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A seismograph system was placed on the ocean floor 65 km south of Bermuda in May
1964, at a depth of 43 km. Instrumentation consisted of three long-period seismometers
(natural period = 15 sec) and one short-period vertical-component seismometer (natural
period = 1 sec). Data were telemetered acoustically to a shipborne receiver for 8% days. This
experiment represents the first successful atttempt to operate long-period seismographs on
the ocean floor, Predominant periods, time variations in average level, and associated energy
flux of observed microseisms are approximately the same at Bermuda and on the ocean
floor. It is concluded that (1) the energy of the microseisms is coupled into the layered me-~
dium by water-wave interaction, (2) the observed microseisms were generated near Ber-
muda and not directly beneath storms at sea, and (3) these microseisms propagate primarily
as Rayleigh waves of the fundamental mode. Phases from nine earthquakes were identified
on the records from the ocean-bottom instruments. The general character of the observed
phases does not differ substantially from those recorded at the Bermuda standard station ex-
cept for the presence of greater high-frequency amplitudes on the ocean bottom from a series
of Dominican Republic shocks. The signal-to-noise ratio is larger at Bermuda for periods
longer than about 1 sec, but is larger at the ocean-bottom site for shorter periods. Energy
associated with a short-period Rayleigh wave propagating through the ocean bottom in the
fundamental mode is concentrated near the water-sediment interface. In the island structure,
the energy is distributed more uniformly with depth. This difference explains the relatively
large microseismic amplitudes measured on the ocean floor. On the basis of the model used
to represent the structure at the ocean-bottom site, for a given energy flux, removal of the
unconsolidated sediment layer reduces the theoretical particle-motion amplitude of the
water-solid interface by factors of 8 and 94 for the vertical and horizontal components, re-
spectively. Such a reduction in background level would make the ocean-bottom site an order
of magnitude quieter than the station on Bermuda. This result indicates the possible advan-
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tages of locating instruments at sediment-free sites on the ocean bottom.

INTRODUCTION

Results obtained from a four-component
seismograph system which operated success-
fully on the oeean bottom 65 km south of
Bermuda, at a depth of 4.3 km, are described.
The experiment was conducted between May
25 and June 2, 1964, by Lamont Geological
Observatory personnel. Uninterrupted seismic
data were obtained for 814 days.

The first successful attempts to operate a
seismograph on the ocean bottom at great
depths were made by Ewing and associates in
1837 and 1938 [Bwing and Vine, 1938]. These

tLamont Geological Observatory Contribution
tion 898.

21_&150 Department of Geology, Columbia Uni-
versity.

early instruments were intended primarily for
use in seismic refraction work. This work and
the subsequent experiments conducted by
Ewing and colleagues have been summarized
by Ewing and Ewing [1961] and Prentiss and
Ewing [1963]. Other groups have recently be-
come active in this field [Schneider, 1964;
Bradner, 1964; Monakhov, 1962]. These
studies have produced many important re-
sults. It has been established that the ocean
bottom is not, in general, a quiet recording
site compared with land locations. Microseismic
amplitudes on the ocean bottom are as much
as an order of magnitude larger than those
measured at nearby land sites. It has been
shown, however, that the high-frequency en-
ergy coutent of earthquake seismograms re-
corded on the ocean bottom is often much
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larger than in seismograms recorded on land.
Thus the ocean bottom can be a superior re-
cording site at frequencies greater than 1 eps.
There is also limited evidence that microseisms
consist of normal mode waves.

Although they have yielded valuable data,
each of these studies had two basie limitations:
(1) the seismometers employed all had short
natural periods (1 seec or less) and (2) the
duration of one continuous recording was rela-
tively short (from several minutes to 72 hours).
As o result, the signal spectrum at periods
longer than about 4 to 5 sec has not been well
determined. Also, short-term recording does not
lend itself to an understanding of the variations
in microseismic activity with time.

To overcome the limitations of the earlier
programs, the development of a long-period
seismograph system for use on the ocean hot-
tom was undertaken at Lamont Geological Ob-
servatory in 1964. The instrument system was
installed in late April 1965, 170 km off the
coast of northern California. Data are trans-
mitted by cable to the recording station at
Point, Arena, California. A detailed deseription
of the instrumentation and first results from
the data are given by Sutton et al. [1965]. The
ocean-bottom installation near Bermuda was
intended to serve as a system test in prepara-
tion for the permanent installation off the
California coast.

1. INSTRUMENTATION AND FIELD OPERATION

The primary elements of the instrument
system are (1) a three-component set of pen-
dulums with 15-sec natural periods; (2) one
short-period vertical-component seismometer
(SPZ) with natural period of 1 sec; (3) an
acoustic telemetry system including a trans-
mitter-receiver with the instrument system be-
low and on the listening ship above; (4) com-
mand electronics which permits execution of
such functions as cage release and recage,
turning transmitter power on and off, change
of gain, calibration, and seismometer leveling
by command from the listening ship; (5) a
mercury battery power pack attached to the
ocean-bottom unit; and (6) demultiplexing
electronics and a recording system located on
the listening ship. These elements are described
in greater detail by Sutton et al. [1965].

The three long-period pendulums are mounted

LATHAM AND SUTTON

in a motor-driven leveling gimbal. A separat
motor centers the long-period vertical-com-
ponent seismometer (LPZ) by raising or loy-
ering the upper suspension point of the mapn
spring. The seismometers have capacitance.
type transducers and feedback control for
greater long-term stability, as described by
Sutton and Latham [1964].

The 8PZ is a modified Hall-Sears mode] HS-
10 with a natural period of 1 sec. This unit
has a self-generating coil-magnet transducer,
The seismometer is mounted on the underside
of the gimbal so that it is leveled when the
long-period pendulums are leveled.

Data were transmitted to the surface by
me:ns of a hydroacoustic link operating on
telemetry channel 12 (10.5 ke/s) with an aver-
age acoustic power of 2.5 watts. The telemetry
system is described in detail by Thanos and
Hubbard [1966].

The power supply consisted of low-tempera-
ture mercury cells which were sufficient to
power the system for a minimum of 15 days of
continuous aperation. The batteries were packed
into a spherical aluminum pressure vessel 55
cm in diameter and 2.5 em thick. The seismom-
eters and associated electronies were fitted into
another pressurc vessel of the same dimensions,
The two spheres were mounted in a steel tri-
pod, each leg heing terminated with a large
aluminum disk to prevent the unit from sink-
ing into soft sediments.

Data were received by the listening ship and
recorded on magnetic tape and on a 4-channel
chart recorder which served as a continuous
monitor. Magnification curves for all four in-
struments are shown in Figure 1 along with
those for standard station instruments lo-
cated on Bermuda (BDA). The ocean-bottom
seismograph (OBS) curves apply to the signal
as recorded on the 4-channel chart recorder
(seismometers set at medium gain, chart re-
corder sensitivity = 1 v/cm).

The inertial mass of one of the horizontal-
component seismometers remained elamped
during the experiment. The output from this
channel was a steady tone at 10.5 ke/s. How-
ever, the frequency detected by the shipborne
receiver varied continuously as a function of
the relative velocity between the ship and the
transmitter (Doppler effect). If the ship motion
followed water particle motion, the Doppler
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chift in the tone from the inoperative seismom-
eter directly was thus related to the amplitude
of water waves. Water-wave records obtained
from Doppler-shift data are discussed in sec-
tion 4.

The arrival time of a seismic signal at the
shipborne receiver is delayed by the travel
time in the water layer; hence arrival times
at the ocean-bottom site are known only to
the accuracy that the distance between trans-
mitter and ship is known. It is estimated that
the listening ship was never more than 2.4 km
from the point directly over the transmitter
and usually no more than 12 km. The ap-
propriate time correction required to com-
pensate for water-wave travel time is thus
—3.0 %= 0.2 sec.

2. RecorpiNg SiTe

As shown in Figure 2, the OBS was located
near the base of the southern flank of the
Bermuda pedestal (31°40.8’N, 64°45.8'W) at a
depth of 2340 fathoms (4.3 km). The follow-
ing regional description is excerpted primarily
from Heezen et al. [1959]. The islands of Ber-
muda lie along the southwest rim of a flat-
topped volcanic pedestal whose surface lies
generally less than 40 meters below sea level.
The sides of the pedestal fall steeply to its
base, which is at a depth of about 4.2 km. The
size of the pedestal base is approximately 80
km by 130 km. The pedestal rises up from a
much larger feature called the Bermuda rise,
which is an oval arch extending about 500 hy
1000 km, with the long axis oriented NE-SW.
The average depth of water over this feature is
approximately 4.6 km. The Bermuda rise, in
turn, is bounded by abyssal plains and hills.

On the Bermuda rise—a typical oceanie
erust—we are dealing with four prineipal
layers overlying the mantle: (1) water, (2)
unconsolidated sediments, (3) basement, con-
sisting of consolidated sediments and voleanie
materia] near Bermuda, and (4) oceanie crust.

The unconsolidated sediment layer in the
region of the seismometer site was mapped by
the reflection profiler technique during Vema
eruise 18, in December 1961. This technique is
described by Ewing and Tirey [1961], and the
records were made available to us by J. Ewing.
The sediment structure traced from these pro-
filer records is shown in Figure 3. The track
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along which the profile is located is shown in
Figure 2 (track A4-4’). The instrument is lo-
cated on a thickness of about 0.3 km of sedi-
ments 20 to 25 km south of the point where
the sediments pinch out against the southern
flank of the Bermuda pedestal. The sediment
layer thickens southward to ahout 0.45 km and
then gradually becomes thinner.

