above the top interface to be massless, we ean write the
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solution of the wave equation as a plane wave
¥ = 24 sin 2xft) sin 2rz/N)

with wavelength N\ = 4H/(2n 4+ 1), where z is the depth of observation and H is the
water depth. This model would predict “organ-pipe’” resonant modes in the ocean wave
guide. More realistic models with distant sources and semirigid layered bottoms lead
to a somewhat similar mode structure, although the frequencies are not always exact
multiples of the fundamental, and they may show different excitation amplitudes. Also,
there is not an amplitude node at the ocean bottom for most modes. (See for example
Chapter 4 of Ewing, Jardetzky and Press, 1957.)
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F1e. 1. (Reproduced from Abramovici, 1968.) Power density spectrum P on ocean bottom,
January 21 1963 (Bradner and Dodds, 1964). Location: 22° 28'N, 158° 00'W. The isolated points
show peaks of the transfer function 7' for Hilo 31 with the attenuation factor A = ¢~ (0.002F; /).
The scales for P (left) and T (right) are logarithmic.

Abramovici (1968) computed the modes for a layered bottom. He shows that these
modes reproduced in Figure 1 are in good agreement with measured ocean-bottom
power spectra, (Bradner and Dodds, 1964 ). In all cases, the water surface is a displace-
ment antinode. Henee the ratio of midwater power to bottom power in vertical organ-
pipe modes can be written readily as:

cos” 2rfr/c
cos? 2afH/c

where [ is the frequency of the leaky organ-pipe mode, x is the depth of the midwater
observation, H is the water depth and c¢ is the velocity of compressional waves in water.
The power ratio for modes other than vertical organ pipe generally cannot be expressed
in this simple form.
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INSTRUMENTS

The basic instruments were our ocean-bottom seismometers, consisting of California
Institute of Technology/United Electrodynamics 1-cps lunar velocity transducer
seismometers in orthogonal triaxial arrangement with tape recorders in 65-cm diameter
aluminum pressure cases (Bradner and Dodds, 1964). For midwater use, the anchor
was replaced by a counterweight of the proper net weight to make the instrument float
at a predetermined depth in ocean water. The counterweight was attached in a manner
similar to the anchor of the ocean-bottom instrument, and was released at a predeter-
mined time by electrolytic solution of a magnesium pin. A supplementary weight of
approximately 10 kg was employed to sink the instrument rapidly to near the desired
operating depth, where this weight was released by the bursting of a calibrated dia-
phragm. A pressure transducer was mounted on the instrument to record its depth on a
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Frg. 2. Schematic view of midwater seismometer. Three-component triaxial seismometer is
contained in aluminum pressure housing, along with amplifiers, erystal clock, tape recorder and
radio recovery beacon transmitter.

Rustrack recorder or on one frequency-modulated track of the magnetic tape recorder.
A three-component instrument is shown schematically in Figure 2.

MotioN oF A NrEUTRALLY BUoYANT INSTRUMENT

When the instrument is near its equilibrium depth in still water, its free oscillatory
motion is characterized by the float compressibility and the Viisdld frequency. [The
Viisald frequency 1s a measure of the adiabatic oscillation stability of a small mass of
fluid (for example see Eckart, 1960 and Hill, 1962). The float frequency is slightly higher
than the Viiséld frequency.] The accelerations associated with this damped motion
below the thermocline are negligible within the 0.02-5 cps passband of our instruments.
If the center of mass of the instrument were at its center of buoyancy, and if no interior
parts were flexibly mounted, then, after reaching equilibrium depth, the instrument
would follow all nonrotational or shear-free motions of the water in our passband. Since
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the center of mass hangs directly below the center of buoyancy and the seismometer
mass is negligibly small, we can say with adequate validity that the instrument follows
the vertical water motion. Water motion due to compressional waves can be considered
shear-free in our observations, since the wavelength is very much larger than the
dimensions of the instrument.

Horizontal water motion can produce seismometer signals by rocking the instru-
ment with moderately low damping at its natural rocking frequency. This frequency is a
function of the moment of inertia and the location of the center of mass, and in our
instruments produced a discernible spurious power peak at 0.39 == 0.01 eps in water
tank tests. The rocking oscillations were less violent in the ocean experiments, and were
unobservable in an experiment at 1210-m depth.
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Fra. 3. Comparison of vertical power spectra for midwater seismometer, stations 2 and 4.

