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ABSTRACT

The purpose of the Lopez Island Ocean Bottom Seismometer
Intercomparison Experiment was to determine the effects of coupling and
bottom currents on ocean bottom seismometers. Twelve operational OBS's,
three specially designed three-component systems and a hydrophone were
compared with each other. Unlike seismometers placed on hard rock at
land stations, ocean bottom seismometers can be affected by soft sediments
(which act as lossy mechanical springs) and by buoyancy. Coupling through
soft sediments can modify the response to ground motion much as a low pass
filter does, and high buoyancy tends to counteract this effect. These
effects are observed in the Lopez data, which consist of signals from
mechanical transient tests, cap shots, airgun pulses, and general back-
ground noise. The modification of response is pronounced for some
instruments and barely noticeable in others. Instruments that stand high
in the water relative to their base width tend to be susceptible to rock-
ing motion that shows up as a mechanical cross coupling between horizontal
and vertical motion. Correlation of Lopez results with coupling theory
suggests that it is possible to design ocean bottom seismometers that will
couple well to any sediment. Current levels at the Lopez site (<5 cm/sec)
wore too small to produce noticeable effect on anv of the instruments;
however, the same design criteria that will minimize coupling problems will
also lessen problems caused by ocean currents.
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1. INTRODUCTION

Between June 13 and 30, 1978 a field intercomparison of several
ocean bottom seismograph (OBS) systems was conducted in Shoal Bay, Lopez
Island (Puget Sound), Washington. Participants in the experiment are
listed in Appendix A. The two main reasons for the field test were:
(1) to compare the responses of the instruments, which have quite varied
mechanical configurations, when coupled to the earth through soft sedi-
ments comparable to those of the ocean floor; and (2) to determine the
susceptibility of the instruments to noise induced by near-bottom ocean
currents. The results of this experiment should provide information
important for the design of OBS systems that will minimize noise and
optimize coupling characteristics.

Signals recorded on ocean bottom seismograph geophones are often
monochromatic and complicated. Whether these features are natural in
origin or caused by the presence of the OBS is a major question to be
answered by this test. Some data indicated that the presence of the OBS
on the soft sediments could severely distort the motion of the ground;
however, the extend of this problem for OBS's of different configurations
was unknown. The complications present on many geophone records are not
observed on ocean bottom hydrophones, thus the question: do geophone
data add any useful information that cannot be obtained from hydrophones?

Some data have indicated that near-bottom ocean currents can increase
noise levels on OBS's enough to make them unusable during high-current
periods; therefore, we wanted to test as many systems as possible for
susceptibility to ocean current noise.

In addition to 12 operational OBS's supplied by 10 different research
organizations, three sets of three-component (To = 1 sec) seismometers
and a hydrophone were included to provide standards for comparison: a
"spike standard" was pushed firmly into the bottom; a "plate standard"
with a smooth: hemispherical superstructure on a large, flat, circular
plate was placed on the sediments; and a "neutral density standard" with
a roughly spherical shape was floated within the uppermost sediment
(Fig. 1-1). The instruments were placed within a few meters of each
other, and four current meters were installed around the array to moni-
tor water circulation in the bay.'4 Data were obtained from each sensor by hard wiring analog signals
to land where they were recorded by a 24-channel digital system. About
250 seismic records were obtained; these include signals from mechanical
transient tests, seismic signals from 211 airgun shots and 8 blasting
caps, and 12 samples of background noise (Appendix B). In addition to
the digital recording, many of the instruments recorded internally,
supplying valuable supplementary data.

Mechanical transient tests were conducted to provide some
quantitative estimate of the coupling function between the ocean bottom
and the OBS package, including possible cross coupling between horizontal
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and vertical motions. The procedure is analogous to the classical weight
lift test for earthquake seismographs, although because of buoyancy the
response of the seismic system to the mechanical transient test is not
necessarily the same as that to a seismic input.

In this report we summarize the results of the Lopez Island
intercomparison test. Representative data are shown with the text, and
selected records from each recorded sensor are shown in Appendix C.
Additional justifications for the results are presented in the referenced
papers, included as appendices to this report.

II. EXPERIMENT DESCRIPTION

Achievement of the test goals required: a logistically favorable
site that was reasonably seismically quiet and had sediments with physical
properties comparable to those of deep-sea sediments; a system for
digitally recording multiple channels simultaneously; a method for
measuring total instrument response, including the effects of the bottom;
and the measurement of physical oceanographic data such as tidal height
and current velocities. The implementation of each of these requirements
is described below.

Site Choice and Description

The requirements that a site have sediments with physical properties
similar to those of deep-sea sediments, reasonably low noise levels, and
be logistically accessiblc with respect to scuba divers, power, and
transportation, removed from consideration most sites in or adjacent to
open ocean, because of surf noise, and sites that were too remote. A
site that met all the requirements was situated at the northern end of
Lopez island, in the San Juan Islands in Washington State. Its general
location is shown in Figure II-i and the specific location, Shoal Bay,
Figure 11-2.

Shoal Bay lies between Humphrey Head and Upright Head, which
consist mostly of consolidated siltstone-sandstone conglomerates of
marine origin. The water depth in Shoal Bay is a fairly uniform
6 to 7 meters at low water and is underlain by a generally constant 3 m
of acoustically transparent soft silty taid; this latter fact was
determined from reflection profiles taken with a 3-K-z system (Fig. 11-3).
It is not known whether this mud is underlain by the hard conglomerates
or by less competent glacial material that would in turn be underlain by

the conglomerates.

Several short gravity cores were taken in the area of the
instrument array and the physical properties of the top 7 cm were measured

(Table 11-1). These sediments were almost exclusively silt and were
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TABLE II-I. Physical Properties of Shoal Bay Sediments

sample: 1 2 3 average

DENSITY, g/cc 1.60 1.56 1.54 1.57

POROSITY, % 71.66 68.03 64.40 68.03

GRAIN SIZE

% sand 4.3

% silt 93.6

% clay 2.0

MINERALOGY

% Quartz 55

% Plagioclase 35

% Mica-Kaolinite- 10
heavy minerals

'7
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found to be slightly greater in density and lower in porosity than typical
deep-sea muds.

Recording System

The general locations of the OBS array, current meters, and the
house used as recording base and workshop are shown in Figure 11-2. The
relative locations of the instruments shown in Figure 11-4 and Table 11-2
were initially determined by sea surface triangulation with respect to
the current meters and later refined with seismic wave triangulation
(Tuthill, 1980). Instruments with only one horizontal geophone were
oriented to make the horizontal sensitive to North-South motion. To
transfer the data from the OBS's to the recording facility in the house,
a 24-channel cable with underwater pluggable connectors was deployed.

Each OBS was required to have matching connectors and cables that could
be plugged into this cable. The shore-based recording facility consisted
of analog recorders and a 24-channel digital recording unit.

Measurement of Response

In addition to the recording of numerous noise samples, two types
of controlled source experiments were performed.

The first was from number 8 caps detonated on the bottom at distances
less than 100 m from the array and 211 40-cu-in. airgun shots fired at a
variety of distances and azimuths from the array. These sources were
used primarily to evaluate the response of the different OBS designs to
the same source. Accurate source-receiver distances were not determined;
in hindsight this proved to be an unfortunate omission since some
interesting surface wave modes were observed and dispersion measurements
were degraded by the lack of accurate distance measurements. (Informa-
tion on source times and locations is on file with groups at UW and HIG.)

The second consisted of mechanical transient tests applied directly
to each instrument. The purpose of these transient tests was to provide
a quantitative estimate of the transfer function between the ocean bottom
and the OBS package, including possible cross coupling between horizontal
and vertical motion. The transients were obtained by electromagnetically
releasing a float from each system, thereby generating a step of force.

Tests were performed in the vertical and two orthogonal horizontal
directions as shown schematically in Figure 11-5. Signal size was
adjusted for each instrument by modifying the number of small wooden
floats used or the amount of scuba air trapped within an inverted tomato

can used as a float. The latter procedure was used for the larger

instruments.

'1.
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'FABLE 11-2. Coordinates for Each OBS Determined
by Least Squares

(east,north), meters from center

SPIKE V (-3.53, 7.39)

SPIKE 111 (-4.31, 3.42)

SPIKE H2 (-3.90, 5.43)

PLATE (-9.84, 9.15)

NEUTRAL DENSITY (-2.03, 8.12)

UCSB (-2.28, -11.29)

BIO (6.24, -8.66)

SIO (2.96, 1.39)

Ul., TRIPOD (3.73, 10.21)

UW CONCRETE (24.25, 6.02)

USGS (9.82, 11.96)

OSU (-1.27, 19.75)

MIT (-4.92, 20.26)

IG BOOBS (-11.24, 16.44)

lG STANDARD (-12.35, 13.42)

UTG (-14.95, 13.58)

LDGO (3.39, 16.10)

Coordinates for the Four Current Meters

South (0.00, -27.0)

North (0.00, 27.77)

West (-25.24, 7.57)

East (24.85, -3.30)

I',

I
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i- iii . II-5. Mechanical trlnsient tests. Impulses are applied to each instrument
to determine coupling parameters. A Float is released by breaking the cir-
cuit in an clectrom;insct holding the float to the instrument. From Sutton
et al., 1980 (Appcndix F).
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Physical Occanogtraph Data

Physical oceanography information gathered during the intercalibration
study consisted of current records from four Anderaa current meters
surrounding tie main instrument grouping. Currents were measured at a
distance of 2 m above the sea floor and recorded at 15-min intervals.
The current meter moorings were approximately 40 m from each other. Each
mooring was individually anchored with a single railroad wheel and
nuoyea nv a .i[ngle ()RF float of positive buoyancy (300 lb). The currents
were extremely weak; peak currents were b cm/sec. Water temperatures
ranged between 11 and 12%C and salinites ranged between 35.9 and 36.5 ppt.

The Sl)S (sediment dynamics sy.sten) was deployed near the center of
the arrav. This device, r-'ords tide elevations, temperature, and current
speeds and directions, and photographs the bottom. Pressure, tempera-
ture, and currents; were recorded at 15-min intervals. Photographs were
taken at 1-hr interval.-. \ limiLted number of records are available of
1024 pressure measurements taken it 1-sec intervals. Data are available
for the per0(iod June 20 to 28. 1978. Because of the weak currents, current
direction measurtments made with the SDS arc, not reliable. The speeds
agree with tho;Le measured with the Anderaa current meters.

lidal records tor the experimcnL duration are shown in Figure 11-6.

i TI. INSTRL7IINT,( I ON

Twelve instrumenL SVstems; were tested at Lopez Island and their data
were compared with data from four "standard" instruments. The characteris-
tics of the 12 insLrument:s and the method used to record data are
discussed in th is section.

Each of the 12 instruments records data differently when in use on
the ocean bottom; however, ,s'ince the, purpose of this test was not to
judge recording svstems, signals were taken from each system as analog
voltages before the' nnrmal recording systems. Each institute supplied
an external plug on its OBS for each sensor, and voltages were condi-
tioned to be between i-) volts. \,'ires from each sensor were connected
to a junction box on the bottom that was wired to shore. An attenuator
panel on land allowed for -.ain adjustment before digitizing. Data were
digitized with a 16-bit DFS-I%" multi-channel system supplied by SIO and
were also recorded on monitor paper records. For distribution, the data

were translated into a standard format on 9-track digital tape. It was

possible to record only 22 sensors out of 36 at any one time; thus the
recording channels were rearranged occasionally so that representative

signals could he obtained from each component.
V

The standard instruments (plate, spike, and neutral density) were
devised by fit(: and LIGO to provide the best fidelity of ground motion

possible on the basis of three different assumptions. The plate (PL)

4
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Fig. 111-2.

Spike Standards

Two horizontal and one vertical
HS-10 1Hz geophones were configured
as shown in the sketches. The hori-
zontals were oriented N-S and E-W.
All were pushed into the sediment
a few CM below the mudline. The
spike frames were made of 1/2"
aluminum plate.

Weight of vertical in air = 13.6Kg
Displacement = 4,750CC
Weight in sediment of P1.57 = 6.1Kg

Weight of horizontal in air = 11.4Kg
Displacement = 4,950CC
Weight in sediment of p1.57 = 3.6Kg
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Arm to Deploy Fxt. ~ i i I
Geophone Package

(Attached to Ext.I
MIT OBS Only)___ ______

Cent. of Mass

Location of- 0

Internal Geo-
\phone Package (Int. LJ

MIT OHS Ext. Package Int. Package

Total Air Weight 17 Kg 310 Kg

Total Water Weight 9 Kg 52 Kg 2
BearIng Pressure 70 T~M

2  41 Kg/rn

Coupling Plate Area .13 mi 1.27 M
2

Fig. IIl-tO. Ma SS ic h uS t ts Institute or Technology OBS.

MIT
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Center of Buoyancy Above

Bottom 105 CM

Center of Mass and Location
of Seismometer Above

1Bottom 105 CM

/60 CM Diam.

Aluminum Sphere

Wt. in Air
190 Kg

Wt. in Water
38 Kg

40CM RELEASE
MECHANISM

~< ~ STEEL ANCHOR

4rea of Contact with

Fig. 111-12. Scripps Institution of Oceanography OBS.
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UCSB - OBS (Hod 1)

WEIGHT DISTRIBUTION:

A. Upper half of pressure
case including acoustic
transponder, transponder
electronics, batteries
and cassette deck

B. Lower half of pressure
case including the
seismometers, and,
electronics.
4 bouyancy
spheres rigidly
attached

00

C. Release parts and
tripod ballast

J 140 CM

SECTION AIR WEIGHT (Kg) WATER WEIGHT (Kg)

A 38.0 18.0 Bearing Area

g 91.0 -31.0 2.2x10 3 CH2

4 C 41.0 40.0

Fig. 111-13. University of California at Santa Barbara OBS.

UCSB

• | I I I



28

DIA. -2-0

AI/'Wr. 1001k.

die tw161
00~V~A.CV - 6!57bf.

Y5 r. cA'A

_______ /42

t3EAtQhfJC ARE~A z ,?o in'

S,1rr1._OFr DATr.

Pi.111-14. U.S. Geological Survey OBS.

USGS



29

TEXAS

Wt. in Air 60 Kg
Wt. in Water 14 Kg
CGeophone 4.5 Hz

14 Y

.-Counter Weig,

6 5 CM - C

in~~~~ Cide floe

Geophone located

I' 
hemisphere

1 Fig. IT-1. University of Txas at Galveston OBS.
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IV. COUPLING

Response to Vertical Input on Vertical Geophones

The vertical motion of an OBS package (Fig. IV-i) resulting from a
vertical seismic input can be approximated by the transfer function given
Eq'iation 1 (Appendix E).

-= (-C)FS w S/(l-C)+cw/2l-G [ +2h w 5 j(I)Z c c c

where

I = Z +X,= displacement of instrument package

X equilibrium value of X

Z s= displacement of water-sediment interface

= angular frequency of OBS-bottom coupling

h c = damping coefficient of OBS-bottom coupling
2Qc

C = coupling constant

Thus, given values -or C, h., and ;c, the response can be determined.
Response curves for three values of coupling are shown in Figure IV-2.

The coupling constant is given by

C = (M1 CMwM ) M*1  (2)

where

M1 = instrument mass

M = mass of displaced water at equilibrium
W

M = mi-.s of displaced sediment at equilibriumS

N +MN mass of OBS plus water and sediment that move with it.
SI W s

The value for C can vary from zero at neutral bouvancy where
I and seismic coupling is perfect for all frequencies, to some

VSIlu lecss than one. A maximum value for C, independent of shape, can

bc calculated from

C = +-(Mw+Ms)ZM (3)
max w s
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(For most present OBS designs the package is primarily in the

water and Ms O.) Values of Cmax calculated for the instruments compared
at Lopez Island are given in Table IV-I. The more flat the horizontal sur-
face area, the greater C is overestimated by equation (3).

Experimental values for hc (or equivalently, Qc) and wc can be
obtained from mechanical transient tests such as those described in

section II-C. In addition, Mj, needed to estimate C, can be obtained
from the ratio of applied force to output amplitude. Equations(13)and

(4) in Appendix E give the transforms of the output voltage from a criti-
cally damped geophone that would be expected from such tests. Theoretical

curves are matched to Fourier transforms of transient outputs from three
OBS's and the spike standard in Figure IV-3. (A complete set of transient

test outputs and spectra for each OBS and the standard instruments is in
Appendix C.) Although the observations are degraded by imperfect mechani-

cal testing procedures, we obtained fairly reliable estimates of hc and

"c from these comparisons. Estimates of the coupling frequency obtained
from the vertical transient tests are listed in Table IV-l.

Theoretical values for Oc (Qc=I/ 2hc) and 8oc can be obtained from
Figure 1 in Appendix E and the data in Table 111-2. Calculated mass

factors, Fm, which provide an estimate of Qc, and calculated coupling
frequencies are listed in Table IV-I. These values are based on a single
estimate of sediment rigidity and density, do not include any entrained

sediment or water (M*, M*=O), neglect the effect of buoyancy on wc, and do
not take into account large differences in the configuration of the areas
in contact with the bottom (only the horizontal component of the contact
area is considered).

Observed and calculated coupling frequencies are compared in
Figure IV-4. Most of the operational OBS's show fairly good agreement for
an assumed sediment shear velocity Vs=iOm/s and density os=i/57g/cm3 .
LDGfO, UW, and 114F, however, fall well off the line with a higher observed
than calculated freqquency. From Table Tll-I we see that these packages
apply a bearing pressure to the bottom sediment more than three times
greater than that of the next greatest. Therefore, it is likely that
thy are couplIed to a stiffer bottom; e.g., as shown in Figure IV-4,an
increase in Vs to 33 m/s would bring theory and observation together for
LD;O; smaller increaseS are required for UTW and UWF.

All three of the standard instruments show considerably lower
obscrved than calculated coupling frequencies. All three instruments are

tightlv coupled to the bottom sediment and it is likely that there is

considerable error in neglecting M*. As indicated in Figure IV-4, calcu-

lated frequencies could be reduced to observed by addition of reasonable

amounts of sediment to the instrument mass, as follows: a 2-cm-thick

laver surrounding the roughly spherical, buried ND; a 3-cm-thick layer

under the flat, circular P; two hemispheres of radius equal to that of the

(horizontal) bearing area ot the buried spike. The reader is referred

to Appendix F tor an alternative investigation of these parameters.