Houtz and Ewing [1964] studied the sedi-
ments in the western North Atlantic by means
of both refraction and reflection seismic tech-
niques. Their results show that velocity gradi-
ents in the sediment layer are variable and are
greatest near the water-sediment interface. On
the basis of data from 60 profiles, they propose
the following relation between sediment com-
pressional wave velocity v and depth A:
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TFig. 1. Magnification curves for (1) the verti-

cal and horizontal components of the long-period
ocean-bottom seismograph (OBS LPZ, OBS
LPH); (2) the short-period ocean-bottom seis-
mograph (OBS SPZ); (3) the Bermuda standard
station long-period vertical-, long-period hori-
zontal-, and short-period vertical-component seis-
mographs (BDA LPZ, BDA LPH, BDA SPZ).
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where n = 5, £ = 8.75, and v, = 1.52 km/sec.
For these parameter values, (1) becomes

v = 1.52(1 + 6.91%)"°km/sec (A in km)
(2
Accepting this relation as valid for the region
near Bermuda, we can compute veloeity as a
function of depth in the sediment. The asso-
ciated densities and shear velocities can be
derived from data given by Nafe and Drake
[1963].
The parameters of the layered structure
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taken to represent the OBS site are listed i
Table 1 (model 4-B). Other models listed in
Table 1 (except 7-B) represent small depar-
tures from the standard model. These auxiliary
models will show the effects of small changes in
structure on Rayleigh wave propagation (sec-
tion 5). .

For purposes of computation, the sedimen-
tary column has been arbitrarily divided intg
four homogeneous layers. The top layer is 0.0]
km thick and each of the three lower layers is
0.1 km thick. The low shear velocities shown
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Fig. 2. Ba,thymef:ric map showing the Bermuda, pedestal, the OBS site, and the location of
the sediment profile (4-A’) shown in Figure 3. Contour units are fathoms.
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are consistent with values proposed by Sykes
and Oliver [1964a, 0] and Oliver and Dorman
[1961] to explain short-period oceanic surface
waves. The remainder of the model was derived
from the structure sections for the western
North Atlantic given by Houtz and Ewing
[1963]. The mantle is assumed to be a half-
space.

Model 7-B (Table 1), representing the island
structure, was derived primarily from Katz
and Ewing [1956]. The depth to the base of
the voleanic pedestal is taken to be 21 km
to satisfy the requirement that the average
density from the surface to a depth of 32 km
be equal to 2.87 g/cm® as required by regional
gravity data (M. Talwani, personal communi-
cation, 1964) if perfect isostatic balance is as-
sumed. The density at the top of the mantle is
agsumed to be 3.4 g/em®. Woollard [1954] and
Phinney [1964] found smaller depths to the
Mohorovicic discontinuity in their work, but
this simplified model is adequate for the present
purposes because we will be concerned prima-
rily with the upper 10 km, It is admittedly a
simplification to assume that the sedimentary
layers are of uniform thickness in this region.
Any results which depend on this assumption
must be qualified accordingly.

3. MicrosEisms, GENERAL DESCRIPTION

A typical sample of microseisms as recorded
by the OBS is shown in Figure 4. Several points
are immediately apparent. The amplitudes are
large relative to those of mormal land record-
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ings, and the horizontal amplitudes are notice-
ably larger than the vertical amplitudes. Maxi-
mum amplitudes were 30 u and 7 u peak to
peak for the horizontal and vertical compo-
nents, respectively. These ecompare with ampli-
tudes of 35 p and 25 u for horizontal and
vertical motion, respectively, recorded at the
standard station on Bermuda. These amplitudes
were recorded under relatively quiet sea con-
ditions (rms wave height at the recording sta-
tion == 20 em). The average ratio of horizontal-
to-vertical particle-motion amplitude ranges
hetween 3.0 and 4.0, whereas for Bermuda the
value is approximately unity. The periods range
between 3.5 and 4.0 sec with peak energy at
about 3.7 to 3.8 sec.

The typical ‘beat,” or group, seen on land sta-
tion records is well developed on the ocean
bhottom. However, a well-defined heat on the
record for the horizontal component is not
necessarily associated with a similar feature on
the record for the vertical component; ie., the
coherence between components is quite low.
The coherence of microseisms recorded at Ber-
muda during this period was also low. A sample
of the island microseisms is not shown because
the record amplitudes are too small to be ade-
quately reproduced.

The signal from the inoperative seismometer
derives primarily from the Doppler-shift effect
deseribed earlier, plus a small amount of system
noise.

Microseismic amplitudes and periods were
measured every 6 hours for both the OBS rec-
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Fig. 8. Profile of sediment layer and basement topography in the vicinity of the OBS site.
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TABLE 1. Layer Parameters for Oceanic
and Island Crustal Models
(e, B, o are the compressional velocity, shear
velocity, and density, respectively.)

Layer
Thick-
ness, @, 8, 2]
Model km km/sec  km/sec g/em?
3-B 4.40 1.52 0.00 1.03
0.10 1.60 0.19 1.70
0.10 1.71 0.37 1.79
0.10 1.80 0.53 1.86
1.30 4.73 2.74 2.50
5.10 6.65 3.74 2.81
» 8.04 4.42 3.40
4-B 4.40 1.52 0.00 1.03
0.01 1.52 0.15 1.65
0.10 1.60 0.19 1.70
0.10 1.71 0.37 1.79
n.10 1.80 0.53 1.86
1.30 4.73 2.74 2.50
5.10 6.65 3.74 2.81
® 8.04 4.60 3.40
5-B 4.40 1.52 0.00 1.03
0.10 1.60 0.19 1.70
0.10 1.71 0.37 1.79
0.10 1.80 0.53 1.86
0.20 2.00 0.74 1.93
1.30 1.73 2.74 2.50
5.10 6.65 3.74 2.81
© 8.04 4.42 3.40
6-B 5.00 1.52 0.00 1.03
0.10 1.60 0.19 1.70
0.10 1.71 0.37 1.79
0.10 1.80 0.53 1.86
1.30 4.73 2.74 2.50
5.10 6.65 3.74 2.81
@ 8.04 4.42 3.40
7-B 0.08 2.70 1.56 2.15
21.00 5.25 3.00 2.60
© 8.04 4.42 3.40
8-B 4.40 1.52 0.00 1.03
0.01 1.52 0.15 1.65
0.10 1.60 0.19 1.70
0.10 1.71 0.37 1.79
0.10 1.80 0.53 1.86
2.30 4.73 2.74 2.50
5.10 6.65 3.74 2.81
® 8.04 4.60 3.40

ords and the BDA records. In measuring am-
plitudes, an attempt was made to estimate the
peak-to-peak level not exceeded more than
10% of the time. Amplitudes measured on the
standard station records were quite small
(maximum of 1.2 mm), so that the aceuracy of
the measurements is of the order of +=209,.
The results of this semiquantitative analysis
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are shown in Figure 5. The much greater am.
plitudes at the ocean-bottom site are immedi-
ately obvious. The predominant period, how-
ever, is very nearly the same at the two sites,
The temporal variations in average amplitude
are also similar at the two sites. It is clear that
a genetic relationship exists between micro-
seisms measured on the ocean bottom and those
measured on Bermuda. Data for the Bermuds
LPH in Figure 5 were obtained from the E-W
component.

Weather maps which cover the entire North
Atlantic area were studied to determine whether
the peaks in microseismic activity could be
correlated with the passage of weather systems.
The maps used are produced every 6 hours by
the San Juan division of the United States
Weather Bureau. Two small storm systems
passed near Bermuda during the recording pe-
riod, and their tracks are shown in Figure 6.
Since these were the only storms that passed
in the vicinity of Bermuda during the record-
ing period, and since their times of closest ap-
proach to the island corresponded roughly to
the times of peak activity, there seems little
doubt that the two peaks in microseismic ac-
tivity are associated with these weather sys-
tems.

The first weather system was a weak trough
of low pressure which trended N-S, with a
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Fig. 4. A sample of microseism signal re-
corded by the ocean-bottom seismograph. LPH
= long-period horizontal-component seismogra.ph;
LPZ = long-period vertical-component sels
mograph; SPZ = short-period vertical-compon-
ent seismograph; and COMP = output from
the inoperative horizontal component. Recorded
May 29, 1964, at 1500 UT.
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Fig. 5. Time dependence of the period and
amplitude of microseisms at the ocean-bottom
site and at the Bermuda standard station for the
vertical-component seismograph and the hori-
zontal-component seismograph.

poorly developed low-pressure center moving
along the trough. The center of this low-pres-
sure area is indicated along the track by short
transverse lines. The trend of a line serves as
a rough indication of the trend of the front at
the indicated time. The weak trough and as-
sociated low are first seen in the weather maps
of May 25, 1200 UT; the low centered 800 km
south of Bermuda, and the trough trended
NESW to the east of Bermuda. They are
closest to Bermuda and the OBS site on the
map for May 27, 0000 UT. At this time, the
trough had extended northward to join a cold
front. The maximum microseismic amplitudes
on the ocean bottom were recorded at about
0300 UT, May 27. Subsequently, the trough
and low moved off rapidly to the east and the
microseisms diminished.

The second weather system consisted of a
cold front extending southward in a long are
from a nearly stationary, intense low-pressure
system centered near Newfoundland. A sec-
ondary low formed along the cold front and
moved eastward from the coast of the United
States toward the region north of Bermuda.
The microseisms recorded on the OBS are

2551

plotted at the corresponding time along the
track. The peak amplitudes at the OBS were
recorded at about 1200 UT on May 29, which
was somewhat before the time of closest ap-
proach of the center of the secondary low to
Bermuda. However, the assignment of a point
to designate the storm position can be mislead-
ing, especially in dealing with a secondary low
elongated along the frontal zome. The point
which is taken to be the storm position is the
location of minimum pressure at the seaward
end of the elongated secondary low. This point
is not well defined and, in any case, may not
be the most important point with regard to the
generation of microseisms.