The release of the counterweight is accomplished through the electrolytic etching of a
magnesium pin. This produces an effective change in instrument buoyancy of 0.3 gm
in 4 hr. Since a 1-gm change in buoyancy causes a 3-m change in equilibrium depth the
dissolving magnesium produces a small average vertical velocity of 6.25 X 10 ¢m
sec™t, Accelerations associated with this average velocity should be negligibly small.

We believe therefore that the midwater instrument gives a valid indication of water
motion in the frequency range from 0.02 to 5 cps. The main motion is expected to be
due to compressional waves, although the ocean is a stratified fluid with unknown flows
that can also arise from internal waves and driven motions. The frequencies of internal
waves are expected to lie outside our passband but we cannot exclude a prior the pos-
sibility of spurious signals from unknown driving forces.

ExpeErMENTAL RESULTS

Near-Shore Observations. Station 2 was run in a water depth of 1500 == 50 m over
broken bottom at a location 24 km southwest of San Diego. Throughout a 4-hr period
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the instrument stayed at a constant depth of 430 m within the resolution of the depth
recorder (440 m).

Station 4 was run in the same water depth, within 10 km of station 2. The instru-
ment depth was 800 == 40 m. The two runs were separated in time by 7 months. Original
analog magnetic tape records were digitized on an Adage computer, using time markers
that had been recorded on the tape during the seismic measurements. The digitized
records from the three-component triaxial seismometers were rotated during spectral
analysis on a CDC digital computer to yield vertical and horizontal spectral power
densities and coherences.

Figure 3 shows the vertical spectra from the two observations. The apparent peak
in power density at 0.34 eps is due to the natural rocking period of the instrument, and
prevents a comparison between the spectra between about 0.3 and 0.5 c¢ps. The spec-

TABLE 1
Praks 1IN VERTICAL SPECTRUM, STATIONS 2 AND 4

Frequency (cps)

Station 2 Station 4
0.25 0.27
0.55 0.55
0.95 0.9)
(1.35)

1.6) 1.55
1.75)
1.9
2.1 2.2
2.4
2.6
2.75
3.2
3.65
3.85 3.85
@.1)
4.35 4.35

tra outside of this band show several common power peaks (see Table 1), implying
that the microseism background may have a peaked structure whose frequencies are
characteristic of the bathymmetry, and whose amplitudes are indicative of a nonwhite
forcing function. The frequencies of leaky organ-pipe modes have not been calculated
for this geographic region. A

Deep-Water Observations. The midwater seismic measurement of station 5 was a
16-hr record in water of 4.6-km depth over a uniform bottom at a location 78 km north
of Oahu, Hawaii (Figure 4). A south-southwest moving swell ran 2 to 4 m high during
the experiment. The three-component triaxial seismometer floated at a depth of
1210 =+ 40 m. A simultaneous record was made on the uniform flat bottom with a similar
instrument. The instruments were equipped with lJow-noise Texas Instrument Company
parametric amplifiers, and the 1-cps seismometers were low-pass filtered at 0.1 cps.

Qualitative comparison can be made between the spectral structure observed in this
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experiment, at 22°, 25'N, 158°, 08'W (location by sextant) and the spectral structure
observed 4 years earlier with a bottom seismometer at a nearby location, 22°, 28'N,
158°, 00'W. The spectrum from the earlier observation is reproduced here as Figure 5.
The upper frequencies in the spectrum from the present experiment are supressed by
the low-pass filter, so that the spectrum iz not unambiguously discernible above back-
ground for frequencies higher than 1 cps. However, the midwater versus bottom co-
herence peaks discussed below (Figure 10) indicate that the mode structure continues
out to at least 4 cps and has similar peak frequencies during both observations. Four
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Fic. 4. Bathymmetry in vicinity of station 5.

sections of data were analyzed: the first record started 6 hr after the bottom instru-
ment was launched. Additional 2-hr length records were analyzed from 0 to 4 eps from
midwater and bottom instruments, beginning at 10 hr, 14 hr and 18 hr after launching
the bottom instrument. Both instruments showed small changes in spectral power dis-
tribution during the recording time, although the peak frequencies did not change.