-'--
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TABLE IV-I. OBS Coupling Parameters

(2) (3) (4) (5) (6)

OBS C V /R(s-1 ) F f (Hz) f (Hz)
max s m c o

ND 0 56 2.7 17 14

PL .53/.27 18 0.22 19 14

SP .17 100 5.1 22 14

BIO .25 29 2.2 9.9 9.5

HIGL .41 120 8.9 20 17

HIGS .30 67 28 7.1 8

LDGO .40 120 270 3.6 12

MITE .53 50 1.4 21 22

OSU .21 26 2.5 8.1 10

SIO ( )  .19 56 6.9 11 11

UCSB ' 1) .16 65/100 10/36 10/8.3 8 1/2

USGS .21 48 8.1 8.4 8-9

UT() .23 200 100 9.9 8 1/2

UW 1) .11 380 1700 4.6 8

UWF .44 50 42 3.9 8 1/2

() OBS's having three foot pads; others have a single base area

(2) Calculated from equation (3)

(3) Vs = 10 m/s; R=(area of one footpad/iT)1/
2

(4) Fm = M T: p R3 ; =number of foodpads; ,s=1.57 g/cm
3

fs

* i1/2 2(5) f = (r, R s/4 N ) ; s -, V

(6) f = observed coupling frequency estimated from spectra of vertical
o

! transient tests

oI
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112The Q of the coupling resonance, theoretically, is proportional to
Fm /I. Fm, the mass factor, is listed in Table IV-l; a comparison with
the value for Qc shown in Figure IV-3 indicates rough agreement with
expectations. Transient test results in Appendix C can be used for more
thorough comparisons.

Signals from controlled source and transient tests can be compared
in both the time and the frequency domains. Some of the comparisons are
discussed here (see also Appendix E) and the remainder are presented in
Appendix C. Data are processed and presented in as similar a format as
possible to aid in comparison. The reader is referred to Appendix C for
the format of the figures.

Some may question what is learned from the transient test, in that

it does not force the instrument to move in the same way as a seismic
wave, and the resulting motions can be complicated. The validity of using
the mechanical transient tests for obtaining the parameters fc and Qc is
shown in Figures lV-5 and IV-6. The time signals and spectra obtained
for the earl arrivals from airgun shot 182 on PL, SP, and SIO verticals
are shown in Figure IV-5 together with the vertical transient tests of
S10. Note that the spectra for PL and SP are similar, especially at
frequencies below 20 Hz. The SIO test, however, shows extra energy near
12 Hz and a flattening of the spectrum above 12 Hz. The vertical transient
test for SIO (bottom of Fig. IV-5) shows a peak near 11 Hz; thus it appears
that modification of the signal because of coupling causes the spectral
differences. A similar situation is shown in Figure IV-6 for a cap shot.
Here the SIO test again shows amplification relative to SP near 11-12 Hz.
HIGS, however, shows amplification near 8 Hz. As shown at the bottom
of Figure IV-6, the HIGS transient has a peak near 8 Hz, again suggesting
that the effects of coupling are being observed in the seismic response.

Examples of good coupling are shown in Figure IV-7. Transient tests that
yield a sharp spike in the time domain, such as SP and MITE, yield relatively
flat spectral responses and good seismic response to both high and low
frequencies. Two examples of good coupling (SP and MITE) and two of poor
coupling (USGS and UTG) are shown in Figure IV-8 for the same CAP shot.
(The low sensitivity of MITE for frequencies below about 10 Hz is of
internal origin and is not related to coupling.) Near 11 Hz the USGS
instrument shows a strong resonance and UTG shows a somewhat weaker
resonance. Spectra for both cap and background noise for both OBS's fall
off above the resonance frequencies. By comparison, the SP and MITE
verticals show relatively flat spectra.

4Response to Vertical Input on Horizontal Geophones. Cross coupling
between vertical seismic input and horizontal geophones does not appear
to be a serious problem. If a package is made reasonably symmetrical
around a vertical axis, then horizontal resonances will not be excited by
vertical inputs. Quantitative data are available from vertical transient
tests on OBS's containing horizontal component sensors, but they have not
been analyzed.

Horizontal Input Recorded on Vertical Geophones. A particularly
good example of this type of cross coupling can be seen in Figure IV-9.
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In this figure the signals from all components recorded for airgun
shot 182 art displayed. The horizontal geophones shown at the bottom
show a strong 6-Hz arrival from about 1.5 to 5 sec after the first
arrivals. The vertical standards and vertical MITE and HIGB sensors show
very little of this arrival, indicating that it is horizontally polarized.
Vertical geophones from other packages, however, show varying amounts of
signal arriving during this period which has been transformed by the instru-
ments from horizontal motion into vertical motion. This type of cross
coupling is undesirable in that it would be extremely hard to predict, and
it represents a severe distortion of true ground motion. This problem is
discussed more thoroughly in Appendix H.

The horizontal transient test recorded on the vertical geophones
indicate the possible severity of this problem. Figure IV-10 (also
Figs. 5-10 in Appendix C) shows results of these tests. Note that in
te horizontal tests a second signal is observed. This signal is believed
to be generated when the electromagnet armature hits the pulley rod
(Lig.I -5).

In Figure [V-lU the P1. standard shows a relatively sharp response
and flat spectrum, indicating that cross coupling should not severely
alf!uct this instrument. Hi O, however, shows a very strong resonance near
6 Hz. This resonance indicates a possibly severe horizontal-to-vertical
cross-couplin g problem, which is indeed seen in Figure IV-9. The
transient tests tor UCSB are interesting in that the tests were done at
two di f erent levels rather than two different azimuths, and the resulting
transi ents cxc ited two different resonances that differ in frequency by a
factor of 2 (4 and 8 Hz). Note, however, that UCSB did not exhibit a
svur L cross-coupling problem in Figure IV-9, indicating that the wave
train observed in Figure IV-9 did not contain sufficient energy at 4 or
8 Hz to Cxcite either of these resonances.

Rsponse to Horizontal Input on Horizontal Geophones . Transient
tests were conducted in two horizontal directions or at two different
elevations on each package. The resulting signals are shown in Figures 11
to 13 in Appendix C. In most cases a resonance was observed that indi-
cates motion in at least one horizontal mode, either lateral sliding or
rotation aro'nd a horizontal axis. The complexity reflects both the
difficulty in obtaining reliable horizontal transient data and the true

complexity of the motion of the package, each with its own peculiarities
and symmetries that modify this type of coupling.

V. NOISE iMEASUREMENTS

Two types of noise studics were made: a description of the ambient

acgrolld no1ise and its mode of propagation and an evaluation of noise

induce(d in the L BS I by water (tLrents.

lo descr ie t he ambient backiground noise we used the frequency
spectra, the pairticle L ector motion as determined from the three components

A,/
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of motion, and the frequency-wave number spectra determined from the array
of OBS's. We found that the noise spectra peaked very strongly around
2.5 to 3 Hz and in this frequency band the particle motion was elliptical
and had phase velocities of about 20 to 50 m/sec; these parameters are

consistent with the propagation of the noise as surface waves. We also
found that shot-generated,dispersed surface waves have properties similar

to tile background noise, supporting the contention that the mode of
generation, propagation, and attenuation of the noise can be understood
in terms of dispersed surface waves. Further, and possibly of greatest
practical importance, we established that these surface waves are highly
attenuated in the water and weakly recorded on a hydrophone. This implies
that hvdrophones in deep-sea sediment environments are likely to be
substantially quieter and give less complicated seismograms than geophones.
The determination of current-induced noise on the OBS's was evaluated by
comparing the spectra of several instruments against current speed. The
results from this comparison are not definitive.

A more detailed discussion of these results is given below.

Characteristics of Ambient Seismic Noise

An example of ambient noise and its amplitude spectrum as recorded
on the plate vertical is shown in Figure V-l, from record 210. The
spectrum shows that the noise is dominated by energy in the 2- to 4-Hz
band. A vector plot of the particle motion is shown in Figure V-2. In

these plots the vertical axis is one component of motion and the horn'-
zontal axis is an orthogonal component. In these graphs rectilinear, or
body-wave motion, would appear in the vertical-horizontal plots as vectors
of constant slope, whereas elliptical particle motion would appear as
tan-shaped patterns. It is clear from Figure V-2 that the predominant
motion is elliptical. Another example is noise preceding airgun shot 182.

The three components of motion as recorded on the plate and the associated
particle motion are shown in Figures V-3 and 4.

In this experiment the two-dimensional array can be used to determine

the coherency and phase velocitv of the noise by taking the three-
dimensional Fourier transform, or frequency-wave number spectrum of the

array data. An example of the wave number spectrum taken at 2 Hz is
shown in Figure V-5. From this spectrum the phase velocity at 2 Hz is

found to be about 30 m/sec. For a more detailed discussion of this

analys is ,see Appendix G.

(o[mpar son Ni Noise with Shot-cenera ted Surface Waves

Nearly all the cap and airgun shots generated low-velocity surface

waves in the 2- to 4-11z band. An example, airgun shot 182, as recorded

by the array is shown in Figure V-6. (See also Fig. IV-9.) The spectrum

Ot this wave as recorded on the plate vertical for airgun shot 131 is
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:hown in Figure V-7 and is very similar to the noise spectrum in Figure V-1.
'Ie part i c le mot ion tfor this wave packet is elliptical, as shown in
Figurt, V-8. A group vilocitv and phase velocity dispersion curve for this

wave packet is shown in Figure V-9 (from Tuthill et al., 1980 , Appendix G).

The similarit, of the spectra, dispersion curves, and particle
mot ion I or the noise and the shIot-generated surface waves strongly

st~sts that the noise is propagating as short-wavelength dispersive
surlace waves. The wavelengths in the 2- to 4-l1z band are found from the
corresponding phase velocitiLes to be about I i m to 6 m.

(;omlpar ison Btween 1t1drophone and Seismometer D)ata

o i. 'ure V-10 shows a comparison between the LI)GL hvdrophone, the

plate vertical and the plate horizontal for airgun shot 182. It is clear
from this f igure that the surface wave train is only weakly recorded on
ttie, hvdrophIone . This is to be expected sincc this motion is caused by
short-w;avelength surnace, waves that are hi hily attenuated in the water.
fh, previous discussion also implieLs that tile 2- to 4-Hz noise should be
0, remtieL reduc ed on the hydrophone. This implication is verified in

F.'i.,it+ \w'-11, a compjiarison o t noise spectra from the LD) hdrophone and

the hi GS vert ical . Th is restult alone implies that hydrophone records
sioUl 1Wd he quieter and hap].e r than geophone records because thee will be

con ta::ina ted I)% short-wavelength amb i en t noise and short-wavelength signal-

inodI'ed nois e. Th is is particularl\ important in crustal refraction
!)r,, i Les beLause, wavelengths of about if a wil1 contain information about

ti. ilm(di;i at' no i ,1horhood of the inst rument only and is of no use in

de to rnin n av.,1go crustal properties. Worse than this, the short-

wave ougth noise Will rea tle degrade the' long-wavelength signals.

Coirrelationl Of Background No iso, with Currents

The. prpos' of this section is to investigate the possibility that
(a) currents cause shaking or the instruments and hence noise; or alterna-
Si't. ely, (h) that water currents traversing the array couple noise into
the bottom the propagates across the array.

Duritl one 13-hour period, hourly samples (of approximately 1-min.
dirat ion) of background noise were digitized. Water currents recorded

on each of the four current meters Ior 15 min preceding and following
.each noise sample were averaged and ranked and are plotted in Figure V-12.

[hr ig thiis time period the currents ranged from 1 to 4-1/2 cm/sec. This

range is about as great as was observed during the entire experiment. The

largtr standard deviations for tle higher current levels suggest a

greater amount Of irregularityv in current across the OBS array during

these times.

Noise ;pectral estimates were obtained for each 1-min sample by

dividing the, record into N 4-see-long records (where N-30) and averaging4

- ].-



~ I I I I I I r r I I I I I I I

I SEC -
II L L I I L I I I I I I

80 
1

LOPEZ ISLANDO BS CRLIBRATICN EXPERIMENT55
FILE: DKI zLP2208.I31

so PLATE VERTICAL R/G#I31 PTS 2376-3375

945

Qi- 40
1:

35

25 1 Lj.Il. A A Ai" i A I I I I I I fI 1 I 11

30 5 10 is 20 25 30 35A 40 45 so 55 6

FREQUENCY I7

v'14 ; c 'l. 1 t " s rl (r m ; u n -h L 1 1 i



59

c~~j

C)

C)

-K C)

I-
'I, -~

'p4
C

C)

7
C)0

44L4 N 1
M ~-//'l,, 1

A-- J _

-

L - A4 4-

j r I

L I
L

Ma1  C),

', -i

/

OS9~-IO6E ~[d O~J3?ACYj Z81 ~ t~

,,r~ C, oLj ).4(~ ~ '1~'.f: '4j C'' ~ IN I'.-4~,C NL1~ IH~48~ 7bJ ~ CNb1~ LidL.

-/



0) 00

0 0

4 0 1,9



.1*I O 11" 0 61li

bo oVo L.I 1%6P i I.Vs..j i II 61
If1~ ol st . 1 UPk, t~ Vitl 1

1XinldO 004 eTIi 1 Il jitt1 'II0tOd11 il

.. U 4Ul~ ItS .1. UIVI tW ~ qt Z8 3 11 1 -4It lA

4-1

C

Cr

t4-4

-)

)

C-. 4-I

00
zw

>)

4-4

'Agaddin~n WV IIIVWIFA 21714MI-V191rJJ0 ..



T6

00-

-20 _________
0 0 60

+IG-S V N0 S~ 21 -I

20

0 PO0 40 6

1-i! (',;'-1) 1ri,-,n , noisu spctrzi fr n the RIGS
I [!Qi t he I.ivfo 1 rhfl N e the ibscnce

--- IJ



63

Q") -0

Inn

Q) OD

1-0

(z r

oas/wo
02



the N spectra. For cachi frequency the mean R and the 2-sigma conf idence
limits Were obtained. In addition, the normalized variance, defined by

N -2
1(Xi - X)

N

N-1

wais det~ermined. For a -stOChastic or random process the variance will be
proportional to the mean, whteras for a deterministic process the variance
Will be Zero. An additional statistic, the fractional standard deviation,
Was also calculated and is defined hv

N

N1 ~ A 1/2/

For a gauss ian process tis stati1st ic wil he eulto a constant,whra

lor a1 do teria is t ic process tohis statistic will tend to zero.

1kNOW los of these s;pectra aind their statistics,- arc' shown in Figure V- 13
I or the Spike' V alnd the FF511 V. I t can be seen i rom these figures that
Lit-' h -liz no ise anld noise peaks between 20 and M( 11z havc low standard
errors , i ud icat jug that they are- do term i ist ic , as, e2xpected for the 60-Hz
no0 co . Also, the 20 to 30 Hiz may have a mechan ical source (for exanip 1.

1141)a mot orboa t .) 'i'ie predomna mnt nio ise. at 2 liz is more near lY
stochastic.

interpretation of these spectra is, made d if ficult because of thle
severalI pos sible, ways in wh ich cuirrents could induce noise. For exarmple,
cu rreii tL M igh t shake one instrument (such as thle moo red current meters)
more than the others and this, energy' Could be coupled to the bottom and
raiiatc across- the array as surf ace waves in thle 2- to 4-Hz band, or the

ofal indiviy duial instruments mi ght s-t imulate coupling resonances
cr v e d i 1 1 t lifIt teusts Lain d thiies e r es on an cecs woul Id 0C C Ur a1t f reCq 1ien -
t-ii.;pc'c i a r to cactIi OlS.

1,1 t is t who t lie r cur rent- reciated no ie is COu Ll 1ed in to the ground
il call atocd across the array we have plot ted the Ileiight of the 2- to

A-II etr ekon Lite .ikie \' versujs cur rim t S pedc ( i n F I gure V- 14.
lic or ro atL i oiln beween1 th11es e two pa rcame to( r s i SIow, suggest i ng t ha t

Lit . c ris I i t t It Ui Clr cent- I ihduc d no0 ise IprO11:1 ' ,t ilg acros s thet array. (Note
thatI the Sike V as ch.oen tor tliis test bcueit wals bur ied and should

ria'iiO it vo o crrent- indukCd shaking,.)

otest wlotiit'r ld iv idijal instr'Umnllts Wereni t'iivi to current

"':kil c ll500 as: an cXamp) u tie 11CSI %' datai
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30.000

SP V 2.5-3.5 HZ PEPK

20-000

10.000 "

uj

Lu

Lu 0.000
M

-I.000

2.000 4.000 6.000 8.000 10.000 12.000

CURRENT INDEX

NOISE VS CURRENT

Fig. V-14. ~ljot of the amplitude of the 3-11z noise puak on the Spike
V versns current index . There does not appear to be a strong
correlation between noiso aeve. at 3 liz and current speed. The
current index is ti s;me as in Figure V-12.
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It can he- seen on Figure V-13 that the UCSBV has a noise peak at
about 9 liz that is not seen by the Spike V. The horizontal pull lift
tests showed this instrument to have a strong resonance at this frequency
and it is clear that this resonance is being induced by the noise. To
evaluate whether this in;trument was sensitive to the currents we plotted
the amp) itude of the 2- to 4-Hz and 9-H1z noise peaks versus current speed
in Figure T-he. lh, lack of correlation suggests that the currents are
not cans ing the noise.

We conclude that in this; range of current speed (I to 4 cm/sec) the
currents arc not the sOllr(' 01 tilt noise. At this time we have no idea
what is causing th noi,,e.

Additional noise data are presented in Appendix 1).

VI . coNCLUSIONS

oiu the hasis of the prectding discussions we arrive at recommendations
or tile dsign cri teria for ocean hotton) seismic systems. Although none

oi the'se recommendations is absolutel':, necessary for obtaining high-
I ide Iit' seismic signals at any particular site, if the recommendations
arL toi1oved, oliS s;%tems can c built that will be able to obtain high-

cI i Lit, s'ismic signals anywhcre.

i,, primary purpose o all MuS is to record the motion of the ground.
1! a record of thi. motion cannot )e, obtained with reasonable fidelity

t-caLsetC 01 either (1) high noise, (2) poor coupling, (3) lack of dynamic
rang , (4) lack 01 storage capacity, or (5) lack of reliability, then the
riBS has ;It least partially fai led. This test addressed the first two of
t pte:c p rob 1(ems. Indeed, if coupling and noise problems are serious, no
alontllt ot dx'n-m ic range or storage capability will help.