4. PowER SPECTRUMS

We considered the microseism background to
be a quasi-stationary random signal and com-
puted the power density spectrum [Blackman
and Tukey, 1958]. Five time intervals were
chosen for analysis. The beginning time for
each section is listed in Table 2. Samples are
30 min long for data from the long-period in-
struments. Samples 2 and 4 were chosen to co-
incide with the two peaks in microseismic
activity. Samples 1, 3, and 5 occur before, be-
tween, and after the periods of peak activity.
The spectrums described below each have ap-

sy

"v\’\’\\\“:&\\‘\\t\\\\\\\\\

Fig. 6. Tracks of the two weather systems
associated with peaks in microseism activity. Tick
marks on the track indicate the center of the
weather system at 0000 and 1200 hours (UT).
The date is given at the 1200-hour mark. The
width of the hatched area along the northern
track at a given time is proportional to the
amplitudes of microseisms recorded on the
ocean bottom at the corresponding time.
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TABLE 2. Periods, rms Amplitudes and @ Values for Microseisms and Water Waves at the
QOcean Bottom Seismograph (OBS) Site and the Bermuda Standard Station (BDA)

LP7Z* LPHYt Water Waves
May Hour, Period, Tms, Period, rms, Period, rms,

Sample RSite 1964 UT sec microns @ sec microns @ sec cm 90

1 0OBS 25 1400 3.4 0.63 3.5 3.4 1.90 5.3 7.1 11.9 3.5

2 OBS 27 0300 3.6 1.07 3.7 3.6 3.7 9.4 8.2 21.1 3.8

2 BDA 27 0300 3.7 0.31 3.7 3.7 0.29 4.7

3 OBS 28 0000 3.4 0.45 2.9 3.5 1.71 5.2 7.7 11.8 3.8

4 OBS 29 1500 3.9 1.42 4.0 3.9 5.89 8.7 8.4 16.8 3.6

4 BDA 290 1500 3.9

5 0BS 31 2000 3.6 0.71 2.8 3.6 2.271 7.2 7.4 8.5 25

* LPZ = long-period vertical-component seismometer.
1 LPH = long-period horizontal-component seismometer.

proximately 35 degrees of freedom and were
smoothed by hamming, Thus there is a 90%
probability that the true power density (P.)
is in the range 0.71P, < P; < 1.58P,, where
P, is the computed value.

Power spectrums for the OBS seismometers
corresponding to samples 2, 3, and 4 are shown
in Figure 7. The period of the main peak ranges
from 3.7 to 4.0 sec. As expected, ihe power
density of the horizontal component is much
larger than that of the vertical component. The
period associated with the peak and the cor-
responding rms amplitudes for all five samples
are listed in Table 2. The rms values were
derived from the power density spectrums by
integrating the function over the bandwidth of
the peak and taking the square root of the
result,

No attempt was made to remove the Dop-
pler-shift signal discussed earlier. Thus the two
peaks which usually appear between 5 and 8
sec in each spectrum actually represent water-
wave motion and not ground motion. Small-
amplitude ground motion at these periods
would be masked by the Doppler-shift signal.
However, no peak occurs at these periods on
the BDA records and, for this reason, it was
not considered worth while to subtract the
Doppler effect before analysis. Of course, the
signal-to-noise ratio for the seismic signal is
degraded in this period range.

A feature of interest is the appearance of a
secondary peak at about 3.2 sec in four of the
spectrums. This peak is usually too close to the
main peak to he well resolved, but it is par-

ticularly well developed in the LPZ spectrum
of May 27. This point will be discussed further
below.

Power spectrums from the BDA and the
OBS records are compared at the time of the
first peak in microseism activity (sample 2)
in Figure 8. At this time, the power density
for ground motion at the OBS site is larger
than that for the island by a factor of 10 for
the vertical component and 100 for the hori-
zontal component, but the periods of the main
peaks are very nearly the same. It appears
that we are dealing with the same source of
microseisms on the island as on the ocean bot-
tom but that the amplitudes are much larger
at the water-sediment interface than on the
island surface.

No peaks in the BDA spectrums appear at
periods corresponding to the water-wave pe-
riods, nor is there any evidence of the split
peak in these spectrums. The seas were rela-
tively calm at the time of this sample. It is of
interest, in this connection, to consider the
microseism spectrums at Bermuda during a
period of high seas such as are produced by
a hurricane.

Hurricane Arlene passed directly over Ber-
muda during August 1963. The time history of
microseisms produced at Bermuda by this hur-
ricane will be discussed in detail in section 6.
For the purposes of this discussion, we con-
sider only the power spectrum of a 15-min
sample of microseisms recorded by the SPZ
geismometer at the Bermuda station 11 hours
after the eye had passed over the island (Fig-
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Fig. 7. Power spectrums of ocean-bottom microseisms for the LPZ and LPH seismo-
graphs, Note that the ordinate scale is not continuous between the upper and lower sections.
The peaks near 6 and 8 sec correspond to water-wave motion, not ground motion. See text.
All spectrums have been corrected for instrument response.

ure 9). The similarity between these two
spectrums is evident, including the presence of
the secondary peak in the igland spectrum. It
appears that if the storm is severe enough,
measurable energy associated with the second-
ary peak does get into the island structure.

The short-period end of the spectrum is em-
phasized in Figure 10, where power spectrums
are compared for the time of the first peak in
microseismic activity (sample 2). The power
density is consistently lower for BDA, by a
factor of 10 at 1 cps, with some indication of
& crossover point at higher frequencies where
man-made and wind noise on the island might
be expected to become dominant. There is no
indication of a patterned spacing of peaks
which could be associated with the ‘organ pipe’
modes reported by Bradner [1964].

It was pointed out above that the signal out- -

put from the inoperative horizontal seismom-
eter is due primarily to Doppler shift caused
by the motion of the ship in response to wave
action. Water-wave power spectrums obtained
from this output are shown in Figure 11. The
times of these three spectrums correspond to
those of the ground-motion spectrums shown
in Figure 7. The rms amplitudes for all five
data samples are listed in Table 2.

The water-wave spectrum at 0300 UT, May
27, corresponds to the time of the first peak in
microseismic activity and to the time of closest
approach of the small low-pressure system to
the southeast of the island. The sharp peak at
5.8 sec corresponds to a wind wave generated
by this weather system. Greater power, how-
ever, is contained in the longer-period peak
centered at 82 sec, which we will designate
as ‘swell’ to distinguish it from the shorter-
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Fig. 8. Comparison between the power spec-
trums of microseisms measured at the ocean-
bottom site and the Bermuda standard station
(May 27, 1964, at 0300 UT). Note that OBS peaks
near 6 and 8§ seec are related to water-wave mo-
tion, not ground motion. See text. Samples cor-
respond to the time of the first peak in micro-
seismic activity (sample 2). All spectrums have
been corrected for instrument responsc.

period component. Swell components at longer
periods also appear. This pattern repeats it-
self in all five water-wave power spectrums
with minor variations in the periods of the
various components. The period of the pre-
dominant peak is always near 8 sec.

The length of the receiving ship is equal to
the wavelength of a water wave with a period
of about 5 sec. Thus, if the long axis of the
ship is perpendicular to the water-wave wave-
fronts, ship motion with periods of the order
of 5 sec and shorter would he attenuated.
However, the ship was hove to during most of
the recording period, so that it tended to
align parallel to the wavefronts. Thus the width
of the receiving ship becomes the important
factor. If we can ignore spurious motions re-
sulting from ship resonances, the motion of
the ship should follow water-wave motion for
periods longer than 2 to 3 see. Fortunately,
independent wave measurements are available
for comparison, so that a quantitative assess-
ment of the importance of these factors is pos-
sible. The Oceanographic Prediction Division
of the TU. 8. Naval Oceanographic Office has
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installed an electronic wave staff at Argus Is-
land, about 48 km north of the OBS site. This
instrument has been deseribed in detail by
Pickett [1964]. Wave measurements from this
installation made during the OBS experiment
were kindly made available to us by J. Schule,
Jr. (personal communication, 1964), before
publication. The period of the main peak and
the rms amplitudes of the waves from the
Navy data are plotted in Figure 12, along with
values from the five Doppler-shift spectrums
computed in this study. The agreement be-
tween the two methods of measurement is quite
good.

The two peaks in wave activity are coneur-
rent with the peaks in mieroseismic activity;
however, note that the second peak in water-
wave amplitudes is smaller than the first,
which is just the reverse of the microseism
history. There appears to be no simple relation
between water-wave amplitude and microseism
amplitude at Bermuda. Dinger and Fisher
[1955] reached the same conclusion in thejr
study of microseisms at Guam. They concluded
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+ SEISMIC MEASUREMENTS ON THE OCEAN FLOOR, 1

that the largest microseism amplitudes occurred
on the island when swell of about equal period
approached the island from opposite sides. The
measured wave periods were approximately
twice the microseism periods. In a related study,
Dinger [1963] compared power spectrums of
water waves incident on the coast of Barbados
with power spectrums of microseisms on the
island. The periods corresponding to maximum
microseism power density were again approxi-
mately one-half those of the corresponding
maximum water-wave power densities. These
results suggest that nonlinear interaction be-
tween opposing swells, in the manner described
by Longuet-Higgins [1950], is the mechanism
for microseism generation.

The periods of microseisms at the OBS site
are compared with one-half the period of swell
in Figure 13. These results were obtained from
the power density spectrums and thus rep-
resent averages over 30-min samples. The
curves remain nearly parallel to one another
despite the small changes in period represented,
but the microseism period is consistently less
than one-half the swell period.