Figure 6 shows the X, ¥ and Z spectra from the midwater instrument out to 4 cps
during the last recording interval. The spectra have been displaced vertically in the
figure for clarity: The power density between 2 and 4 cps is very nearly the same for
each component. Figure 7 is a similar display for the bottom instrument. The spectral
shapes from the two instruments are strikingly similar and show apparent resonance
peaks in vertical power.
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Fra. 5. (Reproduced from Bradner and Dodds, 1964.) Seismic background spectra on land and
ocean bottom, February 8 1963, Hawaii. The land instrument was a vertical seismometer.
The ocean-bottom instrument contained three-component equiaxial seismometers. Only one
component is displayed. The other two components were similar. The scales at the top of the
figure show the frequencies of organ-pipe modes in the water.
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Fra. 6. Horizontal and vertical power spectra to 4 cps. Midwater seismometer, Hawaii, station
5. The plots have been displaced vertically by different amounts for clarity. Actual X:¥Y:Z power
densities averaged over the range 2 to 4 ¢ps are in the ratio 1:1.20:1.10.
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Figures 8 and 9 show higher resolution spectra from the two instruments below § eps
during the last recording interval. The pronounced peaks at 0.05, 0.1 and 0.2 eps in the
midwater seismometer (MWS) record are not clearly evident in the bottom record.

In all instances the time series for station 5 consisted of 7200 terms, beginning at 18
hr. Thus the 4-cps records and the 3-cps records were analyzed during overlapping but

LOG POWER DENSITY ( ARBITRARY UNITS)
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Fia. 7. Horizontal and vertical power specira to 4 ¢ps, bottom seismometer, Hawali, station 5.
The plots have been displaced vertically by different amounts for clarity. Actual X:V:Z power
densities averaged over the range 2 to 4 cps are in the ratio 1:1.48:1.10.
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Fie. 8. Horizontal and vertical power spectra to % cps, midwater seismometer, Hawaii,
station 5. The plots have been displaced vertically by different amounts for clarity.
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not identical times. Information on the statistical parameters for the power spectra at
all stations is given in Table 2.
A large persistent power difference between X and Y in the 0.1-cps peak during the

analyses at % cps implies that the midwater seismometer turned through about 45°
during the 16-hr period.
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Fre. 9. Horizontal and vertical power spectra to # cps. Bottom seismometer, Hawali, station
5. The plots have been displaced vertically by different amounts for clarity.

TABLE 2
TmMe Series Usep 1N CarcuraTing Power SpecTtrA IN THIS PAPER

Figure Station Seri?;%sngth No. of Terms Samples/Sec No. of Lags Ngf %frg)eggfles
3 2 3% 4107 18.2 180 46
4 6 6479 18.2 180 72
5 —_ 8 8648 18 200 90
6 5 15 7200 8 100 144
7 5 15 7200 8 100 144
8 5 120 7200 1 100 144
9 5 120 7200 1 100 144
10 5 15 7200 8 100 144

Sections of the original analog records were examined on a Panoramic RTA-5
spectrum analyzer to determine that the observed spectral shape and peak structure
were valid and were not artifacts produced by the digital analysis.

Figure 10 shows the vertical component spectra from the two instruments and their
coherence. In this figure the spectra have not been displaced vertically; they indicate
true relative power in the midwater and bottom vertical motions.

High resolution caleulations of relative amplitude, coherence and phase between
X, Y and Z components of the MWS record show that the 0.05-cps peak is a vertically
moving compressional wave, while the 0.1-cps peak comes from horizontal motion.
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The power density in the 0.05-¢ps peak of the MWS is two orders of magnitude greater
than the bottom, while the power density in the 0.1-¢ps peak is one order of magnitude
greater than the bottom, Another small peak in the MWS record at 0.35 cps shows
greater than 95 per cent confidence coherence with the bottom record. The 0.05-, 0.1-
and 0.35-cps coherent peaks represent high @ wave-guide excitation modes which we
feel are characteristic of the physical environment rather than peaks in a forcing
function.