Scvt. 1 obiservations [rom tIe Lopez Experiment are important when
consider in, modit i cat ions to present systems or design of new OBS's:

I) ilic -;t'opione standards produced generally consistent results and se~emed
tO record tru e ground motion. A des ign goal might be to build an OBS
Ai ilar to one of tbe. standards--either plate-like, with neutral density
il timl, s'discnt, or shoved into the sediment. None of the standards

howeVer, was ho ilt to record data internally, free-fall to the bottom, and

r,.tilrtn to til' ,dit d at . Add i, hydrodvnamic stability during drop,
hi,,ovancv or ret urn, and recording capabili ty would change the basic
featitres of these, unit. unlc:s the sensors were carefully located in the

package1t, or rficbahnicallv decouplted from the record i ig-retrieval unit.

I nd ccd , til' MI TF and 11I;B i5striments, whch showd good coupling character-
ei;t c , hav, Ch,aruetris t itC simi lr to the plate standard. An OBS with

char;icteiest ic s similar to tlt, neutral density or spike standards would not
s ', souit*ib[, l'or hard-iOttom a pplications, nor woc ld emplacement and
rtri,,,'at Ihe a itpIc ottecr in soft sediment.

-i
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(2) Hydrophones yield records that are not distorted by coupling
problems or complicated by low-velocity shear arrivals. However, the
failure to record (near normally incident) shear arrivals can be a curse
as well as a blessing in some applications. This is easily seen in
Figure [V-9, where the hvdrophone sees very little signal after the first
arrivals. Although hydrophones may be adequate for most refraction work
and are useful for earthquake studies, the loss of shear wave data in
either application can be considered a serious shortcoming. Hydrophones
should be considered a valuable sensor in OBS's, but not a replacement
for geopliones.

(3) Maximizing base dimensions relative to height of the package
appears to reduce cross coupling caused by rocking. Placing geophones
near the center of cross-coupling rotation should also lessen this effect,
especially for the vertical component. Reducing the cross section in
water would certainly also lessen possible problems with bottom currents.
Although current-generated noise was not observed at Lopez, the highest
current. observed during the experiment are often exceeded in the deep
ocean (Kasahara et al., 1979). There is some published evidence for
correlation of current-generated noise with OBS package configuration
(Bradner et al., 1965 ; Kasahara et al., 1979. Kasahara et al., in press
and Duennebier et al. ,1980.) Intuitively one would expect a squat,
low-profile instrument design to be preferable; this intuitive argument
may extend even to the flotation and recording packages of the instruments
with e>Xternail deployed sensor packages.

f4) First ord,.r theory, assuming a damped harmonic oscillator,
suggests that incre.sing the surface area in contact with the sediment

incres es the on pling frequency and the damping. This effect
forces thLe )BS motion to be closer to that of the sedim.nt. In addition,
more. sediment and water are likely to be entrained with the OBS, thus
causing a drop in the coupling coefficient, C, and improved response to
trCquencics above the coupling frequency. In general, the Lopez observa-
tions support this theorv.

The incorporation of an in situ transient test device on existing
OBS's appears feasible. In addition to providing a good check on overall
sy%'stem opcration, it would give two of the three principal coupling para-

meters, tc and Qc, needed for calculating coupling response. The third,
the coupling coefficlent, C, can be estimated, as discussed in section IV.

(5) Adjktilng the density of the package to be slightly greater than
tn;at 0nI water also would decrease the value of C, decreasing the effects
of coupling. This would make the instrument more sensitive to high
frequencies and reduce the resonant amplification. Special care must
be taken in this case to keep a low profile and good contact with the
bottom to reduce cross coupling and current problems.

One problem not discussed in this report is horizontal-to-horizontal
coupling. Unlike vertical-to-vertical coupling, it is much more

/
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susept ible to torques and asymmetrie-s in package configuration and

emplacement. Asymmetry can cause considerable azimuthal variation in
response to horizontal motion. The complexity of the horizontal coupling
problem makes it difficult to understand, although following basic princi-

ples such as keeping asymmetries to a minimum and decreasing the cross
section in the water should help considerably.

In the Lopez tests the amplitude responses of the spike and plate
standard instruments were generally within 2 dB of each other and the
waveforns were well duplicated. We judge from the similarity of the
respons,,s that these instruments were responding accurately to the motion
Of thO upper few centimeters of the sediment layer. We believe that we
now knoi, enough about problems with noise and coupling to design an OBS
system that will sense true ground motion with fidelity equal to that of
tie standards. We also know that in some places geophones will be
particularlv noisy heca-ise of short-wave length signals in the sediments.
In these areas, particularly, the addition of a hydrophone to the OBS is
highly desirable.

Knowing how to sense the motion is only one problem. Recording and
retricvinl, Lhe data deserve equal study and effort. Numerous technological
opt ions are, available: analog or digital recording; acoustic or timed
releases; spherical or cvlindriLil pressure cases; motor or explosive bolt
rcl .- ;lss ,imd so fiorth. lul ike the probl.ems with coupling and noise, we

,im inti, ip;ite thut ',ore ,11d bet ter so lutiuTs will bec'ome available for

VI I . FUtURE DEVEIAPMENTS

The coupling and no ise problems in existing instruments can be
reduced significantly by modifications suggested by the results of this
experiment. With such modifications these instruments will be adequate

to continue fruitful research in marine seismology over the next few years.
Tthis rec-,-arch not only will result in significant progress in seismology,
but also will provide additional valuable data on design parameters,
particularly if collaborative tield work continues in which the performance
of instruments oi different design can be compared.

jhe aiov, notwithstanding, new instrumentation should be designed
and tested. )cean bottom seismology is far too new a field to permit
.stanat ion in the deve lopment of instrumentation.

th~ree s,,stes appear desirable for the foreseeable future: (1) a
Jimlh, inexpensivehydrophone ?) system that will allow use of a large

n~umbtr ot units for dense arravs; (2) a somewhat more expensive system

with a hVrophionC and three geophiones to augment arrays of the simpler
s'stems , to be ulsed in deta i led micro-earthquake studies, and (3) a

remlti%'L Iv txp,ns ie s\ystem capable of handling a variety of sensor systems

incld ing, hydrophone arrayxs , geophones, and long-period sensors.

'the mle arrays could be easily deploved and retrieved and would

be che'ap e notu'i,[ o that large number of unit.s could be used in any
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1pwr i te Ln. '1l es, units would he of primary value in refraction
cxpl.r iments and could b ustd to provide dense coverage in micro-earthquake

stud ies.

The tour component unit. would supply sediment and shear velocity

informat ion lor refract ion li no i and hear wavte arrival times, particle
[not ium, and s;urfa ct, wave, inlorM i~ion in earthquake studies. These units
would r-iquH i -e ,ore car' in) eliplaeemenL and recovery aind wonuid be more

C 0 tI\,. Ft I. " ,expInlls , i >c\-it T," wol d Ic the Il xper illmintal unit used in
5)Ci a tud et- and for t I W); Of u' dean

Crtita in o'eanI I ho t t o nismolo i'al reOSe;r-Ch is also expected to

ifiI-' i0I me rum uts cakal of \e' lonl;, deployment times. Development
ill tils area adO >10 Ould I ' hi ppl-ort d.

" it- 1 t PO I [L I I v edl in tLOPEZ for t I i r

TIv I n I i ve r. it v of I;sh i lltoll

t .1 0, ' t l !i, h e ii cnt A d wit t h ,

I , I . , li: t 'Ik . I .IiI1 tI frt il It d lm ii ' 1fr tl'

>; .,~I ii ,, : j , . I ', 1 . ' I: il t r1-1 (I Irizig p i r
iS t. t ielit t Il P ii~l.t ,,: ~(; c<2 e U ii< p, p.id< fri' titmi re'prt

It <] !, 1" I l t J ', t , t l > '< 'tt i., ' 1 1 
1 - 

, < l t t hk. 1O - 1 0 rt hir . -
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The following individuals and organizations participated in the

Lopez Island OBS Intercomparison Experiment:

A. Burkhalter and R. L. Moe
(Digital Data Acquisition System)
Shipboard Computer Group
SIO/UCSD
La Jolla, California 92093

BIO D. Reffler
Bedford Institute of Oceanography
Box 1006

Dartmouth, Nova Scotia
Canada

HIG E. Saade and G. H. Sutton
Hawaii Institute of Geophysics
University of Hawaii
Honolulu, Hawaii 96822

LDGO R. G. Bookebinder, W. McDonald, and P. Pomeroy

Lamont-Doherty Geological Observatory
Palisades, New York 10964

MIT P. J. Mattaboni and S. Solomon
Massachusetts Institute of Technology
Building 37-484
Cambridge, Massachusetts 02139

OSU S. H. Johnson and R. McAlister
School of Oceanography

Oregon State University
Corvallis, Oregon 97331

SIO J. Orcutt and D. F. Willoughby

Geological Research Division
Scripps Institution of Oceanography
La Jolla, California 92093

*UCSB W. Prothero and S. Zelikovitz

Department of Geological Sciences
University of California, Santa Barbara
Santa Barbara, California 93106

USGS B. Ambuter
U. S. Geological Survey

* Woods Hole, Massachusetts 02543
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UTG A. K. Ibrahim and P. Roper
Marine Science Institute

University of Texas
700 The Strand
Galveston, Texas 77550

UW L. Bond and B. Lewis
Department of Oceanography WB-1O

University of Washington
Seattle, Washington 98195

WHOI R. E. Davis, J. Dushenes, J. Ewing, and D. Koelch
Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

/,



Appendix B

CATALOG OF LOPEZ ISLAND

EXPERIMENT DIGITIZED EVENTS



CATALOG OF LOPEZ ISLAND EXPERIMENT DIGITIZED EVENTS

On the following pages is a catalog of the seven digital tapes
produced by the SIO Geospace recording system. Each component of each

instrument is identified by a code number described on the next page.

Catalog entries are listed according to Geospace record number. The

code numbers for all components recorded during an event are listed

next to each Geospace record number.

Record number 500 was not recorded digitally and was hand-digitized

from a paper recording. Records 146 to 148 were not recorded correctly.

Data for these events were re-digitized from the hIGS analog tapes

recorded inside the OBS. These records are not in this index but are

found elsewhere in the report (Appendix E, Fig. E-5).

)-
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LIST OF LOPEZ COMPONENTS

Si)
Code Digital Present
Number Log Book Notation Description

I SP I SP V Spike standard vertical

2 SP 2 SP N Spike standard horizontal

3 SP 3 SP E Spike standard horizontal

4 ND I ND V Neutral density standard vertical

5 ND 2 ND N Neutral density standard horizontal

6 ND 3 ND E Neutral density standard horizontal

7 F, 1 PL V Plate standard vertical

3 PL 2 PL N Plate standard horizontal

9 PL 3 PL E Plate standard horizontal

10 UW 1 UW V Univ. of Washington vertical

11 UW 2 UW H Univ. of Washington horizontal

12 UWFP UWJF V Univ. of Washington Flower Pot vertical

13 SIO I SW( V Scripps Institute vertical

14 BIO I BIO V Bedfcrd Institute vertical

15 BIO 2 BIO H Bedford Institute horizontal

16 BIO 3 BIO P Bedford Institute hydrophone

17 WHOI WHOf P Woods Hole hydrophone

18 OSU I OSU V Oregon State vertical

19 OSU 2 OSU H Oregon State horizontal

20 OSU 3 OSU P Oregon State hydrophone

21 MITV MI I'E V M. I .T. vertical

22 MITH I MITE H M.I.T. horizontal
/

23 MITII 2 MITH H M.I.T. horizontal

P~
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S L 0

Code Digital Present

Number Log Bouk Notation Description

24 HI(GBV I(; B V I. 1 . b. burp out vertical

25 i 1 GB it I I I . it i . I .G . ur 1 out hor i zonta 1

2b H I BP tFIf ; B P H. I . . hvd rophout

27 LIT t I (; V U u I,. v T t x I v f Ic a 1

28 IChB 3 LU CSB V Lniv. c, C l I or n;i vertical

29 LUCS B 1 /2 CS B H1 'm iv. k, (-1 Ii IorI i a hori zonta 1

20 LIGO I); V 1.anmo -I)ogherty vertical

31 1DG0 2 .1)1 P Inmont -)l o . rt V Iiydrophone

32 lilIGSV IiI S V Is. I .U. stn ndard vertical

13 HI USII IIUS H tt. 1 .( s. I itda rd h1) r i onta 1

34 IJUSl FILLS P Fl. G .. stadard Ivdrophone

35 t I ;S ;(S V .s. < ) ,ol ( ical Sutrvev vertical

36 LAND L1and base station vertical

/
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SELECTED DI(;ITIZED EVENTS RECORDED DURING THE LOPEZ ISLAND EXPERIMENT

This appendix contains Ill records of signals recorded on ocean bottom
se ismometers at Lopez Island. Each recording was processed identically
within the bounds discussed below. Records are presented four per page

with time domain recordings on the left and frequency domain on the right.
Each time domain recording is 1024 samples long; the horizontal line under

each reckrding, is 2 soc (500 samples) long. The vertical lines under each
record show the scot ion o f the reco rding that was transformed into the
frequcncv doimain (poweS spcCLrum) shown on the ri ' ht . In each case, the
sect ion to bC trIns ormed was convolve d with a 10 cosine taper window
a]nd placed iia the middle of a 512-point window after decimation by a factor
of "2. No correctiorns ire made for possible aliasing. The resulting 512-

point time serie,' wias Lhen fourier transformed and the 'periodogram' was
computed to obta in an es tma te of thc power spectrum. In addition to the

s I , .a sUct i0n of noiSe (the same length as the signal) was trans formed

and pt1 a ted (1t, iter line) . This makes it possible to distinguish energy
genrtcd h.% sinal from noise. The vertical scale for each spectrum is

dB ref rencd to I digita unit. The horizontal scale is in Hertz. Under
ca-h :pe ctrum is the information necessary te" identify each event. The

first twa to four letters arc the instrument identifier used throughout
thi rcport followed by the component designation (%', H, or P, for
vertical 1 g jjph n , horizontal 1 ephone, or prL scurc). Then given are the
tVpe Of sourcc. ac record nubimcr, atnd channel nmbe'r from Appendix B.
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INDEX TO APPENDIX C

DATA SAMPLES

PAGE SENSOR RE:CORD-CHANNEI, TEST

1 ND V 3-10 Vertical pull on vertical sensor

P 1 V 10-6

S P V 7-2

B I ( V 61-18

2 111GB V 108-7 Vertical pull on vertical sensor

HI CS V 1 46-X4*

LDGO V 500-2**

M IT E V 2 33-7

3 0SU V 141-3 Vertical pull on vertical sensor

S Io V 66- 16

U CS1B V 123 -2 4

USGS V 254-2

4 UTG V 102-9 Vertical pull on vertical sensor

[1W V 49-14

UW F V 2 26 -13

5 I'l V 12-6 Horizontal pull on vertical sensor

B 10 V 64-18

B 10 V 63- 18

11 G S V 110-7

*Records 146-148 were digitized from analog tapes. The channel.

re. er t o t he OS c ha nn el

R Re co rd 0 was haniid d i i i izd t roc ipe,1)Ur rec or d ing.
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PAGE SENSOR RECORD-CHANNEL TEST

6 HIGB V 111-7 Horizontal pull on vertical sensor

HIGS V 147-X4

HIGS V 148-X4

LDG V 80-5

7 LDG V 501-2 Horizontal pull on vertical sensor

LDG V 501-2

MITE V 234-7

SIO V 67-16

8 SIO V 120-16 Horizontal pull on vertical sensor

UCSB V 248-22

UCSB V 124-24

UCSB V 125-24

9 USGS V 252-2 Horizontal pull on vertical sensor

USGS V 253-2

UTG V 236-3

UTG V 105-9

10 UW V 50-14 Horizontal pull on vertical sensor

UW V 115-14

UWF V 228-13

UWF V 227-13

11 PL N 11-7 Horizontal pull on horizontal sensor

PL E J2-8

BIO H 64-19

BIO H 63-19

C-iv



rim

PAGE SENSOR RECORD-CHANNEL TEST

18 LDG V CAP 239-23 Lopez seismic on vertical sensor

LDG V CAP 242-23

MITE V AG 182 220-17

MITE V CAP 239-7

19 MITE V CAP 242-7 Lopez seismic on vertical sensor

OSU V AG 182 220-12

OSU V CAP 239-12

OSU V CAP 242-12

20 SIO V AG 182 220-5 Lopez seismic on vertical sensor

SIO V CAP 239-5

SIO V CAP 242-5

UCSB V AG 182 220-22

21 UCSB V CAP 239-22 Lopez seismic on vertical sensor

UCSB V CAP 242-22

USGS V AG 182 220-2

USGS V CAP 239-2

22 USGS V CAP 242-2 Lopez seismic on vertical sensor

UTG V AG 182 220-3

UTG V CAP 239-3

UTG V CAP 242-3

23 UW V AG 182 220-4 Lopez seismic on vertical sensor

UW V CAP 239-4

UW V CAP 242-4

UWF V AG 182 220-13

C-v
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PAGE SENSOR RECORD-CHANNEL TEST

12 HIGB H 110-8 Horizontal pull on horizontal sensor

HIGB H 109-8

HIGS H 147-XI

HIGS H 148-Xl

13 MITE H 234-8 Horizontal pull on horizontal sensor

MITM H 230-9

OSU H 144-4

UW H 116-15

14 ND V AG 182 220-14 Lopez seismic on vertical sensor

PL V AG 182 220-7

SP V AG 182 220-1

SP V CAP 239-1

15 SP V CAP 242-1 Lopez seismic on vertical sensor

BIO V AG 182 220-10

BIO V CAP 239-10

BIO V CAP 242-10

16 HIGB V AG 9 160-9 Loper seismic on vertical sensor

HIGB V AG 182 220-20

HIGB V CAP 239-20

HIGB V CAP 242-20

17 HIGS V AG 182 220-11 Lopez seismic on vertical sensor

HIGS V CAP 239-11

HIGS V CAP 242-11
'I

LDG V AG 182 220-23

4 C-vi
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PAGE SENSOR RECORD-CHANNEL TEST

24 UWF V CAP 239-13 Lopez seismic on vertical sensor

UWF V CAP 242-13

LAND V CAP 239-9

LAND V CAP 242-9

25 ND N AG 182 220-15 Lopez seismic on horizontal channel

ND E AG 182 220-16

PL N AG 182 220-8

PL E AG 182 220-9

26 SP N CAP 239-14 Lopez seismic on horizontal channel

SP E CAP 239-15

SP N CAP 242-14

SP E CAP 242-15

27 BIO H CAP 239-18 Lopez seismic on horizontal channel

BIO H CAP 242-18

HIGB H AG 182 220-19

HIGS H CAP 239-24

28 HIGS H CAP 242-24 Lopez seismic on horizontal channel

MITE H CAP 239-8

MITE H CAP 242-8

OSU H CAP 239-16

29 OSU H CAP 242-16 Lopez seismic on horizontal channel

UCSB H CAP 239-17

UCSB H CAP 242-17

UW H CAP 239-19

C-vii
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PAGE SENSOR RECORD-CHANNEL TEST

30 UW H CAP 242-19 Lopez seismic on hydrophone

WHOI P AG 182 220-6

31 HIGB P AG 9 160-7 -Lopez seismic on hydrophone

LDG P AG 182 220-24

OSU P CAP 239-6

OSU P CAP 242-6

C-Viii
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NOISE STUDIES

Tlio 1 igures in tb :. appondix are- discussed in section V of this
report. F *cures D4 to D-5 were' computed from the hourly noise samples of
tine 2'5 ,i,73 The spt'crra are listed according to the current rank from
Figure fi . Te number I represents a noise sample from the hour in
whoich the vceai'ost current wnas measuLred and 12 corresponds to the strong-

c lefl? :L_ rirt ,Icheied w..ith~ the sensor name and digital
rorn .'ci i I K B. f-or 1,DCO anid RIGS components, noise

Lro he 1;ast four samplinug periods only.