The shorter-period (wind-wave) peak in the
wave spectrum remained near 6 see during this
experiment, and the period of the secondary
peak in the microsecism spectrums varied be-
tween 3.0 and 3.2 sec. This nearly 14 : 1 period
relationship suggests that this secondary peak
in the microseism spectrum might he related to
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Fig. 12. Comparison between the period and
amplitude of water waves as derived from (1)
Doppler shift in telemetry signal and (2) an elec-
tronic wave-staff at Argus Island.

the wind-wave component of the water-wave
spectrum in the same way that the primary
microseism peak is related to swell.

Weather conditions do not appear to have
favored the production of opposing swells at
Bermuda during this study; hence we are in-
clined to favor the hypothesis that the inter-
action takes place between incoming waves and
waves reflected back from the coast. In this
case, the reflecting properties of the coastline
facing the direction of incoming waves is a con-
trolling factor in the resulting microseismic am-
plitudes. This implies that the northwestern
and northern parts of the Bermuda coastline
are better wave reflectors than the southern
and southeastern parts of the island.

One qualifying point should be made—the
sheltering effect of the island may have had
some effect in reducing the peak water-wave
amplitudes from the second storm. However,

LATHAM AND SUTTON

the OBS site is far enough south of the island
so that a substantial reduction in amplitudes
caused by the island seems unlikely.

5. MobE oF PROPAGATION AND ENERGY

Measurements on land [Tokséz, 1964; Douze,
1964] indicate that most of the energy assoei-
ated with microseisms propagating across land
masses is in the form of fundamental angd
higher-mode Rayleigh waves. Measurements of
microseisms directly on the ocean bottom have
been reported by Ewing and Ewing [1961];
Monakhov [1962]; Prentiss and Ewing [1963];
Bradner and Dodds [1964]; Schneider and
Backus [1964]; Schneider [1964]; Schneider
et al. [1964]; and Bradner et al. [1965]. The
only direct evidence bearing on the mode of
propagation is given in the last four papers.
Schneider and co-workers used a hydrophone
in conjunction with a three-component short-
period seismometer system. It can be shown
[Biot, 1952] that the phase angle between pres-
sure and vertical particle velocity is 90° for a
free-traveling Rayleigh wave and is independ-
ent of frequency. The computations of cross-
power spectrums reported by Schneider show
a phase shift of 90° == 10° from the long-pe-
riod end of the spectrum to a period of 0.5 sec.
The sample described by Schneider was re-
corded 50 km west of Hawaii. The predominant
period of the microseisms at the time was 4 sec.
Thus the example makes a good comparison
with the OBS results in both distance from
the island and in the spectrum of the micro-
seisms.
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Fig. 13. Comparison between the period of the
primary peak in microseism energy and one-half
of the périod of peak water-wave energy.
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First results from the Lamont OBS system,
Jocated 170 km off the coast of northern Cali-
fornia, corroborate the phase-shift observation.
The predominant period of microseisms meas-
ured at this site on April 24, 1965, was 72
sec. Pressure leads vertical particle velocity by
90°, as predicted for Rayleigh waves, and the
phase relation is consistent, so that the phase
angle can be read on the seismograms without
resort to cross-power computations.

We will present evidence in section 6 which
suggests that the microseisms observed during
this study were generated near Bermuda. Since
the OBS is only 65 km south of Bermuda, it
would have been quite close to the generating
region where waves associated with leaky
mode propagation might be expected to rep-
resent a significant contribution to the total
seismogram. In partieular, Phinney [1961], in
his study of the oceanic PL mode, suggested
that the late-arriving leaky modes (or organ-
pipe modes) might be involved in the prop-
agation of microseismic energy. However, it
can be shown that the pressure and vertical
particle velocity would be in phase for these
modes. The phase angle would also be zero, or
very close to zero, for the period range asso-
ciated with the main energy from the other
PL modes. Thus the observed 90° phase shift
would appear to negate the importance of this
mode of microscism propagation for periods
longer than 1 sec. Since pressure was not, meas-
ured during the Bermuda ocean-bottom ex-
periment, this test cannot be applied in the
present case.

Bradner et al [1965] used three-component
seismographs for short-term measurements on
the floor of the Pacific Ocean. They attempted
to identify the wave types associated with
propagation of microseisms by means of the
phase relations and coherence between all three
components of ground motion. For the most
part, coherence was so low that this method
falled. Where definite results were obtained,
the wave type was identified as Rayleigh in
two eases and Love in one case.

New data recorded during the Bermuda ex-
periment bring one primary line of evidence
to bear on the question of whether miero-
seisms propagate in normal modes: the ratio
of horizontal-to-vertical particle motion (Ray-
lrigh constant). The measured value for this
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ratio was quite stable for the ocean-bottom
data, with an average value of 3.5. The theo-
retical ratios of horizontal-to-vertical particle
motion at the top of the sediments are plotied
as a function of period for the Rayleigh mode
and the first and second shear modes in Figure
14. The experimental points are the ratios of
the rms amplitudes listed in Table 2. In this
period range the fundamental mode particle
motion is prograde and the ratio uw/w is rela-
tively constant in comparison with the steep
gradients observed in the curves for the first
and second shear modes. Although they cover
only a narrow part of the period range, the
experimental points fit the fundamental mode
ratio quite well.

The ratio of w/w for the secondary peak
(between 3.0 and 3.2 sec) in the microseism
spectrum is not as well.defined, but it is ap-
proximately 2.2. The theoretical ratio values
for the oceanic model (4-B) at 3.1 sec are 2.5,
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Fig. 14. Theoretical ratio of horizontal-to-
vertical particle motion at the top of the sedi-
ment layer for the first three Rayleigh modes
(model 4-B). Positive ratio indicates retrograde
motion; negative ratio indicates prograde motion.
Five experimental points are plotted for compari-
son.
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9.9, and 242 for the fundamental mode, first
shear mode, and second shear mode, respec-
tively. Hence it appears likely that miero-
seisms related to this peak are also Rayleigh
waves of the fundamental mode. The approxi-
mately 14 :1 period relation to wind waves
suggests that the shorter-period microseisms
are generated by the wind-wave component
of the water-wave spectrum in the same way
that the longer-period microseisms are gen-
erated by the swell component.

The effects of changes in model parameters
on the ratio curves for the first and second
shear modes are shown in Figures 15 and 16.
Small changes in model parameters produce
Inrge changes in the ratio curves for these
modes. The change from model 4-B to 5-B is
a thickening of the sediment layer from 0.31
to 0.50 km. Variations in sediment thickness of
this order are certainly present in the vicinity
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Fig. 15. Theoretical ratio of horizontal-to-
vertical particle motion at the top of the sediment
layer for the first shear mode (models 4-B and
5-B). Positive ratio indicates retrograde motion.
Negative ratio indicates prograde motion.
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vertical particle motion at the top of the sedi-
ment layer for the second shear mode (models
3-B, 4-B, 6-B and 8-B). Positive ratio indicates
retrograde motion, Negative ratio indicates pro-
grade motion.

of Bermuda [Bwing and Ewing, 1963]. Model
3-B represents the removal of 10 meters from
the top of the sediment layer. Model 6-B rep-
resents a thickening of the water layer from
44 to 5.0 km. Model 8-B represents a change
in thickness of the basement layer from 1.3 to
2.3 km. In the range of periods corresponding
to large microseisms, all the ratio curves for
the higher modes have steep gradients. These
various models, and others which are not shown,
were tried in an attempt to find one that
would bring the ratio value for one of the
higher modes into closer harmony with the ex-
perimental points. No models were found which
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were Teasonably close to the local structure
determined from seismic measurements and for
which the ratio curves fit the experimental
points. ]

The fundamental mode is affected largely by
the sediment layer, or, more precisely, by the
top part of the sediment layer at these short
periods. Other changes in the model, such as
water depth or basement thickness, have little
effect on the ratio.

The observed ratio on Bermuda is approxi-
mately 1. The theoretical ratios (model 7-B)
at 37 see period are 0.72 for the fundamental
mode, 057 for the first shear mode, and 026
for the second shear mode. Thus the observed
u/w ratio supports the fundamental mode as
the most likely mode of propagation of miecro-
seisms at both the OBS and BDA sites.

Tt should be recognized that the theoretical
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ratio applies to a single wavetrain, whereas it
is possible that the microseisms at a given point
consist of the superposition of Rayleigh waves
arriving continuously from many directions. A
distributed source would produce the low co-
herence ohserved between the horizontal and
vertical components [Schneider, 1964] and
might modify to some extent the ratio of hori-
zontal-to-vertical motion [Strobach, 1965]. We
next consider some of the pertinent aspects of
short-period Rayleich wave propagation in the
oceanic structure.

The horizontal and vertical particle-motion
profiles associated with the Rayleigh mode and
the first and second shear modes are shown in
Figure 17. For the OBS site (4-B), the Ray-
leigh mode computation was repeated with the
sediment layer removed (lower curves) to show
the profound effect of a thin layer of sediment
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Fig. 17. Theoretical particle-motion profiles corresponding to the first three Rayleigh
modes for the Bermuda pedestal model (7-B), and the oceanic model (4:B). u, W d_enote
horizontal (longitudinal) and vertical motion, respectively. The period is 3.7 sec in all
cases. The two sets of curves shown for the Rayleigh mode, model 4-B, cor;espo-nd to the
case with sediment (upper curves) and without sediment (lower curves}. Like signs on »
and » indicate retrograde motion; opposite signs indicate prograde motion. Note that the
vertical scale is five times larger for the oceanic model than for the Bermuda pedestal

model.
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(031 km) at these short periods. When no
sediment is present, the profile shows relatively
small retrograde motion at the top of the solid.
With the addition of a thin sediment layer,
maximum particle amplitudes oceur at the
liquid-solid boundary instead of at the free sur-
face; the horizontal motion in the sediments
just beneath the interface becomes much larger
relative to the vertical motion, the Rayleigh
constant increasing from 0.33 to 3.9; and the
motion at the top of the sediments becomes
prograde. The energy becomes progressively
more concentrated in the sediment layer for
shorter periods (or thicker sediments).