The weak signal at frequencies above 1 eps makes coherence low. However if we
tabulate all well-defined vertical power coherent peaks regardless of size we find re-
markably close agreement with the frequencies of leaky organ-pipe modes calculated by
Abramovici (1968). (See Table 3.) By looking at only the vertical coherence we will
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Fra. 10. Coherence between midwater and bottom seismometer power spectra, Hawaii,
station 5. Midwater and bottom spectral powers can be directly compared in the figure.

overlook other possible modes, and the agreement with organ-pipe modes may be
illusory.

High-resolution analysis showed that there is no power peak at 0.09 cps correspond-
ing to the fundamental organ-pipe mode (Figure 8). The high coherence peak at 0.10
¢ps was shown by amplitude and pbase comparison to be almost entirely horizontal X
motion. The 0.05-cps peak, which may have significant coherence with the bottom
record, is almost entirely Z motion. The incoherent peak at 0.20 cps is horizontal with
equal power in X and Y. Vertical power coherence is high at 0.35 and at 0.45
cps although no power peak shows above the background at 0.45 cps.

By calculating spectral coherences and phases with shifted start times on the MW
time series, we found indication that the bottom seismometer lagged approximately
3 sec behind the MWS, thus supporting the idea that we are observing modes whose
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energy flows downward past the floating instrument toward the bottom. We were
also able to determine that the high frequency spatial coherence diminished rapidly
for shifts greater than about 8 see, thus indicating that the wave guide @ plus the fore-
ing function for ~4-cps waves has a time coherence of about 30 cycles. Similar measure-
ments on the 0.10-cps peak show that its time coherence is greater than 40 cycles (400
sec), while the peak at 0.35 eps has a time coherence between 72 and 144 cycles (200
to 400 sec).

TABLE 3

FREQUENCIES OF OBSERVED PowrkR PEaAks COMPARED WITH FREQUENCIES OF
Asramovicr’s* Carcvnatep Mobes: STaTion 5

Frequency (cps)

Mode
Abramovici* Observedf
1 0.09 0.081
2 0.25 0.26
3 0.42 0.45
4 0.58 0.64
5 0.73 0.72
6 0.78
7 0.93 0.88
8 1.08 1.08
9 1.14 1.20
10 1.28 1.32
11 1.45 1.52
12 1.62 1.64
13 1.78 1.76
14 1.95 1.90
15 2.12 2.08
16 2.29 2.20
2.32
17 2.45 2.52
18 2.62 2.64
19 2.78 2.76
20 2.93 2.92

* Frequencies were read from Abramovici’s (1968) plots and
are uncertain to about +0.01 cps below mode 10, and about 40.02
cps in the higher modes.

T Observed frequencies were determined by peaks in coherence
between MWS and BOT instruments. Peak position accurate to
=+ 0.02 cps (see Pigure 10).

I Higher resolution analysis shows that the high coherence peak
occurs at 0.10 eps, and there may be also statistically significant
peaks around 0.05 and 0.36 cps.

We are unable to make a direct test of organ-pipe modes by eomparing midwater
power with bottom power at the coherent peaks, since the signal/noise ratio was
severely reduced by the low-pass filter. We attempted to make a qualitative test by
arguing that coherence will be reduced wherever the term cos® 2zfz/c or cos® 2xfH /c
is small. The agreement appeared qualitatively valid above 2 cps but was not con-
clusive. .

On the basis of all our experimental data we conelude that the seismic background at
frequencies up to at least 4 ¢ps may be carried in well-defined wave-guide modes where
the bottom is uniform over a distance of several wavelengths. Leaky organ-pipe modes
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are probable. Abramovici (1968) has obtained a good theoretical fit 1o our 1963 data
by assuming a white forcing function. However, our additional data indicate that an
uneven and time-varying forcing function is operative. Alternatively, we might say
that the generating zone of microseisms according to the model of Haubrich (1963)
can be characterized by wave-guide modes, especially leaky organ-pipe modes, with a
nonwhite forcing funection. This is in agreement with earlier ocean-bottom three-com-
ponent seismic records which indicated organ-pipe modes near land masses, converting
to Rayleigh waves at greater distance from shore (Bradner, Dodds and Foulks, 1965).
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