TDer t 'a o n- ;p-ctrri ail11 - e v,1\tic here-. The hourly noise
k., 4b Ut - r min laong. Fro t hes ecmp Cs , the ''most quiet"'

I e I jk (about /, sec) was decimiated to 512 sample points
Lb I IiX , s be widotT. A Fast Foairier Transform was used

p o o F'"I i power spectrum wi th a Nvqulist frequency of 62.5 H~z.
po~~~'i~ -M6e t ot ars are p1 ottied in dB referenced to one digital

t# to D1A7 :o iaaveraged -spectra f or each current rank from
P os tiv,,rjoed Cpe( t ra were, ( mpa ted in ordeor toY v eri fy the

cej Laii ' itv of LrhL p~rUvi;oUs spetra eIi oc i.'uv was n

h'r nuarh r-ae o~ l w ro mnade for- the SPV and
e IV t -to aL j?,: of N ampIi tijde spectra

ian i r t_' n - cat t J c i! t of lc fa ch such spectrum

n r~ et'a o t N x s uo w hen1 N ~ nme of spectra
of l. c,-i 2j r div'ided bv N. Th11e

- ncruestcntlt-vi t; n i en-h ,pet t raI
'r~~~o- I i It. i t c i I f r equ en c. Thrre

rn ilA 0. to 62. S a l . !I all
Ti i1 r i z )iit aI sc; I Ie i s an

-;I t I iS "bunjrt of r a ndomness

tr I



INDEX TO APPENDIX D

Page Sensor Data

D-1 SPl Noise spectra

D-2 B TOV

D-3 OSuV

D-4 UCSBV

D-5 LD(;OP and HIGSV Noise spectra comparison

D- 6
to SPV and UCSBV Noise statistics comparison

D- 17

D-i i i
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COUPLING OF OCEAN BOTTOM SEISMOMETERS

TO SOFT BOTTOMS

G. H. Sutton, F. K. Duennebier, and B. Iwatake

Hawaii Institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

Abstract

[!nlike response of seismometers resting on hard rock where the
seismometer case moves with the rock to high frequencies, the response of
ocean bottom seismometers (OBS) can be strongly affected by the low me-
chanical strength of ocean sediments. The motion as measured b', the
seismometer will not fc ow the expected relationships between pressure
and particle motion for different wave types. Cross coupling between
horizontal and vertical motions can occur, especially when there is
differential motion between water and sediment. Resonant amplification
and attenuation of higher frequencies also occur. Secondary seismic
arrivals are especially subject to distortion. Overall response is strongly
dependent upon the mass and configuration of the OBS and the rigidity and
density of the bottom material. Tests at Lopez Island, Puget Sound using
both directly applied mechanical transients and seismic signals with
various instrument configurations demonstrate the above effects and provide
some guidance for improved designs.
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Introduction

The usual reason for placing a seismometer anywhere is to measure
free-field particle motion in response to some seismic source. The
presence of the seismometer does not usually modify the particle motion at
seismic frequencies if care is taken to emplace the instrument on a rela-
tively rigid spot. On the ocean floor, however, the most common plant is
thick, soft, low-velocity sediment. For this case, the presence of the
seismometer can severely distort the free-field motion. In addition, the
seismometer is emplaced at a boundary between a liquid and a solid, unlike
land emplacement, and the effects of buoyancy can strongly affect the
observed motion. The boundary also complicates the situation because
strong differential motion can occur across it.

The problem to determine the response of an OBS to bottom motion is
similar to that faced a number of years ago by geophysicists concerned
with the response of prospecting geophones placed on compliant materials,
with the additional complication of water motion and buoyancy forces
(Washburn and Wiley, 1941; Wolf, 1944; Bycroft, 1956; Lamer, 1969).

For the prospecting case, the response depends principally on
rigidity and density of soil and mass and bearing area of geophone. Damp-
ing results from reradiation of seismic energy as well as from internal
dissipation (the latter is generally ignored) and depends upon the ratio
of instrument radius to a (shear) wavelength. With low rigidities of
ocean bottom sediments, these wavelengths can be shorter than we might
first guess, e.g., for Vs = 10 m/s and f = 100 Hz, X = 10 cm. The curves
in Figure E-I show corner (resonance) frequency and resonance amplifica-
tion, Q, as functions of dimensionless instrument mass and ratio of shear
velocity to instrument radius. For a given uniform bottom sediment, corner
(resonance) frequency increases approximately as (R/M)1/2 and Q increases
as (M/R3)1/ 2 where R is the radius of the cross section in contact with
the sediment and M is the instrument mass.

In this paper we provide a simple extension of the theory to include
buoyancy forces (for vertical motion only), present the theory for a
mechanical transient test designed to excite coupling resonances, and
compare theoretical expectations with observational results obtained from
special tests in Shoal Bay, Lopez Island, Puget Sound. Sutton et al.

(1980), Zelikovitz and Prothero (1980), Tuthill et al. (1980), Lewis and
Tuthill (1980), and Johnson and McAlister (1980) present additional
results related to bottom coupling, based mainly on the Lopez Island OBS
Intercomparison Experiment.

J

Observations

Figures E-2 and E-3 show a P arrival and spectra for arrivals from a

local earthquake recorded in deep water off the southeast coast of the

island of Hawaii on three standard HIG OBS's (HIGS, Sutton et al., 1977a).

A,



E- 3

140.1 10t 100

'p /
0/

0*
U)/
U)/

102Q I

a:: 0

o 0 0

0 1

Corne frqec, /(z

Lane, 96
Wolf, 944 -- -

fO=V/2RV /pI ..........

Fig F-I Coplngfrquecyfoan reonnc apliictinQ, f mss
M, n he re sufae f a eastc al Fpc .R=raiso be in
area;~~~~~~ V.ad0 r ha eoiyaddniyi h afsae epc

/ .lv



E-4

H- I/0 SEC -

Fig. E- 2. P WIVL' from '.1 eIN t1 tik1 ri Co rdcd on an HIGS OBS iii deep water
off the i s I ifd (if' 1lawaiii



E-5

40.i1
t 1 ................

2-

3
w 30,
zII

w
Lj- 20/

>I I "

.A1 I I t

-3

. 1 I I ".l '

I,'.jr I , ; .. '

fil 11 A ", 'i
III / ,l l l " '1 .

4- I6 15' ', '

m I nl" I J
"''III

--Lm " sina rcoddo wnAiin l tjb ISO Ss

-J-II I,,II

-2 0 15 iv0

I ,,I

44

I li l I I II III IIII I I'I i



E-6

The resonance peaks shown (3.7, 5.3, and 6 Hz) are found on all arrivals
on the respective OBS's during the same deployment. Interpreted as a
coupling resonance, the Q is about 7 to 20 and the sediment shear velocity,
Vs , is between 5 and 10 m/s (see Fig. E-1).

Figure -4 is a comparison of HIGS and HIGB recordings of the same
shot. The Hif;B was developed to improve bottom coupling and reduce noise
from interai t ion with bottom currents and from the tape recorder (Byrne et
al., 1177). The geophones in the HIGB are placed in a small independent
prUssure case and separated from the main package by about 1 m
(Sutton et al., 1980). The OBS's were located within tens of meters

ot eacti other in deep waiter. The hydrophones are well correlated, showing
the similarities in w;ave forms expected for instruments next to each other.
There should be no difference between the hydrophoncs; however, the
modified instrument hvdrophone was recorded at 12-dB lower gain because of
a cross-talk problem with the time code channel. All channels have been

identically filtered to reduce high-frequency noise. The vertical geo-
phones show the effects of deploying the geophones away from the main
instrument package. The standard instrument (HIGS) gain was 18 dB lower
than the modified (HI;GB) for both the vertical and the horizontal; thus,
since the gains are set automatically inside each OBS, the noise level is
about 8 times lower for the modified instrument than for the standard.
Note that the freque, cv content and wave forms received by the modified
instrument vertical component are similar to those of the hydrophone,

whereas the wave form of the standard vertical shows a strong resonance at
low frcquency and little coherence with the wave form on the hydrophone.

A tlI seismic event that was clearly recorded on HIGS and HTGB
instruments during tile Lopez experiment (Sutton et al.. 1980)
is shown in Fig.rcs E-5 and E-6. The instruments were 3-1/3 m apart. At
270-km rinic, primary arrivals should arrive within about 20' of vertical
and be of compressional type for the time-interval shown. In the early
part of the record, the hydroplione and HIGB (BOOBS) vertical show
excellent correlation as expected for near-vertical incidence. In the
latter part, correlation is not as good, with the vertical showing some

e'xcess low-frequency energy and similarity with the horizontal component.

This may result from converted "granddaddy" type waves that have a
relatively weak pressure component (Tuthill et al., 1980). These
converted waves produce spectral peaks near 3 Hz on all the

components. The HIGS (POBS) vertical shows an emergent character
ein excess of low frequenLv resulting from some combination of coupling
resonances, high-frequency attelUation, and sensitivity to cross-coupling
from horizontal input. Because of the stiffness of the Lopez sediments
tie if VS (.and all the other OBS's) probably rested higher in the water

J than ftor norial deep ocean sediment. The spectrum from the HIGS horizon-
t;al shows a resonance near 8 Hz and resulting drop at higher frequencies
in comparison with the HIGB horizontal, as expected from the coupling
the.ory disassed in the following section.

/
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LOPEZ I. E.Q.

HIGB VERTICAL

HIGS PRESSURE

HIGS VERTICAL

HIGB HORIZONTAL

I10 SECONDS II

Fig. E-5. Eartihquike ( ,r Jir it; rrv M = 3t- . 4, H = 3.1 km., N= 270 kin) recorded
during Lope xperini. nt on ill;s .'.Nl) fI(:B in watr depth of about 8 m.
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01- 20Hz 0,2 Hz

Fig. E-6. spectr i (t signal shown in Figure F-5.
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bottom to vertical dot ion o' an 0-S. The OiB shape is simplified to that

of a verticail :1,ind,. ;.', nable l.s e o i.noro rompl ications from sihape and
change iii h) r w .'ra t'. -. 'aa; y b wand rigidry of the hettom.

0: 10 il l': jug 1, mwer

K - tt ?'. --: r, : : : :-,di .cn t -{ S :contact area

S lt c . ': i at:

-' '' 0*c=

.17 C i ~~tri E on o i; .,

,\.vimin. aC eeL i nts , equation of motion is

",re. t . t . nd s_-di rent and water that

i t In a ae 0 T ':ow no, to evaluate M* at
t I I t 1, ,nd ill carry it through
tIne der;',at !,-

:1 .i til -, [2[io l '' !'. '

?i:~ q K+± !; ( s- w) I:

t C , Muli r-~. . ...+ ",- =  -. 0 . ':j

theIni hy xi-. ~

i (

:not ionl 01 the L ';" h t: , , on of hw l1BS

1'. :t t Jt m (,' r ,, +. um .X y ,

L L,+)+L: c io fr o- - ( -. ),\(v+:. ) wt re (5)

+ V C

tL



E-1 1

........

ImI S ----- 9
.... ....... ... .k.f.

[7j~~~~~~~~~~~ .7 ~ &mti I~c~ligt~cal to .....

.. .. ......



E- 12

The term or, the right containing y will certainly be insignificant
compared to the others; thus,

D____ K=C [sM PM -M )
Y+ w s i(T - s ' (6)

M TM 1

whure M W and M sare the average displaced water and sediment masses.

Eq. (6) can be rewritten:

V+2h 'j ='. Cz (7)

where h i/2Q , Lhbc damping coefficient of the bottom coupling,
C C

2 K(-,C is the natural angular (8)

frequency of the bottom coupling) and

I1 ->- i
C - ,the coupling coefficient. (9)

Taking the transform o!- (7)

,, 2 2 (10)Y Cs
z 2 22 ;S .(S +2b

The position of the bottom of the OBS,

S, = z CxzS ,

Pheret ore the inpu~t siPenal to the OBS (motion of the case) is

7+Y' 7 -N'

whose traus on; i

Nand th( transf Cr iiinctionis of the ()BS package is
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s(1-C) 2 c S + - j (S2+2h (0 S+t2) (11)

From Eq. (11) it is evident that, given the constants C, hc, and wc,
the response is completely described. The amplitude response curves for

six cases of Eq. (11), shown in Figures E-8 and E-9, demonstrate good
response when w<,c; h-i; and/or C-0. The coupling coefficient, C, can

be determined with the aid of Eq. (9) provided a reliable value for M*
can be obtained (see ZelikovitL and Prothero, 1980). The coupling

frequency, 'fc, can be estimated by using Eq. (8). Experimental values for

-c and hc can be obtained from mechanical transient tests to be described
in the following section.

When conditions are such that C=0, coupling is perfect, and the OBS
moves exactly with the ocean bottom, although the package may still have
a resonance aL wC for other types of input (such as the transient tests).
C=0 is the neutral buoyancy case where the mass of the displaced water
and sediment equal the mass of the OBS. Earlier workers studying coupling
in swamps ignored the effects of buoyancy and the sediments that move with
the instrument, thus arriving at the case where C=I. We see from Eq. (9)
that, since M, will always be greater than M, and since Mwq and Ms will
probably never be negligible, C will never reach a value of 1. Note that
Eqs. (8) and (9) do not require that the OBS be cylindrical in shape to
be valid. As long as the area in contact with the bottom does not change
with motion of the OBS, both equations will hold.

The buoyancy effect, in addition to modifying the shape of the
response, modifies the resonant frequency and damping from that obtained
for the 'swamp' case by previous authors. From Eq. (8) we see that the
resonant frequency is the RNS of that produced by the effective spring
constant of the bottom alone, and by the buoyancy effect alone. As a
numerical example, for the I11GB geophone package (Sutton et al., 1980) in
average scdiments the increase in )'c would appear to be less than 1%.
However, tht- effect could hc important for systems with large surface areas
in contact wjith the bottom.

We can investigate, furtlhcr, the eftects of bearing area on the
couplin ; f requenc: hy rewr it in Ft. (8).

2 2 /3c (:a r', r )/ (>:,-'clrT3) (8')

where
2

r represent: tnear ink', ark:,j
r'3 re1re, cnt t he volurta o: sdiment and water entrained with

[ dep-,nds ipon th, , on i ;urLt ioil oi the OBS
.,~. > i is OBS a

al is pro port i l to I L t lik TI t rigidity modulus
"), dep d- u:mn ti:,lt de s itV

/

V ... ... ,aa,'= .. . . '.--,- "
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The r2 term results from buoyancy and the r'3 term from the
entrained sediment and water. Assuming r' is proportional to r, for a
given set of constants (including instrument mass), wc varies as rl/2

and r-1/2 for small and large r, respectively, and varies at most by
either r or r- 1, depending upon the values of the constants, for inter-
mediate values of r.

lhe cast, C=I mentioned earlier is appropriate for the horizontal
response of the OgS package' to horizontal input signals (provided by the
rigidity of the bottcm, onl\). For horizontal input. Eq. (11) reduces to

I' ' h 2 $2 2 ' ,2
(,+' / / (S +2h, S+, 2 (12)

H C C Cc

In this case the respons, decreases continuously at frequencies higher
than the coupling frequencv; as 1/., for frequencies above uc/2hc.

Mechanical Transient Tests

A schematic diagram for a simple mechanical transient test to
determi: the frequency and damping of OBS-bottom coupling (wc and hc) is
;hown in I Lgure F-10. This test is, analogous to the classical weight
lift calibration for earthquake seismographs. The float, which provides
a constant upward or sid&,ward force on the OBS package, is released at
t=O when the current throug.,,h an electromagnet is interrupted. With use
of a small magnet armature and light string or thread the step in force
can be made qaite pire. However, the pulley rod used for the horizontal
test can generate a second signal when the armature hits the pulley. In
soft sod inent a separation of the pulley from the OBS of 1 or (preferably)
2 m is generally adequate to separate the primary and secondary signals.
The size of the float can he adjusted to provide a signal in the normal
operating% rang4e of the OBS and to test for possible system non-
1 iflear it ies.

An upward or sidew'ard Fstep of force on an OBS at t=O produces initial
conditions of zL(O) = :1O, i ( 0 ) = 0 and zi(O+) = Kz 1 o/M for the position
of OBS base relative to isL, equilibrium position at rest on the sediment.
We assume that the ORS move; as a rigid mass, that the motion is recti-
linear, and that the mot oa 0! the inrtial masses in the geophones does
not a f fect the motion of the OBS (i.e., no back coupling).

4

'Ile Le guation of motion for the OBS is:

S'1 z +h)z +K 0 (assuming no seismic input) (13)

/

" IT ()BS mass plus mass of sediment and water included in the
motion of the OBS
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D = damping constant
Ks = effective spring constant of the OBS-bottom coupling,

including any buoyancy effects.

Rewriting (13) we have

2 +2 0 (14)

2 *
where ' , /Ml and h, = 1/2Qc = damping coefficientuic is the free
angular frequency of the bottom coupling, and Qc = i/2hc gives the ampli-

fication (and bandwidth) of any coupling resonance.