Figure 17 shows that at a period of 3.7 sec
the water-sediment interface is an antinode for
both horizontal and vertical motion for the
fundamental mode. Press and Ewing [1948]
point out that vibration in an acoustical sys-
tem is excited most efficiently by applying
the driving foree at an antinode. Following this
line of reasoning, we see that the proper place
to apply a force in the oceanic acoustical sys-
tem to produce Rayleigh wave motion in the
fundamental mode, for the period runge of the
observed microseisms, is at the water-sediment
interface. Assuming that the excitation derives
from a force applied at the surface of the
water layer, we would therefore expect that
generation would not take place very efficiently
in deep water over unconsolidated sediments.
Unconsolidated sediments pinch out against the
flanks of Bermuda at a depth of approximately
4 km. In shallow water the vertieal particle
motion antinode is at the water surface, and
this favors generation by a surface source.
Therefore, if the observed microseisms are fun-
damental mode Rayleigh waves, generation
probably takes place near Bermuda. The valid-
ity of this suggestion is strengthened by other
evidence in section 6. These arguments do not
hold in relation to the generation of micro-
seisms with a period so long that the antinode
would be at the surface even in the presence of
unconsolidated sediments.

To obtain the actual amplitudes of the var-
ious Rayleigh modes as a function of period,
the excitation funetions must be computed. The
form of the excitation function will depend on
the assumed model, ie., on the roots of the
period equation, on the location of the receiver,
and on the nature and loeation of the source. In
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their investigations of ihe problem, Scholte
[1943] and Press and Ewing [1948] consider
a point source of pressure at the surface,
Longuet-iggins [1950] expanded on this the-
ory by considering a distribution of point
sources. Hasselmann [1963] has departed from
the concept of diserete, harmonic point sources
and considers the excitation to be due to g
randomly distributed pressure field. All these
authors recognized the important concept that
the amplitude specirum of the normal mode
excitation of the system depends on both the
acoustical response, or system transfer fune-
tion, and on the source spectrum. For the pur-
poses of this paper, the influence of the layered
medium will be investigated in the following
way: We assume nothing about the nature of
the source function and accept only the fact
that the source does put energy into the wave-
guide which radiantes away from the generating
region as Rayleigh waves. A simple energy
argument can then be used to determine at
what period maximum amplitudes can be ex-
pected on the oeean bottom.

Rayleigh [1894] demonstrated the following
relation for a propagating surface wave

F=UE @
where

F = energy flux, the average energy per unit
time passing through a vertical plane
surface of unit width and infinite depth,
perpendicular to the direction of propa-
gation.

energy density, the mean total energy
averaged over one wavelength, contained
in a vertical column of infinite depth and
unit area.

U = group velocity.

Biot [1957] demonstrated the validity of (3)
under very general conditions, and Tolstoy [1955,
1956] employed this concept in the direct compu-
tation of group velocity. If the elastic system is
conservative, energy flux radiated away from the
source must equal the power supplied by the
source. Thus, if F is interpreted as source power,
the input power required to maintain a given
energy density in the outgoing wavefront at a
given period is given by (38). To be meaningful
in this case, the energy density values must be
adjusted at each period so that the corresponding
particle motion amplitude at the point of meas-

t=h
I
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arement is held constant. For the present case,
the point of measurement is just beneath the
water-sediment interface. Energy density values
normalized in this way are designated E,. A
minimum value in a plot of normalized energy
density versus period corresponds to the period
at which minimum system energy is associated
with a given amplitude at the point of measure-
ment. Then, by (3) and the foregoing arguments,
the minimum source power required to sustain
Raleigh wave motion at given amplitude and
distance is given by the minimum value of the
quantity UE,. To separate source effects from
transmission effects, we assume that the spectrum
of the energy actually coupled into the wave-
guide is flat (white). The largest amplitudes will
then be associated with the period range for
which the energy flux is a minimum. We proceed
to the computation of &,.
Energy density can be expressed as

E’=%j: czzf:p(u2+w2) iz (4

where p, %, and % are the density, horizontal
particle velocity, and vertical particle velocity,
respectively, all of which are functions of depth
Z. The horizontal wavelength is A. For a single
sinusoidal wavetrain, the particle wvelocities
squared introduce z-dependent terms sin?k(z —
ct) and cos®(z — ct). The value of either term
averaged over one wavelength is 1/2. Hence (4)
simplifies to

+

i= % p’(l + wf) dZ ()
v and w are given as functions of depth in
particle-motion profiles of the type discussed
above. Thus the energy density associated with
the propagation of a Rayleigh wave can be
computed by numerical integration of (5) from
the surface to a depth where the particle motion
becomes insignificant.

The values of U, E,, and F corresponding to
the fundamental mode Rayleigh wave for the
ocesnic structure are plotted in Figure 18. The
energy flux, energy density, and group velocity
all show a minimum at approximately 3.3 sec.
It is at this period that we would expect maxi-
mum amplitudes in the steady state if (1) the
thosen model for the OBS site is correct and (2)
the spectrum of the energy actually coupled into
the waveguide is flat.
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The predominant period of microseisms ob-
served on the ocean bottom varied between 3.4
and 3.9 sec. However, the period of miecro-
seisms at Bermuda was not significantly differ-
ent from that measured concurrently at the
OBS cite. If the zone of generation of micro-
seisms is primarily on the flanks of the island,
as we contend in section 6, the propagation
path was through the island structure to the
Bermuda seismograph station in the first case
and primarily through the oceaniec structure to
the OBS site in the second case. Sinee the
properties of these two paths are certainly dif-
ferent, the layered medium would not appear
to have greatly influenced the observed miero-
seism periods. Assuming that gravity waves are,
dircctly or indirectly, the most likely source,
this result suggests that the water-wave spec-
trum normally represents a very narrow band
source Telative to a function which correetly
describes the response of the layered medium;
thus the water-wave spectrum will usually be
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Fig. 18. Energy density and energy flux as-
sociated with a fundamental mode Rayleigh wave
for ocean-bottom model 4-B. The numerical
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sediment layer. Group velocity for fundamental
mode Rayleigh waves, model 4-B,
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the dominant factor in shaping the microseism
spectrum. It is only when the source is rela-
tively broad band, such as might be produced
by a hurricane at close range, that the influ-
ence of the layered medium becomes import-
ant.

‘While on the subject of energy, it is of in-
terest to compare the energy flux of micro-
seisms at OBS with that at BDA. Before
performing this computation, we scaled the
theoretical particle-motion profiles so that the
amplitudes at the island surface (model 7-B)
and at the top of the sediments (model 4-B)
agreed with the averages of the measured
values. The resulting values of u/w agree well
with the theoretical values for the first mode
only. The mean energy density and mean en-
ergy flux associated with these adjusted par-
ticle-motion curves for the Rayleigh mode and
the first and second shear modes are listed in
Table 3. The period in all cases is 3.7 sec.

In Table 3, two points are of particular in-
terest: (1) the energy flux is about the same
for the island and ocean-bottom structures if
either fundamental mode or second shear mode
propagation is assumed and is 2.5 times larger
at the island site if first shear mode propaga-
tion is assumed; (2) the energy flux generally
increases with mode number. With reference
to the second point, consider, e.g., the ocean-
bottom case (4-B). If power P, must be de-
livered into the waveguide to sustain a given
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particle-motion amplitude at the water-segi-
ment interface at an arbitrary distance from
the source when the energy radiates outward
in the fundamental mode, then power P, = 5P,
is required if the transmission is in the first
shear mode, and P, = 15.3P, ig the Tequired
source power if second shear mode propagation
is assumed. Thus transmission in the funda-
mental mode requires considerably less source
power than for the higher modes. In this argy.
ment, variations in distance-dependent attenug-
tion among the modes are ignored.

With reference to water waves as a possible
source of energy for the generation of micro-
seisms, it is of interest to compare the energy
flux transported by water waves impinging on
the coast with the epergy flux present in the
microseism field.

The energy flux of water waves in deep water
is given hy

F. = goH°U (6)
where U = ¢T/4r is the group velocity of
water waves, H the rms wave amplitude, g the
gravity field strength, p the density of water,
and T the wave period.

Typical values measured in this study are H
= 20 em and T = 8 sec, which gives F,, =
24 x 10° ergs/em sec. For microseisms at the
OBS site, a vertical particle-motion amplitude
of 1.6  and a period of 3.7 sec are representa-
tive values. Using these vulues and assuming

TABLE 3. Energy Density and Energy Flux Associated with Passage of a Rayleigh Wave
of 3.7 Seconds Period through the Island Structure and the Oceanic Structure

Mean

Energy Group Mean

Experimental*  Theoretical Density, Velocity,  Energy Flux,

Rayleigh Rayleigh ergs/cm? em/sec ergs/cm sec
Site Model Mode Constant, Constant X10-¢ X10-8 X107
0BS 4B 0 3.9 —3.84 16.75 0.49 1.03
BDA 7-B 0 1.2 +0.72 4.43 2.72 1.50
OBS 4B 1 3.9 —1.41 45.05 0.89 5.02
BDA 7-B 1 1.2 +0.57 37.84 2.71 12.9
0OBS 4B 2 3.9 —13.6 163.03 0.77 15.7
BDA 7-B 2 1.2 —+0.26 37.59 2.70 12.8

* The theoretical particle-motion profiles were adjusted so that Z(BDA) = 1.0 pz; H(BDA) = 1.2 4,
Z(OBS)_= 32, H(_OBS) = 12.5 u, where Z and H refer respectively to the amplitudes (peak to peak) of
the vertical and horizontal components of ground motion. These amplitudes correspond to the averages of

the measured values.
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tundamental mode propagation, we get a miero-
selsmic energy flux in the oceanic structure of
1.0 % 10° ergs/cm sec. Thus the energy flux as-
sociated with water waves incident on Bermuda
is approximately 10° times larger than that of
microseisms propagating past the OBS site.

We conclude that (1) the observed ratios ol
horizontal-to-vertical particle motion at the
0BS and BDA sites fit the theoretical values
for Rayleigh waves of the fundamental mode;
(2) if the microseisms are Rayleigh waves of
the fundamental mode, approximately the samec
energy flux is associated with microseisms prop-
agating in the oceanie structure as in the island
structure; and (3) water waves incident on
Bermuda are potentially the energy source for
the observed microseisms. Also, we arc now able
to explain that the ocean bottom is a noisy re-
cording site relative to the surface of Bermuda.
As shown above, the energy flux is approxi-
mately the same at both sites. The larger
smplitudes recorded on the ocean bottom result
primarily from the difference in the distribution
of energy with depth at the two sites. In the
presence of unconsolidated sediments the en-
ergy associnted with a short-period (==4 sec)
Rayleigh wave propagating through the oceanic
struecture in the fundamental mode is concen-
trated near the water-sediment interface, ie.,
at the recording depth. No such concentration
of energy occurs at the island surface. If no
sediments were present at the OBS site, the
amplitudes of microseisms would have been
smaller by a factor of approximately 8 for the
vertical component and 94 for the horizontal
component. In the absence of sediment the
ocean bottom would have been a quieter re-
cording site than the Bermuda station by a
factor of approximately 3 for the vertical com-
ponent and 9 for the horizontal eomponent.
These are computed values which depend on
the characteristics of the chosen models (4-B,
-B) but the validity of the argument depends
aly on the presence of an appreciable thick-
ness of unconsolidated sediments on the ocean
bottom.

6. LocatioN oF THE SoURCE REGION

The question of the location of the source
Tegion is fundamental to any theory on the
generation of microseisms. The power spec-
trums of microseisms generated on Bermuda
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by Hurricane Arlene, in August 1963, were dis-
cussed in section 4. For the purposes of the
present, discussion, it is instructive to examine
the history of the microseisms produced by
this hurricane. The amplitude and period of
the dominant microseisms on seismograms re-
corded at the Bermuda standard station (LPZ)
were measured every 2 hours. The measured
values are shown in Figure 19. Carder [1955]
studied microseisms at Bermuda associated with
the passage of thirteen hurricanes in the west-
ern North Atlantic. The following features are
characteristic of the hurricane microseisms re-
lated to Arlene and those studied by Carder:
(1) there is a very small increase in amplitude
in the period range of 4 to 6 sec as the storm
approaches the island; (2) as the central winds
pass off the northern side of the island, a very
rapid increase in amplitude occurs and the pe-
riod shortens to about 4 see; and (3) as the
hurricane moves away from the island, miecro-
seism amplitudes slowly decay and the period
remains at about 4 see.

It is very difficult to reconcile these observa-
tions with a theory that includes generation of
microseisms directly bepeath the storm, al-
though they are easily explained in terms of
generation by wave action near Bermuda. Con-
sider first the asymmetry of the amplitude vari-
ation. Maximum winds had actually passed off
the northern edge of the island before micro-
seism amplitudes reached their maximum val-
ues. This would certainly not be expected if
microseisms were being generated beneath the
storm as it approached the island. The shape
of the amplitude curve is, in fact, just about
what would be expected for water waves arriv-
ing from a fast-moving storm. The storm neared
the island with a velocity of about 35 to 40
km/hr, This is equal to the group veloeity for
water waves of 13 sec period. Hence, only waves
with periods longer than 13 see could propa-
gate ahead of the storm. Such waves would
have relatively low amplitudes. This would ac-
count for the longer period and low amplitudes
associated with the onset of increased micro-
seismic activity. When the area of high winds
and high wave activity arrives at the island, the
microseism amplitudes increase rapidly to their
peak and remain high in the wake of the storm,
just as wave activity in the vicinity of the island
would. The water-wave spectrum for the storm
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Fig. 19. Period and amplitude of microseisms measured on the island of Bermuda during

passage of Hurricane Arlene, August 1963.

area itself is certainly peaked at a shorter pe-
riod than the preceding storm swell; thus, if
water waves near Bermuda produce the micro-
seisms observed on the island, a decrease in the
period of microseisms as a hurricane strikes the
island is to be expected. The area of generation
for microseisms must therefore be very near
the island. Dinger [1963] reached the same
conclusion from his study of microseisms and
water waves on the island of Barbados.

The similarity of the @ values for the spec-
tral peaks of concurrent water waves and
microseisms is further evidence for a cause-and-
effect relationship between local water waves
and microseisms. @ was obtained from the
power density spectrums by measuring the fre-
quency corresponding to the pertinent peak and
dividing by the bandwidth at the half-power
points. The average @ in Table 2 is 3.4 for the
vertical component of the OBS and water waves
and 7.2 for the horizontal component of the
OBS. @ values are expected to be larger for the
horizontal component than for the vertical
component of motion because, for the funda-
mental mode, the ratio of horizontal-to-verti-
cal motion has a maximum in the period range
of the spectral peaks (see Figure 14). Haubrich
et al. [1963] obtained @ = 14 for both miero-

seisms and water waves from distant storms.
The Q values measured in this study are much
smaller than those reported by Haubrich be-
cause we are dealing with eompuratively nearby
storm systems. However, in both studies the @
for microseisms is approximately equal to the
@ for water waves, despite the large contrast in
the range of @ values between the two studies.

No consistent phase relation between the
horizontal and vertical components can be seen
on the OBS rccords, so that the direction of
propagation of the microseisms cannot be de-
termined without using some type of time
averaging process. The same is true of the
standard station seismograms at Bermuda. For
this purpose an analog method essentially as
described by White [1964] was used.

For a Rayleigh wave of period 2w/0 the
horizontal and vertical particle motion at a
fixed point can be expressed by

H = A cos 8 coswt (7N
Z = (A/K) sin wt ®

where K is the ratio of horizontal-to-vertical
particle amplitude and # is the angle between
the surface-wave ray path and the sensitive axis
of the horizontal seismometer.
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Written in this form, H leads Z by 90°. This
would be true for a wave with prograde motion
irom the northeastern sector or for a wave with
retrograde motion from the southwestern sector.
It will be shown in section 7 that the ‘up’ di-
rection on the . horizontal-component seismo-
graph represents particle motion to the north-
east (azimuth = 38°); hence the northeastern
sector spans the semicircular are from 52° west
of north to 128° east of north and the south-
western sector includes the opposite 180° span.
Consider the quantities

I = (HZ)/(HXZ*)*"
I, = (HZ)/(HXZ*)*"?

where the angle brackets indicate the time
average of the quantity within the brackets
over some specified time interval.

Substituting for H and Z from (7) and (8),
we see that I, = 0 and I, = 1 for a Rayleigh
wave. It follows that the time integral of I; is
zero, and the integral of L, will inerease linearly
with time. Similarly, if Z leads H by 90°, I, = 0,
I, = —1, and the integral of I, will increase in
the negative direction. If, instead of a unidirec-
tional source, microseisms arrive at the detector
with equal energy from all directions, but with
random phases, all these quantities will be zero.
This result follows from the same arguments
used in showing that the cross power between
horizontal and vertical particle motion is zero for
a perfectly isotropic source. See White [1964]
for the details of the argument. A perfectly
isotropic field is as improbable as a perfectly
wnidirectional field. Hence we do not expect
these quantities to be precisely 0 or 1.

The quantities /; and I. and their integrals
were formed by analog means from magnetie-
tape playback. An example of the resulting out-
put signal, along with the sample of micro-
seisms fed into the signal processor, is shown in
Figure 20. Averaging in this case was done with
1 low-pass filter (time constant 20 sec); hence
we have, in effeet, & running average over about
5 cycles of the signal. The valug of I, definitely
tends toward +1, as is confirmed by the in-
tegral, whereas I, appears to average near zero
for the sample as a whole. The polarities are
sueh that I, = 41 indicates that energy comes
predominantly from the northeastern sector if
the particle motion is prograde, ie., the energy
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comes predominantly from the direction of the
island and not from the seaward side of the
OBS. A selection of samples was analyzed
throughout the recording period and all sam-
ples showed this same relationship. Specifically,
this result was obtained during the first peak
in microseismic activity when the associated
weather system was located south of the OBS
site. Thus the directional study supports the
conclusion that the 4-sec microseisms are gen-
erated primarily in the immediate vicinity of
the island.

Some of the irregularity in the quantities I,
and I, may be caused by the presence of higher-
mode particle motion which may be retrograde
or prograde in this period range. The opposite
direction is indicated if the particle motion is
retrograde. However, if the energy propagates
in the Rayleigh mode, the motion is prograde
at these short periods for any of the models
discussed in this paper. It appears that Bradner
et al. [1965] failed to recognize the possibility
of prograde particle motion in their study of
microseisms recorded on the ocean hottom in
the Pacific. Their conclusions regarding the
probable source regions for microseisms of in-
termediate period (= 6 sec) are based on the
assumption that the Rayleigh wave particle
motion is retrograde. In the specific case in
which hodographs of microseismic particle mo-
tion are shown, Bradner et al. suggest that a
storm located north of the recording site might
be the source. If the particle motion is actually
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Fig. 20. Sample of ocean-bottom microseisms
(recorded May 29, 1964, at 1700 UT) and re-

lated quentities derived by means of an analog
computer.
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prograde, the direction of propagation is re-
versed from that given by Bradner et al,, and
the source region could be in the island chain
(Samoa Islands) south of the recording site.