Solutions for our initial conditions are:

z,= Zo e at (a sin bt+cos bt) (15)

a2+h21 -a t <i(

v1 = [zkoe sin bt h(16)

where a h , =-h 2

C C C

z, Z tt 1 C (17)

I =z t 0+ C (18)

the equation of motion for the seismometer mass is:

m +21 M zM = , (19)

where zN is the relative displacement between inertial mass and OBS frame.
-aking the Laplace transform of (19) and (for example) assuming critical

damping hM = 1, the seismometer transfer function is:

ZM S) (20)
! V (S+, ) 2

4 The enf generated in the seismometer coil is

E, = (;Sz (21)

and the signal transfer function is

1:E (;s-

V (S.tM) 2 (22)
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From Eqs. (18) and (16) the transforms of the transient input signal are

2 ) 2 
(23)

2c ( 1)
Vlc= .cZlO/S-,c =

and

O2i ) / ( + a ) + b] ( h ' 1 ) (2I )

I u 

C(a2+b2)z2 c

Combining (23) or (24) with (22) we obtain

= -2ZGS 21(S+ 2 (S+m,)
2  (hc  1) (25)

Ec  . .. z

and
2 2 2 2(26)

E =-(a+b)Zlo(;S/ (S+a)
2 +b 2  (h1) (6

We obtain the geophone output 
signals for the mechanical transients

by taking the inverse transform of (25) and (26):

I2 2 t (27)

2 
t -

c c " IOL
;  C (.,~ M)(:c% j

+ 2 3

2 2 (a2 - 2

"e = -(a2+b2)o ( +h [ -(a-i.H) 2+b2]2 M a()Mb 2 t

2 at
a2+b

2  e-  sin(bt+) 
(h <1)

+2 2 1
4 

b[ (a-,3) +b

'. 
-1 -2b -ba

where tan 
-2 tan- b

2 2Ab
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Figure E-11 shows theoretical signls from mechanical transients for
t iwye different cases I isted in T"bic F-l,and Figure E-12 shows amplitude
sp ra f or three of the cases. [ho'se results are appropriate for hori-
,otal and vertical inputs rec rded on horizont and vertical geophones,
respect ive y . In addition, hv observing the vertical geophone output from
lhorizontal transients and vice versa the susceptibility of an OBS to cross-
coupl ing distortion can be evllated. Some results from mechanical
tralnsicnt tests conducted in shallow water off Oahu were presented by Sutton
et al., (1977 and 1978). Sample results from the Lopez Island experiment

w1 os.

TIhle 1:-t. OBS coupling parameters for
CUrves slawn in Figures E-11 and E-12.

and h are both equal to 1 .0.

C. ,i t U . t c  Q~c

-
1/ 1c'

1/12 6

3 !4 1'! 6
4 8 ['12 6

5 4 0
6 3 1 1/2
7 1 1 1/2

l.opez ::_per iment Resu l ts

\ great deal of information on coupling is contained in the digital
rccords frm the mechanicalI transients and from the blasting cap and airgun
shots ,,otaine.d during the L.opez experiment. These results are summarized

A in Sutton ct aI., (1980) and discussed further in Zelikovitz and Prothero
(1980), Tuthill tt al. (1980), Lewis and Tuthill (1980), and Johnson and
MhAlister (ISO).

It 1'tlt' l1, YI t- t, - '2'O -to I t[it trans ieLt tusts of tihe instrumellts

Pe iiiliv dt-li . us, as standards it I Iop s lsland exhibit broad,
rather featureless spectra, whereas most of the spectra from tests on tile
operational OBS's show one or more spectral peaks with various bandwidths

1and amp] ificat ion (F-ig. 1.-13) Most of the OBS's show a peak between about:4

t,~~~
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2

V4 4

5 6

I 2. .23 4 5 6

L V 'L
7

Horizontal units in seconds

Fig. E-l]. ]hIor.tical geophone' outputs for mechanical transient test cases
one through .- ,ven listed in Table F-I.
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0Wc=2 Wc=8
20 .000

0.000 Q=
Q=.5 (4)

- (6)
U-20.000u_ d =3

-40.000 Q=6OjC=I (2)
Wc=I

1 .E-01 1 .E-OO 1 .E+01 .E+02

FREQUENCY

OBS TRRNSFER FUNCTION

Fig. E-12. Spectra for three of the test outputs (2,4, and 6) ;hown in
! Ficur,: F-Il .
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11 id 12 11' for lith LIW \'rt icril ,indt fori:'ontal in puts , suggesting some
k ilai' co od C1 W.wave-g'ili dt.'snr e nWc'Ver , i.t s absence on the
s pe i a st endo rd instr ume t S and genera i agreement wi th the coupi ling theory
I ,k lia ht i t i s aI (-tipI I i rg resona no o a nd thaint the (lBS's have roughly

<gi va Imt , hot tam-coup Iin de-sign parameters. In this respect the MITEV
an II ( BYk (h)otl II hyi ng'2 g',COhones -separa ted f rom the ma in package) appear

to hk r lsI-kIt ,, inI r IspenseI L to tli hLst anda rd in s trumen t S.

(klrpar isoil of thesprtr from the' meChan teal transient tests with
hal'sLI e com cap aind ai i rgain 41i at and f rom the bac kground noise of ten show

s in iilar peaiks and at tlconIMAtol (If 0liglier freiuncie 5, in agreemnt-I with the
r olLp Iiniug t ieo rv ( Lill;. 1.-8 oad L-) ). The Q at thle coupling- resonances are

'co' ailv rea"ter rhaln rethir tcd frani the published theories (Fig. F-1)
fajtlt do no1)t Co ls) cr i i dc k. no '7' n 0 17 Cs kb I cup ) ing- ret2sonann' inCC frequencies

:oiv he irr 1-k. I ji l c ~ d 11 (t b I C

I' i ,ir !1 1 'how theO.L sina reco rded dig it aIlly from anl a irgun shot,
a pprcaxiii ittI- I\ M '3 outhWest o tf( herCn te 0co t he 0IB a ra Considering
d iftrrtClIC- lit -t Sit i it\ tld fel'nvresponse of the various fIBS's the

i r: atc, v~(ce oI ilhe sitgnit rceorded oin tie 'crti1cail components agree
thclttii t -'n IL ''i sroc XI-,c msnelamcemrgent than others.

I", I Wcn t11" I irir arlrivals mId the lairge ''granddaddv'" waves on the right, a
ti'rc'i il '' Sith p~rc'a('mninLtI% hocizonito 3 (maiiil north-south) motion is

afa rvc ''1 iichtIct (I'L jmd( noiltr il density- (NI)) standards and oin HIGBH-.

tl hloiiri h.-i 5taliford I v If.c'xo L on) the' Vrr-ti Ca3 s tandards, t is

rlr cl'< i'r,'i'c' t' I''! ' t In' OB0 ccl r', ii'ols.I its sina ippears to be
:i~i~'ittii CF ;i raii'' 1

1:," II'~cc 0 ioii> ,iiiil input and vertical output.
of~crtdA toi i or I, Itc dc'tncc'i t1- iipiii the

st Ifin '' t i t Slo'il ' ' 'f ic i' t *i trctiit. !1, t fic i iiliilt

sina,(o %"s t i' nc i' , r I 1,11 1i e'i'fL i(\* leyhilhitcd a strong
rc'Si''n'n PaIC H/ to ' mi i ''i-t i iiln inlput (Fig. E:-15) , close to
theC p~r in ip I fi~ ns tif mh lilc'ii' Oi'iil. er inst-uments that show

isa e I io'~OIcIIn)lii'i.i ino tik ii et~,c.g., I'CSBV\, also shown in
fi n"rc C'i on1r ,LJ i 1 i tckd 1 I 1 1 La''' r_2 'Lnr'S on the vert icalI sensors to

f~i..n ft ii "It Ki,, )t At ! i I t f cegnonr1ICieUS. Le2wis and Tluthmill
OO )pre -._nt mimr olpl ot disfii t4o n of' tilt Cross-coupf iig phenomenon.

Li' '\' in i~riiiiir Itrails ruct tests- ati ined hierce and the results
t'~ 'c>V mg t'r'pn' ii, ',xpri ifllLt provide ref ioeeIC guidelines

rc 'I F t iii ', fic rtSjl0IIis( 'It iW un irdt'r y,iriO11is bottoml conditions.

.4 I-n i'1 ' L2 i it 1)s 'I'Ic t st oh 1 isO1 para-,meters; for ocean bot toml
Sri m.'i i o. t -lcl -I 1t, lo ;moonti2 iN' frt' ii tfhe water, a large

f'c ~ ~ ~ 10 .idi tiafs'niI. ' sit vsKii d play Iict' ('t ~is coupling

a ti''' iii '1ac c. i.''ii tsti stn'iilcl t_'esuf in a package
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Introduction

In seismology, it is desired to record ground motion accurately.

However, Ocean Bottom Seismometers (OBS), which are usually rather massive

instruments, can significantly distort the measured ground motion,

particularly when they rest on sediments of relatively weak stiffnesses.

This response problem, which has been recognized in the case of land

seismometers for over 30 years, is known to depend on the physical pro-

perties of the instrument and of the soil on which the instrument rests.

It can be more acute for an OBS due to the possibility of deployment on

softer underlying sediments, and more complex due to water-instrument
interactions.

The original theoretical development in soil-structure interaction

(Richart et al., 1970) provides a framework within which we can study OBS

response. Work by E. L. Hamilton (1970, 1971a,1971b) suggests treatment

of marine sediments as an elastic solid that can be represented by a

spring-mass-damper system. (Normally, soil-structure interaction studies

require the use of finite element techniques because they most often

involve structures with many degreos of freedom,resting on complex

foundations.) The stiffness and damping coefficients, or foundation
impedances, are functions of the bearing radius of the instrument and the

elastic properties of the soil. The presence of water can be accounted

for by using an "effective mass" for the OBS, which includes the inertial

effects of the surrounding fluid. The theory and data analysis deal

strictly with the vertical motion. Horizontal motions will also produce

important effects but are, not treated in this paper.

Since thet ultimate goal of this study is finding a calibration

technique for any )BS at any site, we explore the response problem both

through modeling experiments and by analysis of the Lopez Island vertical
tranu;ient tests. The Lopez results allow us to compare the output of

many instruments and standards subjected to identical step-function inputs.

The modeling experiments similariy consider the response of an ideal

model to a variable frequency sinusoidal input. Foam rubber of known

elastic properties serves as a homogeneous "ideal" soil in the modeling

experiments. We investigate soil-instrument interaction by applying

vertically oscillating forces to masses of varying bearing radius placed

on the foam soil model. This enables us to verify ti),- continuum

mechanical theory for tie simple cases and model more complex configura-

tions, which do not easilv lend t hemiselves to a theoretical treatment.

[hu exper iments with foam rubber also help us to identify some of the

important considerations in the analysis of the Lopez data. In addition,

they stt'cest that a possible in-situ technique for calibrating an OBS

might make usu of an attached shaking unit.

A harmonic oscillator subj),cted to a step-function input force will

exi b it a deca'V ing si IItso idal output. Clearly, the Lopez transient test

data shows this decaying oscillatory behavior with a measurable frequency

for every instrument. Th, decav rate can also be measured and is a

Smfunction of the damp ing in the svstem. 1v relating these 'ringdown"
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frequencies to the effective masses and bearing radii of the OBS's, a
shear modulus value for Shoal Bay mud can be obtained. Since the OBS's
and standards were placed on the bottom in a circle of small diameter,
the shear modulus value felt by each instrument should be comparable.
We attempt to explain four notable discrepancies by examining the assump-
tions inherent in the simple model. Embedment due to bearing pressure
of the instrument in a nonuniform vertical soil profile provides a
convincing explanation of why certain instruments feel a higher shear
modulus.

Damping factors can also be obtained from the Lopez data. Although
the logarithmic decrement of the ringdown cannot be measured with high
accuracv, a range in value for each damping factor is reported. These
values are compared to a theoretical damping curve for Lysmer's and
Richart's (1966) elastic half space analog.

Back rolmid and !i eorv

i.. lmmilton in several papers (1-970, 1971a, 1971b) concludes
that equaLions oi Ilookean elasticity can be used to calculate the elastic
constants for water-saturated sediments. Therefore, we begin by model-
ing an OBS a a riid circular mass resting on an elastic half space with
properties, (;-shcar modulus, \'-Poisson's ratio, and -- density (see Fig. F-I).
uS ich (1962) dv, Ioped the lumped parameter system shown in Figure F-1 as
t o I lows:

.z I) - t, (l)

, C + + (2)Z Z

Mz + C Z + K Q =)Q iw3

Lysmer and Kichart (1966) found frequency independent vertical stiffness
and damping constants as functions of the mass radius (R) and soil
properties G, , and ,,. The constants Kz and Cz are given by:

4(;R 3. 4R _2 ....K - C .... . . ,,(,(4)
z - z

Substituting these constants into Eq. (3) yields a linear differential
equation with constant coefficients, sometimes called Lysmer's analog.

Using Eq. (4 the natural frequency of this damped harmonic oscillator will be:

/2' f " 1 4 G R
fn( - 1 - 21)2 ) (5)

where D is a damping constant which is the actual damping constant divided

by the critical damping constant C I/cc. Lvsmer's analog breaks down
V
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for D .425. An excellent discussion of this subject is found in
Richart et al. (1970).

To this point, the instrument water interaction has been neglected.
There are three terms that enter the equation of motion: hydrodynamic
drag, wavemaking, and virtual mass. The size and depth location of the
instrument make the relative magnitude of drag and wavemaking forces
insignificant with respect to the inertial effect of the fluid (Byrd, 1978).

Figure F-2 shows the inertial and mechanical forces acting on a
submerged mass resting on an elastic solid, which is represented by a
spring and dashpot. The position of the mass relative to an inertial
frame of reference is x + RO + AR, where RO is the steady state radius
of the earth, AR is the free field displacement, and x is the displace-
ment of the mass relative to the free field position of the seafloor.
The acceleration of M relative to the seafloor is then x. There is also
a virtual mass term or added mass effect from the movement of the mass
through water. This effect is caused by hydrodynamic forces exerted on
an accelerating mass because of the necessary acceleration of the
surrounding water through which the mass moves (Batchelor, 1967). Since
the wavelength of sound at 100 Hz is about 15 m, we can assume, for OBS-
sized instruments, that the water surrounding the instrument moves with
the bottom. So, the virtual mass force due to the relative motion of the
instrument and water will be MvK. Now the buoyancy force is due to the
difference in the weight of the OBS and the weight of the displaced water,
which is its mass multiplied by the acceleration of its local frame of
reference. We must include the acceleration of gravity (g) and the
acceleration because of ground motion ik, so the total buoyant force
is given by (M - Mw)(g + AR).

The use of this buoyancy term is the simplest way to include inertial
effects of the acceleration of the water-OBS system. The equation of
motion obtained by balancing these forces and the stiffness and damping
forces is:

MK + M + C K - K (Y0 - x) + (M - M )(g + AR) = 0 (6)"v Z z 0W

where M is the mass of the instrument, Mv is the virtual mass effect due
to the acceleration of surrounding water, Mw is the mass of the displaced
water, x0 is the equilibrium position of the spring, and k is the free
field ground motion acceleration. The weight of the instrument in water is
balanced by the equilibrium spring force. Therefore the equation reduces to:

(M + Mv ) + C z + K x (M - M) (7)

We see that if the instrument is neutrally buoyant (M - Mw = 0),
x and k will be zero as there is no input force to the mass spring system.

Thus, the OBS moves exactly with the bottom as expected intuitively.

A similar equation of motion has been derived by Sutton et al. (1980,

Eq. (5)). Our equations differ in that we include virtual mass effects

from hydrodvnamic theory and ignore their term Ms, which is the mass of
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D)amping in Lvsmer's analog is due to radiation losses by the
propagation of seismic energy to infinity and can be calculated:

CZ
i) -( (11)

CC

c K A 2 _4RM 1 (12)

/ 1-'

I) 423/ i- (13)

where Cc is critical damping and B is a dimensionless mass factor

B -4 E (14)

B is a comparison of the ma ss of the instrument to the mass of the
soil influencing the instrument. In terms of a harmonic oscillator model,
it is! a ritio of the movin. mass to the mass of the spring. A high B
value si-nifies a comparatively massless spring and therefore correspond-
inglv low radiation dampino.. However, low B values signify a spring with
mass approaching that of the instrument, and thus high radiation damping
would result. 'h analog",y to a mass sprng system differs, however,
since- the energ,,y i; radiated away to infinity in the half-space but it is
contained in modes of oscillation of the spring in the mass-spring system.

The effect of the mass of th,2 half-:pace that moves with the OBS is
included in Eq. (5) in the damping coefficient, I). It should be noted
that under theW eoditions that Lvsmer's analog holds (B I 1), the mass of
the OBS must be relativelv larce compared to the mass of the sediment
that woulid move under it in'Luencc.

The ahov theory includes several idealizations. OBS's do not rest
on the bottom sedineits but embed themselves to a depth depending most
importantlv on their bearin t pressure. Also, the soil beneath the

iostrument is neither homogeneous, isotropic, nor semi-intnite. These
assumptions and others-; of a mor, :uhtle nature will be discussed further
it) the analvsit, and discuss ion section.

1o del I I n v st i.ati on

For i. ,er's and Kichart's (1966) mass-spring-damper model, a
reciprocitv exist; between response due to ground notion (from Eq. 7):

M-M"_ - w I
_ M+M 15

V + - 1 + +-
(M+M~V

t- -
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and the response Computed by Shaking thlt instrument with a displacement

= -' (16

M +M C
L v +) i _Z_--

(mt +MV).

Ilhe onl\ ( dii I erence is an amplitude factor ref lecting the inertia transf e.
Ik-t ween Lhe shaker and tie Liar.ge r instrument mass.

in order to vter i i the tiheory alld devt2lop a procedure for studying
more complex cases,11 experiments. were performed with foam rubber. Thle
experiments were conducted in air (M0 , M, = 0) and were intended to study
soil-structure interalctionl. Difierenlt masses of var\'ing bearing radius
were pilaced onl foam rubhher and oscllat;]ed \,ith a sinusoidal input force.
The resonant frequencv depends; on the stifiness and damping constants and
there fore on the elast ic piroper t les,- Of thet loam (Eq . 4) . Young's Modulus,
the modutiluts of r igid iLv and theL de2nsit Of several tvyles of foam were also
meiasured in static exper iments. A hii gl-densitV loaded foam

(C 15 x l(YN/M' , E 1. 1 x 10' N/M , and =31 kg/M ') was chosen for
uISe in ll I,11Xct.r i!Tents because of its linear stress-strain relationship
over Za .!ide range of stess. Le then compared values of the elastic
parafme ters determined From thet- static tests to those determined by shak-

iga nodel ) ii res-ting on foxii.