7. EARTHQUAKES

Phases from nine earthquakes have been
identified on the OBS records. The data arc

TABLE 4. Seismic Events Identified
on Seismograms from the Ocean-
Bottom Seismograph
Arrival times are corrected for iravel time in the
water layer (—3.0 sec).

Time, UT
_ Epicenter Data

Phase h m s (USCGS)

South bandwu.h Islands, May 26, 1964

iP 11 18.5 1059 12.3, A = 93.0°
ePP 11 16 04 56.2°8, 27 8°W

1SKS 11 22 40 M =17%h =120 km
eS 11 23 01

eS8 11 29 35

eLR 11 41 50

Deominican Republic, May 28, 1964

Pt 01 30 57 01 27 49, & = 12.7°
18ht 01 33 04.1 19.6°N, 70.2°W
el max 01 4 19 M=12%h=33km
Mid-Atlantic Ridge, May 28, 1964
eLR 12 55 29 12 33 10.2
0.8°S, 24.7°W
M =52k =33 km
Dominican Republie, May 29, 1964
[ 00 22 55.8 Not reported hy
USCGS
%Shs 00 24 59.1
Alaska (aftershock), May 29, 1964
eLR 10 42 42 1017 34.5
60.2°N, 146.3°W
M=56,h=35
Honshu, Japan, May 30, 1964
eLR 15 23 14 30 45.3
36.2°N, 141.1°E
M =55k =49 km
Kurile Islands, May 31, 1964
eP 00 56 12 00 40 36.4, A = 09.8°
ePP 01 00 18 43.5°N, 146.8°E
eS 01 05 32 M =63 h =48 km
eSS 01 12 40
elQ 01 23 56
eLR 01 27 48
Dominican Republic, May 31, 1964
iP 10 33 24.5 1030 25.0, A = 13.1°
1Py 10 33 25.6 19.2°N, 69.4°W
7S¢ 10 35 33.3 M =50,h =83km
Dominican Republic, May 31, 1964
%Py 10 44 21.8 Not reported by
USCGS
©8hs 10 46 28

LATHAM AND SUTTON

listed in Table 4. Five additional high—frequency
events were recorded. These were probably ar-
rivals from distant explosions in the water, al-
though it is possible that some of them are T
phases. In the search for seismic events the
signal-to-noise ratio was increased by playing
the magnetic tape records back through band-
pass filters. It is reasonably certain that other
earthquake phases could be located by using
better filtering techniques.

A series of four earthquukes having similar
characteristics was recorded. Slow-speed record-
ings of all four events are shown in Figure 21.
Only two of the earthquakes were located by
the U. 8. Coast and Geodetic Survey (see Table
4), but, considering their nearly identieal S—P
time intervals and similar appearance, they all
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Fig. 21. Seismograms recorded on the ocean
bottom showing high-frequency P and S phases
from four small Dominican Republic earthquakes
(see Table 4).
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undoubtedly occurred in the same region near.

the north coust of the Dominican Republie, at
1 distance of about 13° from the OBS site. The
most striking features of these seismograms are
the high-frequency content of the P and §
phases and their long duration. These charac-
teristics of West Indies earthquakes have been
deseribed by Linehan [1940], Leet et al. [1951],
Shurbet [1962], and Isacks and Oliver [1964].
A high-speed record of the largest Dominiean
Republic shock is shown in Figure 22. A section
of the record was removed between the P and S
phases to permit large-scale reproduction.

The high-frequency phases have maximum
amplitudes between 10 and 11 cps. These ar-
rivals have not heen Fourier-analyzed to de-
termine the possible presence of subordinate
spectral peaks. There is no measurcable differ-
ence in predominant frequency between the P
and S phases. No dispersion is apparent in
either the P or S wavetrain.

For the largest and hest-recorded Dominiean
Republic earthquake we obtain velocitics of
305 km/sec for the beginning of the P, phase
and 471 km/seec for the beginning of the Sy
phase. These values are consistent with veloei-
ties derived for the upper mantle in the western
North Atlantie [rom seismic refraetion studies
[Katz and Ewing, 1956]. The travel-time curves
derived for Py and S,¢ by Shurbet [1962] show
a more linear trend than the Jeffreys-Bullen P
and § travel-time curves. On the hasis of the
ohserved velocities and the linearity of the
travel-time curves, it appears that the high-
frequency phases can properly be ealled P, and
S, The predominant frequency in the high-
frequeney arrivals is very mearly the same for

l 10:33:25.5
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all four earthquakes, whereas the maximum am-
plitudes from the smallest earthquake to the
largest differ by an order of magnitude. It is
difficult to helieve that the source spectrums
could have been so uniform for suech a large
variation of released energy. Thus the sharp-
ness of the signal speetrum appears to be a
propagation effect.

The arrival of the high-frequency phase, P,
in Figure 22 is preceded by a lower-frequency
wavetrain (4 cps) which is identified as the
normal P phase. The time interval between
these two arrivals is 1.1 sec. For the largest
earthquake, the high-frequency P phase is
harely visible on the Bermuda standard station
record (~ 0.05 mm peak to peak) and the
normal P wave arrival is not visible at all. The
predominant frequency in the Py, arrival at
Bermuda is approximately 6 cps. The actual
ground motion was 6 times larger on the ocean
bottom than at the standard station on Ber-
muda.

The ground-motion amplitudes of various
carthquake phases at the ocean-bottom site are
compared with those at the Bermuda standard
station in Table 5 (column 4). Only those
phases which showed a. close similarity in wave-
form Detween the two sites were used. The
ground motion at short periods, as was men-
tioned above, is larger on the ocean bottom
than at the surface of the Bermuda pedestal.
The dominance of high-frequency signal on
the ocean floor relative to nearby land stations
has also been noted by the Texas Instruments
group [Schneider, 1964]. They report that
earthquake signal energy on the ocean bottom
is grealer than at nearby land stations hy as
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Fig. 22. High-speed recording of the P and § phases from a Dominican
Republic earthquake (see Table 4).
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TABLE 5. Comparison of Ground-Motion Amplitudes for the Ocean-Bottom Site
and the Bermuda Standard Station
BDA
Microseismst
Predominant BDA Signal* Predominant BDA §/§
Period, _— OBS Microseism
Component, Phase sec OBS Signal Miecroseisms Period OBS 8/N
Kurile
earthquake LPZ P 14 2.5 0.39 3.8 6.4
LPZ pp 14 2.9 0.39 3.8 7.4
SPZ PP 1.4 0.57 0.15 3.5 3.8
SPZ PP 2.0 0.59 0.15 . 3.5 3.9
LrZ LR 20 1.4 0.4 ' 3.8 3.5
South
Sandwich. LPZ 2 8 4.3 0.44 3.4 9.8
earthquake
Dominiean SPZ P OBS 0.10 0.17 0.37 3.5 0.46
Republic BDAO0.17
earthquake
SPZ S 0.8 0.41 0.37 3.5 1.1

* Ratio of the ground-motion amplitudes of the listed seismic arrival at the two sites.
t Ratio of the average microseism amplitudes measured just before the pertinent earthquake occurred.

much as 10:1 at shorl periods. However, the
ground-motion amplitudes are larger at Ber-
muda for periods longer than about 3 sec. The
ratio of ground motion at the BDA recording
site to that for the OBS site reaches its maxi-
mum observed value (4.3) for a P wave of 8-
sec period. For 20-sec surface waves, ampli-
tudes measured for BDA are larger than those
for OBS by a factor of about 1.4. If the sur-
face-wave energy flux is the same at hoth sites,
the theoretical ratio is 145 for the models con-
sidered here. At longer periods the signal ratio
approaches 1 ag the differences in structure be-
come negligible in comparison with a wave-
length,

To arrive at some measure of the relative
detectability of earthquake signals at the two
sites, we measured the microseismic levels pres-
ent at each site just before the arrival of an
earthquake and divided them into the ground-
motion amplitudes of the earthquake phases.
This quantity is taken to be the signal-to-noise
ratio, S/N, at each site. A summary of these
measurements 1s given in Table 5. As expected,
OBS shows better S/N at high frequencies and
BDA is better at low frequencies. The cross-
over is at approximately 1 c¢ps. Note that the
values listed in Table 5 were measured on the
vertical-component seismographs. Ocean-bot-

tom S/N values for the horizontal ecomponents
are smaller by a factor of approximately 35.

Seismograms for the two well-recorded dis-
tant earthquakes are shown in Figures 23 and
24, The larger amplitudes seen on the BDA
records early in the surface wavelrain are ex-
plained by the greater long-period magnifiea-
tion of these instruments.