F) -i shows thet cprmna oni igurat ion Lised in finding the
resoninL tro reiec\, of the mass--spc ing-damper analog. A sinusoidal
volt a c is ap1iedto geophonc A, canusing the m,,oving mass to oscillate
and tnap)vi4a sinusoidal force to the sy,-stem. hecoplione B acts as

11l seWshe i iCl seun.=,es thle mot ion induced by h;eoplione A. Both
.Xopilorils are m,,ounted rc idly inl a PVC holder that is fastened to discs
oi var ioius radlii. tile mas~s oi tile model inclhudes tile mass of the geo-
phones,, holder, disc, and anv added weights. The area of the foam, on
Wili i i thlt Model rests, is large e neigh to approximate tile e las tic hallr

spac in wo dmensions lTh Liiickness ot tile. foam can be varied to

a I0 low is to modeLl theC trans-ition betwe(.en an elastic half space and an
catic Lvronl a ri i s-tratum. il lwvvr tile input frequency,

thu. resonanlrt f -requnclI( is determ inccO for e.ach disc:-mas;s sy'stem. Plotting
the na tural f rtequene' aga inlst (RIM)' sion ci return a 1linc proportional to
the dy,,namic shear miodulus of tile foam accord ing to Eq. (5) , assuming

smiil dalijn. I o Te r es1 its are s;hown in v i cure F- 4 a long wi th a hashed
liIntc Orrt-sponiiulI u to tile- suhe r modulus cbtained in static tests. One

sourct, 01 vari at ion in the- points from the static s-hear modulus value is
Jtilt~ no I ort ing damp ing. '11lie cad iat ion or geome t ric damping Computed

t[sinu L(9 ) and (1i)) is negl gible because ol the low density of the

f oic; OeYt ,til VIyi scoiis and .iater ial1 dam p inrg, al1though unaccounted f or

in in liti iie wilA calls dev iat ions of tile points from tile line.

Ti ra t i o o1 thle ti c knes s o thtie f oam (iH) to the bear i ng radius of
tilt dis (!) is a is o taii a ted tor each point on El ijre F-4 . For H/K

Sa rgc , the liw0~i t-an he treated as a semi -in fIinitoe c as tic halft space, but
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for large bearing radius discs, the rigid stratum beneath the foam must
be taken into account. Note points 2, 3, and 6 which show progressively
larger shear modulus values with respectively decreasing H/R values.

Lopez Data Interpretation

The elastic soil model was also applied to the Lopez vertical
transient test data. The bearing radius and mass of each instrument was
calculated from the physical properties supplied by its institute of
origin (Table F-I ). The error estimate associated with each OBS effec-

tive mass is based on the degree to which it could be thought of in terms

of simple geometric shapes.

The natural frequency of each instrument-soil-water system was
measured directly from the vertical transient test data acquired at Lopez.
(For data playouts, see Loncarevic, 1979; Sutton et al., 1980b.) Measured

ringdown frequencies, as recorded in TableF-2,have an estimated error of
.5 Hz for fN < 10 Hz and + 1 Hz for fN > 10 Hz. fN is plotted against

[R(l - 2D2)/ E] in Figure F-5. Two lines are superimposed to illustrate
the trends in the data, including approximate shear modulus and velocity
values.

Damping factors can also be retrieved from the original transient
test data by modeling the decay of a damped harmonic oscillator (see also

Sutton et al., 1980a). The decay time is quite sensitive to the damping

for most of the transients. In Figure F-6 the damping factors are plotted
against B values, calculated using Eq. (10) and the data in Table F-]. For
comparison the D versus B curve for a true elastic half space is also

plotted. A value for v of the .48 is used throughout.

Analysis and Discussion

If all the assumptions implicit in the proposed model were valid,

all the plotted points in Figure F-5 would fall on a single straight line

corresponding to the shear modulus of Shoal Bay mud. Also, some
variation in the soil beneath each instrument is expected and will cause

scatter in the computed shear modulus values.

Up to now, we ta,:e treated the Shoal Bay mud as a semi-infinite

elastic half space. We do, however, have reflection data (Sutton et al.,

1980b) from this site indicating that the top silt layer under the

instruments is only 2 1Ato 3 m deep. The properties of the "basement

rock" are not known. Intuitively, it might be either a glacial deposit or

Y: a hard siltstone or sandstone, but it is definitely of higher rigidity

than the overlying silt.

Arnold et al. (1955) and Bycroft (1956) studied the effects of a

rigid boundary under an elastic layer and Luco (1974) investigated

i ... . . . . . . . , i • . . ... .. . .. . . -
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Table F-i

Relevant Physical Properties of OBS's and Standards

OBS Mass Effective Error Bearing* Bearing Bearing
in Air (kg) Mass (kg) AMe Area (m2) Radius (m) Pressure

(kg) per foot pad (kg/m 2)

BI0 135 200 5 .36 .34 94

HIGB 8 10.4 1 .022 .084 150

MIT 310 610 25 1.27 .64 41

MITEX 17 28 2 .13 .20 70

PLS 60 260 10 .98 .56 34

sIo 190 250 5 .08 (3) .16 (3) 173

JCSB 170 220 10 .073 (3) .152 (3) 123

USCS fl8 163 5 .14 .21 150

UTG 60 83 3 .008 (3) .05 (3) 470

J'A 144 180 4 .003 (3) .03 (3) 2000

UWF 530 680 10 .13 .20 1800

*The quantity in parentheses represents the number of footpads.

S.

i
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Table F-2

OBS Coupling Properties

OBS Freq. (Hz) Freq. (Hz) Inferred Damping Effective H/R
Measured Corrected Shear Modulus Factor Mass Ratio

G - (N/m2) (B e), V = .48

810 9.6 9.7 2.9 x 105 .15 - .18 .43 8

HIGB 17 17 1.9 X 105  .14 - .15 1.5 34

MITEX 22 23 5 X 105  .3 - .32 .27 14

PLS 10.2 10.3 2.6 X 105  .13 - .15 .12 4.9

SIO 11 11 3.3 x 105 .09 - .1 1.7 13

UCSB 8.2 8.2 1.7 X 105 .06 - .07 1.7 18

, USGS 3.9 8.9 3.1 x O5  .04 - .05 1.4 13

UTG 7.3 7.3 1.7 X !0 04 - .06 17.8 55

Jw 7.5 7.5 5.6 x 105 .05 - .08 168 98

JWF 8.5 8.6 1.3 x 106 .09 - .24 6.7 13,3 x ,

,!S

- * - ,- -
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foundation impedances for layered elastic media. One important conclusion
of these studies is that the underlying layer begins to have a signi-
cant effect on the stiffness when H/R is less than 6; H is the thickness
of the top elastic layer and R is the bearing radius of the instrument.

This effect is also observed in the foam rubber experiment.

Another important effect is the varying embedment of the instruments
resulting from variations in their bearing pressure. The bearing pressure
in TableF-lis a static value equal to the weight of the OBS in water
divided by the total footpad area. If the instrument were deployed in
free fall, the pressure would be considerably greater when it hits bottom.
Considerable variation in embedment might be expected due to this effect.
Figure F-6 shows a plot of bearing pressure versus shear modulus, G,

inferred from the ringdown frequencies. A clear trend toward increasing
shear modulus for more massive instruments is indicated.

The damping factors are plotted versus B in Figure F-7. The deviation
from the elastic half space model increases at low B values, where Lysmer's

analog begins to break down. Sources of damping such as hydrodynamic
losses and losses due to soil-water exchange should be considered. It is
surprising that the plate standard has such low damping. Its very low

bearing pressure may be a factor, allowing it to rest on the very weakest
sediments, yet its large diameter causes it to feel deeper, more compe-
tent material for the transient test. Since the damping is due to

radiated seismic energy, reflected energy from underlying layered struc-
tures is sure to cause significant effects. Damping factors would
intuitively seem to be more sensitive than ringdown frequency to reflected

energy from layered structures.

With geometric damping included, the average shear velocity recorded

* by the instruments, which fall along line "" in Figure F-5,is 15 m/sec;

and for those along line "2", 33 m/sec. It is both interesting and

encouraging to note that Lewis and Tuthill (1980) indicate that "granddaddv"
waves measured at Lopez had group velocities ranging between 10 and 30 m/sec.
Also, the time difference between P-S conversions and initial P arrivals

from airgun records suggest a shear wave velocity of 15 m/sec in the 3-m

silt layer.

In Situ Calibration

The reciprocity between shaking the instrument and ground motion

demonstrated by Eqs. (15) and (16) suggests the viability of an in situ
calibration technique. A first step might be to verify Eq. (7) by
conducting foam rubber modeling experiments in water. (These experiments

*would concentrate on the instrument-water interactions.)

An in situcalibration method might rely on an attached shaking unit

to determine the stiffness and damping constants of the soil, following

the analysis of the Lopez data and foam rubber experiments. An estimate

of the vertical motion response function would be computed from these

L",
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soil constants, the virtual mass term and the physical properties of the
instrument and Eq. (15). The response function for that particular site
would then be used to deconvolve the recorded output. More work is
necessary to understand the instrument response to horizontal ground
motion inputs. Instrument rocking and shear in the water column are
expected to cause significant effects.

Implications for OBS Design

Eq. (7) suggests that a high damping factor will result in the most
smoothly varying and uncomplicated coupling response. Further, if Kz is
increased, the coupling resonance may be above the seismic band of great-
est interest, so it can be ignored. This would imply that the bearing
area should be large to decrease the B value. However, the plate "feels"
the same shear modulus as do the other instruments yet has an anomalously
low damping factor. Another way of improving the coupling is to make the
instrument more nearly neutrally buoyant. This will affect the horizontal
coupling, although probably adversely. Given the complications in
variable soil conditions, impact geometry upon deployment, and variable
damping factors, an in situ method of calibration becomes highly
attractive and may be the only way of calibrating an OBS tc ground motion.

Conclus ions

We have a reasonable understanding of the Lopez Island vertical
ringdown frequencies. Although a simple uniform elastic model does not
explain all the results, it can be refined to give qualitative explana-

tions of certain discrepancies. The damping factors do not fit the half
space model and it seems that reflected radiation or other factors must

Temodel fit establishes that the resonant frequencies excited by
the Lopez vertical transient tests are due to soil-instrument-water

inteestandtherefore will distort the recorded signal.

The venualaim in studying this problem is to develop an in situ
caliraton tchnquefor any OBS at any site, since the response will
surly e etreelysite dependent. The transient tests performed at

Lopez Island and the foam rubber experiments yit id the response of an
instrument to ground motion. All of the dynamic and elastic soil
parameters relevant to vertical motion are contained in the transient
test data. In situ calibration is, therefore, not only desirable but

feasible and should be considered by every institute deploying OBS's.

A complete understanding of OBS response also requires studies of
the horizontal motions of the instruments. This is a more complex

problem, yet one that is tractable. Foam rubber modeling would be
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particularly useful for horizontal motion, to demonstrate the behavior
of differing instrument bearing configurations. This would avoid a
lengthy theoretical development that is not critical to either an under-
standing of the problem or the determination of the appropriate response
deconvolution parameters, since in situ calibration will probably be
necessary for accurate waveform studies.
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Abstract

The Lopez Island CBS Intercomparison Experiment provided a data
set of sufficient spatial density to allow study of the propagation of
shot-generated Stoneley waves as well as ambient background noise.
The Stoneley waves were observed propagating at velocities of 20 to

50 rn/sec. Phase velocities were determined by fitting peaks in the
frequency wave number spectrum. Group velocities were calculated
by narrowly filtering thle data and determining the arrival time nf
the peak in the frequency packet. Particle displacement plots
illustrate the surface wave character of these waves. The analysis
of the ambient background noise failed to produce a clearly defined
dispersion curve yet it did allow hounds to be placed on the velocities

(20 to 50 m/sec). The data were modeled using eleven layers overlying
ahal f-space. The resuLlts; indicated that the top 7 m of the sediment

column at Lopez island is best approximated by two zones. In the
upper zone there is a fairly rapid range of shear velocity with depth.
This zone overlays a region in which the shear velocity gradient is
muich lower. Deep ocean background noise from University of Washington
ocean bottom seismometers was also examined. Although insufficient
data precluded any velocity analysis, definite similarities exist
between these data and noise data observed at Lopez Island.
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Introduction

The Lopez Island OBS Intercomparison Experiment provided a unique

set of data for evaluating the particle motion, frequency spectra, and

wave number spectra of background seismic noise and shot-generated,

low-velocity dispersive surface waves. These waves have been named

granddaddy waves (Heron et ai.,1968) because of their extremely large
amplitude relative to other shot-generated phases. It is the purpose

of this paper to show that these granddaddy waves and the Lopez noise

at least in the 1-to 5-Hz band propagate as Stoneley waves and to

suggest that deep water noise in this frequency band may also propagate

in this mode.

Understanding the causes and modes of propagation of ambient deep

ocean bottom noise in the 1 to 100 Hz band is an important problem to

ocean bottom seismology for a number of reasons. First, as most marine

seismic refraction experiments are conducted in this frequency band,

the existence of any significant amount of noise can severely degrade

the data. Unpublished OBS data suggest that noise level in this band

varies widely with geographic location. Second, knowledge of noise

characteristics should furnish information constraining OBS design

parameters, allowing the effects of noise to he minimized.

Prior to the Lopez Island Experiment there were some (unpublished)

indications that deep sea noise might be of short wavelength. This

bein the case, an array of closely spaced sensors would be required
to determine phase velocity. As it turned out, the Lopez Island array,

which had a maximum dimension of about 40 m, was reasonably well-suited
for noise analysis (see Sutton et al., 1980, for locations). As

comparable data from a deep water array do not now exist, only the

similarities between Lopez Island and deep water data can be noted and

the probable characteristics of deeo water noise inferred.

In the following four sections the nature of the granddaddy waves

as well an ambient background noise, observed both at Lopez Island and
at deep ocean sites, will be addressed. It will be shown that the
granddaddy waves observed in both environments have similar spectra

and velocity dispersion curves, and represent Stoneley waves
propagating along the sediment-water interface. Also, it will be shown

that noise from 1 to 5 Hz at Lopez Island propagates in a Stoneley

mode, which will lead to the inference of similar properties for deep

sea noise; also theoretical models will be compared to observed data.

Characteristics of Gran ddaddyj Waves Produced by Explosions

Lopjez I Island. For a description of the Lopez Island experiment the

reader is referred to Sutton et al. (1980). During this experiment a
number of cap shots and airgun shots were fired that produced low-

velocity dispersed wave trains. An example of these waves is shown in
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Figure G-I on a time-distance graph. Because of their extremely low
velocity relative to the P wave velocity of water and the proximity of

the shots, the P arrival time has been used as the origin time. Ranges
or shot locations relative to the array were determined with a non-linear
least squaresalgorithm, which solved for shot location and velocity.
The inputs for this technique were instrument location and arrival times
for a given frequency packet. For a more complete discussion of this

technique, see Tuthill (1980).

The dispersed wave trains, as illustrated in Figure G-l, have
a group velocity of ,approximately 20 m/sec. The energy in these waves
is concent rated in a 1-to 5-liz hand as shown by the sample spectrum
in Figure Gi-2 from airgun shot 120. The calculated Fourier spectra
from instruments with 1-lz and 4.5-liz seismometers show little
difference, suggesting that the low-frequency cutoff at about 1 Hz
may be real and not entirely caused by instrument response. It was
also observed that these waves were highly attenuated on a hydrophone
placed about I m above the bottom.

Because the particle motion is a discriminantof the wave type, a
method of graphicatly displaying this motion was devised. Any two
components are combined into an instantaneous displacement vector and
these are plotted as a function of tile. Figures (-a and (-3b
illustrate the synthesized particle motions for four different phase
angles and three differen t ampl itlude rat ios, htween two components.
Rectilinear motion corresponds to a phase tititerence of ()" and
elliptical motiol! correspond- to a phase differerce of 900. Wi th the

actual data, ground velocitv has been cl;inged to ground displ::cement
by the isuial frequencv domain metihod. :\n example of these ":thods
applied to the dispersed wave train genlerated )' airgun shot 182
is shown in Figures G-4 and C-S. This p lot demonstrates that the
particle motion is oellipt irl and thus is consistent with the motion

of a surface wave.

In determining the g-roup velocity dispersion curve for these waves
the data were first narrow-band filtered (.5-Hz band width) at various
center frequencies with a 4-pole Butterworth filter. The envelope of
this filtered wave train was determined by taking the modulus of the
analytic simal del ined by f(t) - i FIl(t), where FH(t) is the lilbert
transfownof f(t) (Bracewell, 1,165). The travel time for this frequency
band is given bv arrival of the peak of the envelope. An example of
this method applie:1 to the spile vertical standard for the capshot,
Ceorec 239, is shown in Figure (;-6. These times furnished the travel
time input for the non-linear least squares method described above.

The determination of phase velocity proved to he more difficult.
The approach was to take the frequency wave number spectrum of the
two-dimensional array and use the peaks in the wave number spectrum for

a particular frequency to establish .)/k (the phase velocity). In this
method accurate inter-element spacings are critical and one assumes
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plane waves propagating across the array. In actuality the shots were
close enough to the array that this assumption was violated signifi-
cantly and the method did not yield stable results. To improve the

stability the array element positions were projected onto a plane
including the shot, and the two-dimensional frequency-wave number
spectrum was calculated. The resulting w-k values were contoured and
and example is shown in Figure G-7. The dashed line shows the peak
that was fit to give and expression for w(k). The final observed

group and phase velocity dispersion curves are shown in Figure G-8.

Deep Sea. Observations of dispersive Stoneley waves on the
sea floor have been made several times. Hamilton et al. (1969) used
submersibles to deploy small charges at short distances from geophones
to measure Stoneley wave velocities and hence to infer sediment shear
velocities. However, the experiment described by Davies (1965) is
more comparable to the results discussed here. In that experiment an

array of hydrophones was deployed on the sea floor to record shots
detonated on the sea floor at ranges up to a few kilometers. Large-

amplitude dispersed waves were recorded that Davis interpreted to be
Stoneky waves. In this case the use of hydrophones to record these

waves was successful because they were placed on the sea floor. If
they has been positioned a few meters above the bottom they would

probably have only weakly observed these waves. An example of time
series recorded by Davies at a range of 0.6 km is shown in Figure G-9.
The spectrum of this signal is displayed in Figure G-10 and shows a

strong peak from I to 5 Hz. (Note: The time ser[,s was obtained from
photographically enlarging a journal figure and hence the spectrum
obtained from this time series is only approximate).