An interesting aspect of the ocean-bottom
recording from the South Sandwich Islands
earthquake (Figure 24) is the well-developed
train of short-period waves which appears on
the horizontal component between the P and
PP phases. The predominant period of this
train is 4 sec. On the BDA E-W record there
is possibly some of the same phase, but it
appears to be absent from both OBS and BDA
Z records. This phase was not observed on
any of the seismograms for the Kurile Islands
earthquake. Sykes and Oliver [1964a, b] dis-
cuss a mode of propagation in an oceanic wave-
guide that may be related to this phase. They
show that when a low-rigidity sediment layer
is present, a type of leaking mode which re-
sults from constructive interference between
SV waves multiply reflected in the sediment
layer can exist. The phase velocities corre-
sponding to the largest amplitudes for this
mode would be expected to fall between the
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compressional and shear wave velocities of
the crustal layer immediately beneath the sedi-
ment layer. However, the phase velocity of
the upcoming P wave, which in the present
case apparently excited the observed reso-
nance, is much higher. Hence the efficiency of
generation of this phase would be expected to
be low unless other effects, e.g., nonparallel
layering, are involved. The predominant pe-
riods associated with waves of this mode are
given approximately by

_ 1 4H,
(2n — 1) B2 ©)

where T is the peried, n is the mode number,
and H, and B are the thickness and shear
velocity of the sediment layer. The sediments
in the vicinity of the OBS site are approxi-
mately 0.3 km thick and the average shear ve-
locity of the sediments is about 0.3 km/sec.
Substituting these values into (9), we find that
the corresponding period of the fundamental
mode ‘leaky SV’ is 4 see, as was observed.
Also, an SV wave reflecting between the bound-
aries of the sediment layer at nearly normal
incidence will execite very little vertical motion
at the water-sediment interface, which would
explain the absence of this phase on the verti-
cal-component seismographs.

A peak-for-peak correlation between 1ihe
BDA and OBS seismograms is possible for the
Rayleigh and Love wavetrains from the Kurile
Islands earthquake. The orientation of the OBS
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termined from the amplitude and phase re-
lations between the two sets of seismograms.
The ‘up’ direction on the seismogram for the
horizontal component was found to correspond
to particle motion along an agzimuth of 38° =
10°, The theoretical difference in the ratio of
horizontal-to-vertical particle motion at the
two sites was accounted for in the computation.

8. SuMMARY AND CONCLUSIONS

The major findings resulting from this study
are summarized in the following paragrapls.

1. Microseisms recorded on the ocean bot-
tom in the period range of 3.0 to 5.0 sec are
genetically related to those measured on a
nearby island. At any given time, the predomi-
nant period of microseisms on the island is very
nearly the same as that on the ocean floor, but
the amplitudes are much larger on the ocean
floor. The energy flux, however, is about the
same at both sites.

2. The observed microseisms propagate pri-
marily as fundamental mode Rayleigh waves.
At the OBS site, the predominant direction of
propagation of mieroseisms is from within a
180° sector which includes Bermuda. The large
difference between microseismic amplitudes
measured on the ocean bottom and on the
surface of the Bermuds pedestal results pri-
marily from the contrasting distribution of en-
ergy with depth for these two structures. Cal-
culations demonstrate that for the oceanic
structure, Rayleigh mode particle motion is

horizontal-component  seismograph was de- largely confined to the water-sediment interface
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Fig. 24. Enlarged seismograms from the South
Sandwich Islands earthquake showing a well-
developed train of 4-scc wave on OBS horizontal
component, The BDA seismogram has been en-
larged 4 times rclative to the OBS scismograms
producing equal time scales and nearly cqual
magnifications at 4 see period.

at these short periods; whereus for the Ber-
muda pedestal, energy is more uniformly dis-
tributed with depth, so that amplitudes at the
island surface cannot be as large as those on
the ocean bottom if there is the sume cnergy
flux at both sites.

3. The dala indicate that microscisms with
periods near 4 sec are generated by water-wave
interaction near Bermuda and not directly be-
neath the storm systems that are the progeni-
tors of these microseisms.

4. The characteristiecs of microseisms are
determined by the water-wave (sourec) spec-
trum and the response funetiou of the lnyered
medium in which generation and propagation
oceur. Normally the handwidth of the funetion
which represents the water-wave spectrum is
very narrow relative to the bandwidth of a
funetion which properly describes the response
of the layered medium; thus the water-wave
spectrum will usually be the dominant factor
in shaping the microseism spectrum. @ values
for the spectral peaks of water waves incident
on the island are approximately the same as
those for concurrent microseisms.

5. There is no simple relation between the
water-wave energy flux incident on the island
and microseismic energy in the vicinity. Two
maximums were observed for both microseisms
and water waves. Although the maximums were
contemporaneous, the larger microseism maxi-
mum was associated with the smaller water-
wave maximum. The primary wave-generating
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storm gyslem is obvious in hoth cases. Weather
maps were searched for other weather systems
which, in conjunction with the primary disturh-
ances, might have produced opposing swell in the
vicinity of Bermuda. No secondary wave
sources of this nature are evident; therefore
the most likely mechanism for encrgy transfer
in this case is the interaction between incoming
water waves and those reflected from the island.
The energy fAux for incoming water waves is
larger than the energy flux for loeal miero-
seisms by a factor of approximately 10°,

6. An FM receiver floating on the surface,
in conjunction with & single-frequency acoustie
generator located on the ocean floor, makes g
reliable one-dimensional wave recorder, as has
been demonstrated for the relatively quiet seas
encountered during this experiment (sea states

2 to 5).

7. The ground motion associnted with
earthquake arrivals is lurger on the ocean bot-
tom for periods shorter than 2 to 3 see but
larger on the island for longer periods. Signal-
to-noise ratiog arc better on the oeean floor for
periods shorter than about 1 see hut hetter
at the island site for longer periods. Signal-to-
noise ratios on the occan hottom are 3 to 4
times better for the verfieal component than
for the horizontal component if unconsolidated
sediments are present. I the thin layer of un-
consolidated sediment were removed from the
OBS site, (he associnted chuanges in the theo-
retical distribution of particle motion with
depth would result, for the =sume flux, in a re-
duction of the amplitudes of microseisms at the
ocean bottom by a factor of 8 for the vertical
component and a factor of 94 for the hori-
zontal component. A reduclion in the back-
around level of this magnitude would make the
ocean bottom a superior recording site, rela-
tive to Bermuda, at all periods. Thus, for the
purposes of optimizing detection capability,
it would be worth while to search for a re-
cording site that is relatively free of uncon-
solidated sediments,

8. The spectrums of the high-frequency P
and S arrivals from the Dominican Republic
earthquakes peak between 10 and 11 cps. The
apparent velocities are 8.05 km/sec for the
onset of the P, phase and 4.71 km/sec for
the onset of the S, phase. These values are
consistent with upper mantle velocities for the
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western North Atlantic. In view of their ve-
locities and the linearity of their travel-time
curves, these phases are properly called P, and
S, They are characterized by a sinusoidal ap-
pearance, 2 duration of several minutes, and
s predominant frequency which seems inde-
pendent of the magnitude of the shock or its
epicentral depth for the four earthquakes con-
sidered in this paper. These characteristics sug-
gest that the high-frequency phuses are guided
waves, but the nature of the guide and its loea-
tion are uncertain.

9. A sinusoidal train of waves with periods
of 4 see was found in the S-P interval from a
large earthquake located near the South Sand-
wich Islands. The period of this wavetrain and
its predominantly horizontal motion can he
explained by constructive interference hetween
multiply reflected SV waves in the unconsoli-
dated sediment layer.

The meehanisms for generation and propa-
gation of microseisms that appear to best sat-
isfy our observations do not explain all micro-
seisms in all period ranges. For example, Oliver
and Poge [1963), Oliver [1963], Haubrich
et al. [1963], and others ubserved microseisms
of the same period as local water waves in
addition to the 14:1 period relationship ob-
served here. This suggests a mechanism of gen-
eration involving direet wave action in shallow
water. Donn [1951] attributed short-period
mieroseisms recorded on the east coast of the
United States to cold fronts passing over the
shallow water of the continental shelf. In this
case, the water may be so shallow that its depth
ean be neglected. Atmospheric pressure dis-
turbances ean then be considered to be coupled
directly into the underlying solid layers.

In earlier studies of microseisms at Bermuda,
Shurbet and Ewing [1956] and Carder [1955]
observed microseisms in the period range of 7
to 10 sec in addition to the 4-sec microseisms
observed in this study. The former authors at-
tribute the 7- to 10-sec microseisms to storms
over the continental margin of the east coast
of North America. Carder attributes the 4-sec
microseisms to local weather conditions, as we
have done here. Although an intense low-pres-
sure system was present off Newfoundland dur-
ing this study, no 7- to 10-sec microseisms were
observed. Small microseisms in this period range
could be masked on the OBS records by Dop-
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pler-shift signal, but none wus observed on
records from the Bermudy standard station.

It was thought at first that amplitudes of
mieroseisms might be very small at the ocean
bottom and that it would therefore be a de-
sirable recording site. We now know that this
is not generally so, except at very short pe-
riods or possibly where there is no unconsoli-
dated sediment. However, a picture of the par-
ticulur utility of ocean-bottom recording is be-
ginning to emerge. The following important
arcas of investigation may he facilitated by
ocean-hottom recording:

1. Study of local submarime shocks where
first arrivals are rich in high frequencies, or of
more distant earthquakes if they produce high-
frequency arrivals such as those from West
Indics epicenters. In these cases, the signal
level on the ocean bottom is an order of mag-
nitude larger than on land and signal-to-noise
ratios are also improved but not by so large
a factor.

2. Study of ocean-continent or oeccan-island
transition zones by comparison of the spee-
frums of seismic phases and measurement of
phase velocity between a coastal land station
and an offshore ocean-bottom seismograph.

3. Study of microseisms.

4. Study of the seismicity and structure of
the oceanic regions. Many small submarine
carthquakes which would be recorded by a
snitable ocean-bottom seismograph undoubt-
cdly go undetected with the present array of
land recorders. Ocean-bottom seismographs
placed in the vieinity of known suboceanic
seismic zones would better delineate these zones
by micro-earthquake studies. Travel-time curves
derived {rom suboceanic earthquakes recorded
on the ocean bottom would provide a great
deal of information on the structure of the
oceanic crust to supplement what has been
learned from refraction work at sea and from
studies of surface waves that are recorded at
conventional stations.
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