The resulting group velocity dispersion curve, inferred phase
velocities, and model that fit these data are showm in Figure G-11.
Note that the dispersion is critically dependent on the shear velocity

gradient in the tipper 20 of sediment.

Characteristics of Ocean Bottom Noise

Sl !opez Island. Numerous samples of background noise were taken

during the Lopez Island experiment (see Sutton et al., 1980). Almost
without exception the noise as recorded on the standard instruments

was peaked from 1 to 5 Hz. An example from the plate standard is
shown in Figure G-12, which included the particle velocity, the spectrum

of the particle velocity, and the particle displacement. The noise

peaks from 20 to 30 Hz can be related to mechanical sources such as

motor boats and are not included in this analysis.

To establish that the noise is propagating in the Stoneley wave

mode it needs to be verified that (1) the particle motion is elliptical,

* (2) the amplitude is attenuated in the water, and (3) the phase velocity
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has the correct value relative to the sediment shear velocity. The

shear velocity of the sediment can be established from the shot-
generated dispersive waves.

Particle motion diagrams from the noise displacement as recorded
on the plate are shown in Figure G-13. This figure shows clearly that
the motion is predominantly elliptical for the 2-Hz frequencies in this

record. Pressure recordings of the noise by the hydrophone show the
1- to 5-Hz energy to be highly attenuated relative to other frequencies

(see Sutton et al., 1980).

The phase velocity of the noise as a function of frequency was

attempted by taking the three-dimensional frequency wave number
spectrum. This allows one to determine both the azimuthal variation

of the noise and its velocity at a particular frequency. Numerically
the wave number spectrum is very sensitive to sensor location and to
the assumption of plane wave propagation. The latter assumption would
be violated if the noise sources are close to or within the array.
Further, the wave number resolution and the response of the array will

not be ideal (i.e., like a delta function, Fig. G-14a). Some or all
of these factors are responsible for the degradation of the actual
wave number spectra obtained. An example of the spectrum taken at
2 Hz is shown in Figure G-14b. However, in spite of the poor
resolution, we can definitely bound the phase velocity at 2 Hz between

20 and 50 m/sec.

Deep Sea Noise

Unfortunately, data adequate to define the velocities of deep sea

noise, that is, data having closely spaced sensors, do not now exist.
The best that can be done at present is to document the spectra and

particle motion. To do this we have chosen a worst case sample of
noise taken at Lat. 16*N,Long. 145'W. This was the site of a joint
experioent in which both Scripps and the University of Washington
deployed several instruments. All the OBS's at this general location

were placed on sediment and had very high levels of noise at I to 3 Hz.
In fact the noise was so large that in order to extract refraction
arrivals the data had to be severely filtered to remove this noise
component. This filtering, of course, severely degraded the information
of interest. An example of the ground noise velocity, its spectrum,
and corresponding ground displacement are shown in Figure G-15. These
data show a very high noise peak at about 2Hz. The corresponding
particle motion in Figure G-16 shows the noise to be predominantly
elliptical in motion and non-uniform in azimuth. Although not proof

that this noise is propagating as Stoneley waves, this is suggested

as a possibility based on the similarities with the Lopez noise and
the shot-generated dispersed waves.
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For purposes of comparison, the deep sea noise spectrum is compared

with the other spectra in Figure G-17. The similarities are quite
obvious.

Comparison with Theory

In this section it is shown that the data presented in this paper

are consistent with the propagation of a dispersed surface wave at
the interface between the water and the sea floor. Further, it is

shown that the dispersion characteristics are related to the gradient
in sediment shear velocity just below the sea floor.

A liquid layer over an elastichomogeneous half-space. A convenient
starting point is with the simple model in order to evaluate the effect
of the liquid laver on the velocity and dispersion. Biot (1952)
investigated this problem and showed that Stoneley waves were simply
the high-frequency limit of Rayleigh waves, or equivalently, for
wavelengths short compared to the water thickness the fundamental mode
surface waves are confined to the water-solid interface. The equations
relating the phase velocity Vp to the water thickness H and the wave-
length ' are

4(1 - (V p12)"13-(2- (Vl/h2)Y)/(1- (V / 12):)"

r1  (V /K- .)1

('2 t((Vh (, / ) - 1

for V > q1
P

and

4(1 - (V 1P,2) 2 ))- ((2 - V PP2)2)'/((l - V
pp p

.(V (V;/o )'4tanh[21i ((Vp/a 1)
2 - 1)2]

' 0~2 ((Vpl/ 1)
2 

-i)

j for V, <.1

where c1 , '2 are compressional wave velocities of the water and solid,B2 is the shear velocity of the solid, p, and 02 are the densities, and

X is the wavelength.
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These equations have been solved for the fundamental mode for
various values of 2' h and 1, and the results are listed in Table G-i.
It is clear from the table that as 2 approaches al the waves are
highly dispersed whereas for f 2 " rx] the waves are essentially non-
dispersive. It is also apparent that the phase velocities are
insensitive to water depth for 22 " ('xl. Physically this is due to
the wavelengths in the solid being so small relative to the water
thickness that the wave is effectively confined to the interface.
It should be noted that for the frequencies of interest (1 to 10 Hz)
and for 122 = 50 m/sec even a 1-m water layer is unimportant, and these
waves are non-dispersive. The non-dispersive nature is due to the
homogeneous half-space assumption and implies that the observed
dispersion mst be caused by velocity changes below the sediment--
water interface. This is the same conclusion reached by Davies (1965).
The effect of the water in the high-frequency limit is to depress the
phase velocities to about 0.86 %2 compared to 0.95 22 for Rayleigh
waves on the free surface of an incompressible half-space.

A layvered half--s 'e. For the case of a single water layer over-
lying a homogeneous half-space we have shown that for 22 < al the
water layer can be effectively disregarded, as far as dispersion is
concerned. This implies that the observed dispersion at Lopez Island
and in the deep ocean must be caused by velocity changes in the top
Iiww'eters of the sediment. This is how Davies (1965) modeled his data
and we h;ve undertaken a similar approach for the Lopez Island data.
A program to calculate Ravleigh wave group velocity for a layered
hal t-space was used to generate a model that fit the observed group
velocities reasonablyv well. The final layered model (Fig. G-18) can
be divided into two zones of nearly equal thickness (",3 m). The
tipper zone has a high shear velocity gradient and the lower zone
has a very low shear velocity gradient.

We note that this general model is the same type used by Davies
(1965) although the sediment shear velocities inferred from Lopez
Island are appreciably lower. At Lopez Island the shear velocity in
the upper few meters are about 15 to 20 m/sec. There was, however, no

Airy phase seen in the data, so further modeling is warranted.

Conc us ions

We have shown that large-amplitude, low-velocity dispersed waves
generated by shots at Lopez Island correspond to Stoneley wave
propagation at the water-sediment interface and that the dispersion is
caused by the shear velocity structure in the upper few meters of the
sediment. We find that the sediment shear velocities at Lopez Island
are about ,i factor of two less than those found by Davies in a deep
water sampl,. Clearly the shear velocity will be determined by the
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sediment type, porosity, and degree of lithification, which in general
will depend on the geographic location.

We have also shown that the background noise at Lopez Island has
spectra, particle motion, and phase velocities similar to the shot-
generated dispersed waves, which implies that the predominant noise
is also propagating as Stoneley waves. In deep water the documentation
of noise is insufficiently precise to prove that Stonely waves are the
predominant mode of propagation, but the available data are not
inconsistent with this hypothesis.

There are several implications of these findings that are of
importance to ocean bottom seismology.

(1) The very low velocity of the noise implies wavelengths of
a few meters to tens of meters depending on the actual shear velocity
of the sediments. Consequently, the noise will be incoherent between
sensors spaced more than a few tens of meters apart.

(2) The fact that the noise is most likely propagating in the
Stonele"u ) de implies that the amplitude of the noise will decrease(-2 /) away from the interface (Z = distance from the

interface, wav7length). For frequencies of 2 Hz and velocities of
20 m/,4ec e(-2 Z ftv) = e-l for 7 - 1.6 m. This implies that the
noise can be greatly reduced either bv placing a hvdrophone a few
meters above the bottom or burying a seismmeter a few meters below
the bottom.

Another aspect of these data that we have not yet discussed is
the narrow spectrum of the dispersed waves, the energy falling
between 2 and about 5 iz. We suspect that the high-frequency cutoff
may be controlled by non-elastic attenuation in the sediments and the
low-frequency cutoff controlled by the shear velocity profile in
the sediments. For low frequencies, or long wavelengths, the waves
may be sampling a higher shear velocity which will cause them to be
decoupled from the main dispersed wave train. These combined effects
may concentrate the noise power from 2 to 5 Hz. Since most OBS's are
placed in sediment ponds and most long-range refraction profiles use
this frequency band for propagation of the "signal", it is clear
that improvement in the design of OBS's could result in a significant
increase of signal-to-noise ratio.

J

II
V.



ms

Re ferences

Biot, M. A., 1952. The interaction of Rayleigh and Stoneley waves in
tile ocean bottom. Bull. Seismol. Soc. Am., v. 42, p. 81.

Bracewell, Ron, 1965. The Fourier Transform and Tts Application.

Mcraw-Hill, New York.

Davies, D., 1965. Dispersed Stoneley waves on tile ocean bottom.
Bull. Seismol. Soc. Am., v. 55, p. 903.

Heron, E. M., J. Dorman, and C. L. Drake, 1968. Seismic study of the
sediments in the Hudson River. J. Geophys. Res., v. 73, p. 4701.

Hamilton, E. L., et al., 1969. In situ determination of the velocities
of impressional and shear waves in marine sediments from a research
submersible. NUC TP 163, Naval Undersea Center, San Diego,
Cal i fornia

Sutton, G. H., B. T. R. Lewis, J. Ewing, F. K. Duennebier, B. Iwatake,
and ,J. D. Tuthill and others, 1980. Lopez Island Ocean Bottom
Seismometor Tntercomparison Experiment, Final Report. HIG-80-4,
Hawaii Inst. Geophys., Honolulu. (This report).

Tithill, J. D., 1980. The propagation of Stonelev waves in unconsoli-
dated marine sediments. 'I.S. Thesis Univ. ot Washington, Seattle,
Washington, in preparation.

.7'
'/

A



Appendix H

INSTRUMENTAL WAVEFORM DISTORTION

ON OCEAN BOTTOM SEISMOMETERS



INSTRUMENTAL WAVEFORM DISTORTION

ON OCEAN BOTTOM SEISMOMETERS

Brian T. R. Lewis and Jonathan D. Tuthill

Geophysics Program

Department of Oceanography
University of Washington

Seattle, Washington 98195

Abstract

Data from the 1978 Lopez Island OBS Intercomparison Experiment and
deep sea data from University of Washington OBS's show that there is a

considerable amount of waveform distortion resulting from the conversion
of horizontal motion into vertical motion, here called cross-coupling

distortion. This distortion, which substantially reduces the significance
of waveform matching with synthetic seismograms, appears to result from

rotation imparted to the OBS package by near-vertically traveling shear
energy. The degree of this rotation seems to depend on the instrument

surface area above the seafloor and the geometry and surface area of the

"feet" connecting the package to the seafloor. The sensitivity and

response of the seismometers within the package to this rotation depends
on the precise location of the seismometers with respect to the axis of

rotation. The results suggest how to modify OBS designs to minimize these

effects.
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Introduction

One of the principal objectives of the Lopez Island OBS Intercomparison
Experiment was an evaluation of the coupling of the various OBS designs to
the ocean bottom. As a result of this experiment it was found that most
instruments (except the standards) had a cross-coupling problem in which

near-vertically traveling shear motion was coupled into vertical motion.
This effect was also observed during the transient tests, in which
horizontal transients of force produced substantial outputs on the
vertical seismometers, and it is documented by Sutton et al. (1980). In
this paper we further document this effect by using controlled sources at
the Lopez site and in deep water sites, and in addition we offer possible
explanations and remedies for its cause.

Cross-Coupi - Data from Lopez Island Shots

One of the best demonstrations of the cross-coupling problem is the
data from airgun shot 182 (Fig. H-I). There are three distinct energy
packets on these shot records. Before 1 sec on Figure H-i there is a
P arrival distinguished by its predominant vertical motion. Between I sec
and 5 sec the motion is predominantly horizontal, due to near-vertically
traveling S waves. The beginning of this wave train is probably leaky
S waves. Beyond a travel time of 6 sec the motion is due to a dispersive
surface wave whose characteristics are described by Tuthill et al. (1980).
It is the S part of the record in which we are interested here, as recorded
on the vertical components. OBS recordings of this shot are shown in
Figure 11-2. We note that whereas the standard instrument's component
showed very little motion for the S phase, the OBS's show a wide range of
vertical response to this wave train. This response is clearly an artifact
of the instrumentation and is a distortion of the true particle motion.
A relative ranking of the instruments according to the degree of distortion
is shown in Figure H-3 by plotting the ratio of the maximum vertical
amplitude of the leaky mode to the amplitude of the first two cycles of
the P wave.

Cross-Coupjling Dpta from Deep Ocean Results

tn this section we document a case of deep water cross-coupling
distortion similar to that seen in the Lopez Island data. The deep water
data come from a deployment of four University of Washington OBS's on the

Cascadia Basin off the coast of Washington in September 1978. The water
depth at that site was about 3 kin, the sediment thickness is about 2 km,
and the sediments are regular and flat-lying. The OBS's were deployed in
a linear array about '4 km long; three of the OBS's had concrete anchors
and one had a tripod anchor. Schematic diagrams of these instruments are
shown in Figures t-4 and H-5. Vertical component records for one shot

across the array are shown in Figure H-6 and horizontal component records
for the same shot are shown in Figure H-7. Figure H-8 shows a comparison

4. e ..
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CROSS COUPLING

A/G 182

0 I 2 3 4 6
.....................................................................................................

PLT/ 2

MIT /4

L GO, ,3 --------- - ' "/AM '-  -  '

UW FP/ 7

, 'GS/12 i jV ;

Fig. H-2. Recordings of airgun shot 182 by the OBS's and the

standard verticals. The large amplitude energy between 
2 and

3 sec seen on most of the OBS's is horizontal motion cross

coupled in the vertical seismometers.
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eCB

geopho/e

hones-ne\

Fig. H-3. A schematic drawing of the University of Washington OBS with the
tripod" anchor. CB is the center of buoyancy: CM is the center of mass.
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of vertical and horizontal data for a concrete anchor and the tripod
anchor for this shot. From an inspection of Figures H-6, H-7, and H-8, it

is clear that the P arrival has a high coherence across the array and is
essentially independent of the anchor type. However, when we inspect the
refracted S part of the wave train we note that although the horizontals
are reasonably coherent the vertical motion shows little correlation from
OBS to OBS. This is especially seen when comparing the concrete and
tripod anchors. We interpret this to be waveform distortion due to
cross coupling of horizontal motion into vertical motion, in a manner

exactly analogous to the Lopez Island results.

We point out that we have chosen this data set to demonstrate this
result because the S and P-S arrivals are well separated from the P
arrival because of the large sediment thickness. In cases of much thinner
sediments (a few meters to tens of meters), the P-S arrivals will occur
during the P arrivals and the cross coupling will considerably distort

tho P waveform, making it uninterpretable.

Possible Causes of Cross-Coupling Distortion

In Figure H-3 we ranked the OBS's according to degree of cross coupling
and we note that those instruments with a large cross section in the water
and a low spread of support on the ocean bottom (inverted pendulums) have
the worst degree of cross-coupling. Tripod-type instruments with large
foot pads spread far apart do a lot better, whereas the spike, plate and
instrumcnts with remote sensor packages do the best. This in itself
suggests that the cause of the cross coupling is rocking induced by lateral
translation caused by shear motion.

There are several mechanisms by which rocking motion can be translated
into vertical motion. Three mechanisms are described below and in each of
these we assume that the hydrodynamic resistance caused by the cross section
in the water is greater than the spring constant associated with the
coupling to the soft sediments. That is, we assume that the cross section
in the water remains fixed with respect to the water and the lateral trans-
lation is taken up by depressing the feet into the sediment. The three
mechanisms are:

(a) tUnifrom sediment properties under each foot. In this case the
rocking will occur about an axis close to the center of area above water
and the effect on the vertical and horizontal seismometers will depend on
the precise location of the sensors with respect to the axis. This is
denoted in Figurel- 4 as motion R, and has been experimentally verified by
rocking the Vniversitv of Washington tripod OBS about axes at different
heights from the vertical seismometer. Depending on the location of the

veTtical seismometer, frequencies at twice the driving frequency can be

induced; this mode is especially important when the sensor is at the axis
of rotation.

'1I I . . . . l - . . .. . _ -- i £ _ ]
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POSTULATED CROSS COUPLING
MECHANISMS

SPHERE FIXEDW.R.T. WATER

-.' R2

WAT E R R1  -

MUD $2 0S1

SHEAR MOTION

Fig. H-9. A schematic diagram of possible cross-coupling mechanisms.

R1 represents rotation caused bv rocking on a uniform bottom.

R, represents rocking caused by a non-uniform bottom, represented

bv difterent spring constants S1 ad San . The sensitivity of the

vertical seismometer to R, depends on its precise location with

respect to the axis of rotation.
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(b) Non-uniform sediment properties under each foot. This caqe is
equivalent to having different spring constants under each foot and can be
caused by the instrument landing unevenly on a bottom with a high shear
strengh gradient in the upper few centimeters. In this case, rocking will

be effectively about the foot with the highest spring constant and is
denoted by motion R2 in Figure H-9. Again the effect will depend on the
precise location of the sensor but in general it will produce dominantly
vertical motion.

(c) Inverted pendulum case. These instruments usually have the
sensors close to the mud line and the center of buoyancy and area a meter
or so above the mud line. Mechanisms (a) and (b) are not applicable to
this case since it is impossible with small rotations about a center of
rotation near the flotation to produce vertical to horizontal cross-
coupling ratios of one or greater, as has been observed. The most likely
cross-coupling mechanism in this case is a dynamic interaction of

buoyancy forces with the spring constant associated with bottom coupling.
More specifically, small rotations caused by lateral translation of the

foot will induce buoyant restoring force acting against the bottom
coupling spring constant. Resonances at the exciting frequency could
produce large amplification of the vertical motion. We have not attempted

a mathematical or physical modeling of this situation. To be complete such
a model should incorporate hydrodynamic effects.

Conclusions

.e have dmIoOnstrated that instrumental waveform distortion of

near-verticallv traveling shear energy occurs on all OBS's to some degree.

The distortion results from the cross-coupling of horizontal into vertical

motion and is dependent on the geometry of the instrument, the location of
the sensors within the instrument, and the homogeneity of the ocean bottom.

The cross coupling can be reduced by having small sensor packages
remote from the main instrument or by having low-profile instruments with

widely spaced feet and large footpads. These factors should be considered
Salong with the other OBS design parameters described by Sutton et al.

(1980) for coupling frequencies and Tuthill et al.(1980) for noise reduction.
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BOTTOM SEISMOMETER OBSERVATION

OF AIRGUN SIGNALS AT LOPEZ ISLAND

S. H. Johnson and R. E. McAlister
2

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

Abstract

First arrival compressional wave signals from an airgun source, as
detected bv a variety of seismometers in a shallow bay, are remarkably
uniform; however, minor variations in wavelet appearance imply some com-
bination of instrument response and coupling to the bottom. Signal
spectra show typically a spectral peak at 12 Hz and an envelope very
similar to that expected from an airgun source. Those instruments with
a decoupled geophone package have spectra most like the theoretical
spectrum but spectra for the other instruments are not significantly
different. Little variation exists in spectra between tripod-mounted and
inverted-pendulum OBS configurations for the low-amplitude P-waves
observed here. The signal source is the principal influence on the re-
sulting spectra rather than OBS configuration or bottom coupling.

iNow at Amoco Production Research, P.O. Box 591, Tulsa, Oklahoma 74102.2i
2Now at Intel, Inc., Hillsboro, Oregon.
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Introduction

The Lopez Island intercomparison experiment provides a unique set
of data to study bottom coupling and response of ocean bottom seismographs
(OBS) to seismic waves in shallow water. The data are particularly useful
because signals from each instrument were brought ashore in real time by
cable and recorded on a 24-channel digital recorder to provide wide-
dynamic-range records of multiple instruments for direct comparison during
extended computer analysis in the laboratory. One of the seismic sources
recorded during the experiment was a 40-inch3 bolt airgun fired to the

OBS array from various azimuths and ranges. Because an OBS is commonly
used as a receiver for an airgun source during marine experiments it is
useful to examine, under controlled conditions, the effectiveness of such
an instrument for the detection of airgun-generated ground motion at a
water-solid interface. The interaction of seismic waves in shallow water
and an instrument's respionse on the bottom is complex (Lewis and Tuthill,

1980; Tuthill et al., 1980) and in this report we will restrict our
attention to compressional waves generated at ranges of 300 to 700 m.

Data

Figure 1-1 shows a set of airgun shots from a seismic profile in a
NW direction across Shoal Bay on Lopez Island as detected by the well-
coupled spike vertical standard geophone and by the Oregon State University
OBS vertical component. Two wave groups occur within the first two seconds
of record and have phase velocities of 550 and 2,850 m/s. The shots in
Figure 1-1 are about 80 m apart at ranges between 300 to 700 m from the

OBS array. The two record sections are nearly identical except for phase
and amplitude differences (instrument responses have not been equalized).
In order to quantize characteristics of the seismic signals from the
various instruments, we have analyzed the first arrivals from two shots
at 700- and 600-m distance. It was necessary to use two shots because
not all instruments were wired to the digitizer at the same time. We
assert that the proximity of the shot points to each other and the uni-
formity of the bottom (Sutton et al., 1980b) result in comparable seismic
signals. We restrict our attention to the high-velocity arrivals since
the lower-velocity arrivals may represent a shear phase. At the greatest
distance commensurate with adequate signal level, we study the first
1.024 s (256 samples) of signal from each of the instruments as shown in

Figure 1-2. Spike, neutral density, and plate-mounted vertical geophone
standards (SPV, NDV, PLV) represent the range of strong to weak bottom

*coupling. The three or four letter code in the signal label identif es
the originating institution for each instrument.

Theoretical Airgun Si6nA.

The analysis that follows requires a source signal from the airgun

used during the experiment. Because such a signal was not recorded during

the experiment, we generated a theoretical signal by using the method of

4I II I m ~l ,, II . ' .. .. ' '. . . .
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Ziolkowski (1970). The theory is based on dynamic and thermodynamic

relations derived by Gilmore (1952) for an oscillating spherical bubble.

The theoretical damped pressure wave generated under conditions at Lopez

Island is given in Figure 1-3a. Reflections of the signal from the air-

water and water-bottom interfaces were delayed, attenuated and summed

until their amplitude became less than 1% of the initial value (assuming

i/r spreading) as shown in Figure I-3b. The signal was filtered at 125 Hz

and resampled at 4 ms (250 sps) to duplicate the conditions under which the

OBS signals were digitized (Fig. 1-3c). A fast-Fourier transform (FFT)

algorithm generated the power spectrum of Figure 3d from 1.024 s (256

samples) of the filtered airgun signal. The spectrum has a peak at 14.5 Hz

corresponding to the 69-m!, bubble pulse period shown in Figure 1-3a.

Observed Spectra

The initial portion of the observed wave signals in Figure 1-2 were

processed by the FFT to generate the spectra shown in Figures 1-4, 1-5

and 1-6. FLgure 1-4 shows the theoretical spectrum to be in good agree-

ment with tile spectra for the standard geophones. In general, the

observed spectra have a single maximum at about 13 Hz and, neglecting

minima due to interference effects, fall off very much like the theoreti-

cal spectra. For comparison, Figure 1-4 shows a shot close to the spike

vertical, which is nearly identical to the theoretical. A geophone on

land recorded shot 188 also, but the high background noise tends to mask

any spectral peak.

Spectra for eight instruments are shown in Figure 1-5 for airgun

shot 125. The narrowest peaks are displayed by MITV and HIGBV, both of

which had geophones in a separate pressure case to isolate the sensor

from recording vibration. The low profile of the fall-away package

appears to have the added advantage of producing more faithful representa-

tion of the ground motion in comparison to the spectra of other OBS's.

This is probably due to the improved coupling of the sensor case of the

bottom (Sutton et al., 1980a). The responses for the remaining five

instruments are shown in Figure 1-6 for airgun shot 192. These spectra

are noisier than those for shot 125 but demonstrate a peak corresponding

to the theoretical signal. The USGS instrument shows a lack of energy

above 10 Hz. The reason for it is unknown, but the waveform is markedly

unlike the others.

4 Discussion

The waveforms as detected by the OBS instruments for shots 125 and

192 are in general similar to, but in detail somewhat different from,

those of the standard instruments. These differences are probably due to

instrument responses that have not been incorporated in the presentation

of seismograms. Comparison of spectra from distant shots (which should

minimize cross coupling between horizontal and vertical motions 
of the
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instrument due to rocking) are similar and resemble the spectrum expected

on a theoretical basis. However, subtle differences remain between
instrument spectra. The spectra most consistent with the theoretical are
those whose geophone packages coupled properly to the bottom, i.e., the
external geophone package. Of the remaining OBS types, there is little in
tile spectra of the compressional waves to distinguish signals of tripod-
mounted spheres from those of inverted pendulum designs (where the float
is located hiiher Ltan the -:ensor). Exceptions to this are the UCSB
instrument whose instrument rsponse peaks at 8 Hz and the USGA instru-
ment mentioned ,arlier.

Particularly :ioticeabl in 0 igure 1-5 is tle frequency of the
spectral peak at 12 H1z for the observed signals in comparison to 14.5 Hz
for the theoretical signal. If %e assume that this is due to frequency-
dependent attenuaition of the signal, we can calculate the Q of the medium.
The spectral ratio between tile theoretical signal and the spike vertical
was formed for airgun shot 125. The values of this ratio versus frequency
are shown plotted in Figure 1-7 and a best fit straight line is drawn
through the points. The slope of the line is related to attenuation and
we compute a 0 of 8.1 for thc 2.85 km/s seismic layer.

The basemnent rock of L.opez Island is a siltstone-sandstone

conglomerate of miarine origin (Sutton et al., 1980b). The value of Q
agrees favorably with labor-itory measurements of Toksoz et al. (1979) on
Boise and Navajo sand! tone (,) 6.9 - 7.3). We conclude that the frequency
shift of the sj,, tral peaks at Lopez Island is due to the low Q of the
basement rock.

These obervations of air'gun signals confirm studies of OBS response
from lift tests (5utton ct al., 1980a) and from particle motion studies

(Lewis and Tnthill, 1980) but are somewhat less definitive. For

low-amplitude P waves having a predominately vertical ray path, seismograms

obtained with a wide variety of OBS designs compare favorably with signals

from the standards. Large-amplitude waves with considerable horizontal

motion adversely affect the OBS signal except for OBS with externally
deployed geophones. Broadening and splitting of airgun spectra may be

caused by coupling and the physical configuration of the instrument. The
spectra observed for low-amplitude P-waves suggest that the spectrum of
the source dominates over either OBS configuration or coupling of he

instrument to the bottom. Finally, we suggest that the spectra of first

arrival 1-waves can be determined adequately from the signals of most

of the OBS instruments at Lopez Island.
'4
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CURRENT-GENERATED NOISE RECORDED ON OCEAN BOTTOM SEISMOMETERS

Frederick K. Duennebier, Grant Blackinton, and George H. Sutton

Hawaii Institute of Geophysics
University of Hawaii at Manoa

Honolulu, Hawaii 96822

Abstract

High-amplitude, narrow band noise that correlates with periods of
high ocean bottom currents and the tidal cycle is occasionally observed
on ocean bottom seismometers (OBS). The geophones on OBS's of different
configurations are not equally sensitive to this noise and hydrophones
are almost unaffected. With a suitable design, it should be possible to
eliminate this noise problem.
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Introduction

The effects if water currents on OBS's have been discussed in the
literature, most recently by Kasahara et al. (in press). They relate the
observed vibrations to Karman vortex shedding off various parts of the
instrument and find that effects of Karman shedding are observable at
water speeds above about 10 cm/sec. This value, however, is probably
dependent on configuration of the package. In Karman shedding vortices of
water spin away downstream from an obstruction and exert a force on the
object. The vortices spin off at well-defined intervals resulting in a
harmonic force on the body . The frequency of the force is governed by
the equation f=c1 , where f is the frequency,- is the speed, d is the
diameter of the body and C is the strouhal number. The strouhal number
depends on the shape of the body and varies between 0.15 and 0.2 in this
case. The shedding is non-linear in that the vortices do not begin to
spin off until a critical speed is reached. The motions resulting from
these forces can be amplified if the shedding frequency is near a natural
resonance of the obstruction. Karman shedding in air caused by wind
blowing around wires or flag poles generates a moan or whistle. Water
density is about 1000 times greater than that of air; thus dynamic
pressures against a body in water are about 1000 times greater than for
that body in air at the same speed. The pressure exerted by a 3-m/sec (6-
kt) wind is approximately equivalent to a current of 10 cm/sec. since
pressure increases as the square of the speed.

In this paper we describe the effects of current on HIG OBS's,
discuss design parameters that should minimize this noise, and speculate
about the effects of currents on long-period seismic observations.

Analy sis

The correlation of noise level recorded on an OBS south of the island
of Hawaii in 5 km of water with current speed and tide can be seen in
Figure J-l. The noise level has been reduced to nm (rms) of equivalent
vertical ground motion to show the sensitivity of this OBS to currents.
The tide is the theoretical ocean tide (Longman, 1959) computed for a
point about halfway between the OBS and the current meter (which were
separated by about 50 km). The lack of a perfect correlation between
noise level and current speed is probably the result of two factors: (1)
the distance separating the two instruments and (2) tae sensitivity of the
OBS to currents from different directions. The OBS is elongate in one

4direction (Fig. J-2) and may be more sensitive to current-induced noise in
one direction than in the other. Spectra of the noise observed by the
horizontal geophone in this OBS are shown in Figure J-3. The lower
spectrum was taken when no current noise was visible and the upper when it
was strong. The monochromatic character (with overtones) and narrow
bandwidth of the current noise is obvious. The frequency of the noise is
observed to increase slightly as the noise level increases. These spectra
are similar to those observed by Bradner et al. (1965), who suggested
that the noise was caused by Karman vortices from a radio antenna.

L-



ww9

J-3

0a)~

.04 0
o

co r.

*0 Q)

........... H

0H .0 i
..- H.....

. . .. .. . ..-

CL -
.~~~a .. .... .. .. .. . .

.. .. . .. . C r

U- -r-

li0 ~w
U) t~ 4-4 4-J

0 4J -H 0
.............

. ..... ..... .......

J-' aJ0 to

Q) 0. ct
T D:) 0

a) >

C. 00
0 4 -H1

JJ a)

JJj

-a4 LO
......... 4

... .... b o U
caw -HO >

O 0 U4~ m

X00

0 ~~~ tQ) M -'

----- CLa4'-

o > o
ZS/W - a

A'u



.T-4

0w

w cd

- -$

k4 0

w0

'.4 W 44.

~~~ -H~2 .

Z -w 0 x

S4 -ki C)

5-4

1 r.U0

0

~cJ

Ez

.r

000 0-

0

00 VbOW(1

cJu

-4



80

J-5

60

-o

_j

40

0 5 10
60

-4o

" -J
A> _j

20'
0 5 10

Frequency, Hz

Fi ,. J-3. spe, L- ( 1h kic!rotnd noise observed on an OBS of

the L'p, ii' In Iituru J-2. The lower plot shows

nise levcl. lin-i ;i period when no current noise was4Ecu . [ p,,r plot .-hows the same OBS about an
hl -, t . tr. Tk 'U rrcnt ni,;e is visible as the narrow-
hand ;te k ,.> 2. ". ird 1) ltz. The peak near I Ilz i,
prm ah o ,, i. n i so o., r;mlI durin' pliyavh;ack.



16

J -

We first connected the 2-Hz "whistle" heard on HIG OBSs with the
tidal cycle in 1976, and also inoticed that the resonant frequency of our
recovery radio beacon antennas was close to 2 Hz. In 1977, seven OBS's
were dropped with various antenna configurations; some with balls attached
near their centers or tops, soimc with flags attached to the top, and some
with 2-inch-diameter PVC pipes around them. The recordings obtained from
these OBS's showed some changes in resonant frequency but no consistent
differences in current noise susceptibility. Although the antennas may be
the main source of this noise? otticr parts of the OBS package may also be
sources. In 1978 we designed a new style OBS (Fig. J-4) with isolated
geophones in ait attempt to overcome the current noise problem, to isolate
the geophones from tape re-order n,isf,, and to improve mechanical coupling
to the ocean bottom.

The new configuration is much lss sensitive to current noise.
Figure J-5 compares noise levils obsorved by the two styles of IlIC OBS's
located within 100 -m of each other in deep water. The spikes on each
record are signals from explosiveu; set off for a refraction line. The
strong increase in the background level on the right side of traces B and
C is current noise identical to that described above. Note that the
hydrophone (trace A) and the two lower traces (D and E) are not affected
by this noise. The hydrophone is attached to the package containing the
geophones that produced traces B and C. The configuration of the OBS that
recorded traces D and E (Fig. J-4) differs significantly from the OBS that
produced traces B and C (Fig. i-2) i, thct the geophones are mechanically
decoupled from the main packa,,,o. Tie geophonrT package thus has a much
lower profile, jess complexity, are sr, alr cress section exposed to the
current. We de not kow i.':ill (cr -ny) of the above differences account
for the reduction in ctirri'nr no2 se sensitivity, although the analysis of
Kasahara et al. (in press) s',ggesrs that antennas attached to the sensor
package are a major problem. He states that the probiem can be reduced by
attaching a fin to the antenna.

We estimate that from 5/. to 157 ol our geophone data from OBSs of
the type shown in Figure J-2 is degraded by current noise. While the
isolated-geophone package also Las othcr advantages (Sutton et al.,
1980a), the improvement in data riualitV shown in Figure J-5 is worth the
added mechanical complexity of the isolatod-geophone design.

Although many differept ,)BS configurations are in use, only a few
authors have mentioned current nuise problems in their data. Whether it
does not occur, is not recognized o: observed, or is simply ignored is
important to OBS design. If OBS's, especially OBS's with internal
geophones, now exist that are insensitive to current noise, then one of

J, the motives for building isolated-geophone OBS's becomes unimportant. One
of the purposes of the Lopez Island OBS Intercomparison Experiment was to
determine the effects of current noise on the various instruments (Sutton
et al., 1980b). Unfortunately, the maximum currents observed during the
experiment (5 cm/sec) were less than the 10 cm/sec found by Kasahara et
al. (in press) as a threshold for the onset of Karman vortex shedding.

10The noise level at lopez during the quietest times was about 50 nm at 2
1, Hz, which is higher than most of the current noise anplitudes from Figure

A
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J-1. Even if noise was generated, it would be barely detectable. An HIG

OBS identical to that shown in Figure J-2, and known to be susceptible to
current noise, was present at the Lopez Experiment and recorded none. The
Lopez Experiment did not test OBS's for current noise susceptability nor
has any test for this parameter been made for most of the OBS's now in
use.

Vortex shedding is not the only possible mode of coupling current
noises to OBS's. An instrument resting on soft sediments can be tilted by
the current pressure against it. For example, an OBS with a circular
cross section about one meter in diameter centered about 0.5 m above the
ocean bottom with a tripod base and mass of 200 kg in Lopez-type sediments
(Sutton et al., 1980b) would tip about 5 x 10-6 m (10- 5 radius) in
response to a 10 cm/sec current. While a tilt such as this would not be
important for short-period seismometers, long-period horizontal
seismometers would be driven off scale. A small fluctuation in current
speed would produce objectionable noise at shorter periods.

Conclusions

Current noise is a known problem for at least some ocean bottom
seismometers. At short periods, the principal mode of noise transmission
appears to be the shedding of Karman vortices from antennas and other
resonant obstructions. At long periods, tilting of the OBS caused by
ocean bottom currents could be a serious problem. Both problems can be
improved significantly by isolating the sensors from possible current
noise sources (analogous to planting geophones on land away from trees)
and by keeping the cross section to the water as small as possible. The
isolated-sensor HIG OBS appears to have a relatively low current noise
sensitivity. Most OBS's, however, have never been tested for current
noise sensitivity.
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