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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 4.3 km. Instrumentation consisted of three long-period seismometers 
(natural period -- !5 sec) and one short-period vertical-component seismometer (natural 
period = 1 see). Data were telemetered acoustically to a shipborne receiver for S%• days. This 
experiment represents the first successful arttempt 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- 
•.ept 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 fo.r 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 
fimdamental mode is concentrated near the water-sediment interface. In the island structure, 
the energy is distributed more nniform!y 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- 
tages of locating instruments at sediment-free sites on the ocean bottom. 

INTRODUCTION 

Resuiis obtained from a four-component 
seismograph system which opera!ed success- 
fully on the ocean bottom 65 km south of 
Bermuda, at a depth of 4.3 kin, are described. 
The experiment was conducted between May 
•5 and June 2, 1964, by Lamont Geological 
Observatory personnel. Uninterrupted seismic 
data were obtained for 8% days. 

The first successful attempts to operate a 
seismograph on the ocean boitorn at great 
depths were made by Ewing and associates in 
1937 and 193S [Ewing sn• V•½, 193S]. These 

• Lamont Geological Observatory Contribution 
/ion 898. 

• Also 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 Pren•iss and 
Ewing [1963]. Other groups have recently be- 
come active in this field [Schneider, 1964; 
Bradnet, 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 lhose 
measured at nearby land sites. It has been 
shown, however, that the high-frequency en- 
ergy content of earthquake seismograms re- 
corded on the ocean bottom is often much 
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larger than in seismogr&tms recorded on land. in a motor-driven leveling gimbal. A separate 
Thus tile ocean bottom can be • superior re- motor centers the long-period vertieal-½0na. 
cording site at frequencies greater th•m 1 cps. portent seismometer (L?Z) by raising or low- 
There is also limited evidence that microsclams orang the upper suspension point of the main 
consist of normal mode waves. spring. The seismometers have capacitance- 

Although they have yielded valuable data, •ype l ransducers and feedback control for 
e•tch of these studies had two basic limitations: greater long-term stability, as described by 
(1) the seisn•ometers employed all had short S•tton aadLatham [1964]. 
natural periods (1 sec or less) and (2) •he The SPZ is a modified I-Iall-Sears model ttS- 
<turation of one continuous recording was rela- 10 with ,• n,•tural period of 1 sec. This unit 
•ively short (from several minutes to 72 ho•lrs). has :t self-generating coil-magnet transducer. 
As a, result, the signal spectrum at periods The seismometer is mounted on tile underside 
longer than about 4 to 5 see has not been well of the girohal so that it is leveled when the 
determined. Also, short-term recording does not, long-period pendulums are leveled. 
lend itself to an understa.nding of the va, rial'ions iData were transmitted to tile surface by 
in rnieroseismic activity with time. means of a hydroacoustic link operating on 

To overcome the limitations of the e•trli(•r telemetry channel 12 (10.5 kc/s)with an aver- 
l•rograrns, the development of • long-p•.•riod •'•ge acoustic power of 2.5 w•ttts. The telemetry 
seismograph system for use on the, ocean boi- system is described in detail t•y Tha•zos 
tom was undertaken at Lament Geological 01•- ][ubbard [1966]. 
setvalery in 1964. The instrument system w•"•s Tl•e power supply consisted of low-tempera. 
installed in late April 1965, 170 km off' t, he •rc mercury cells which were sufficient •0 
coast of northern California. Data are •,r:•ns- l•ower the system for n, minimurn of 15 days of 
matted by cable to the recording station ,':tt continuous operation. The batteries were packed 
Point Arena, Californi:;. A detailed description into a spherical aluminum pressure vessel 55 
of the instrumentation and first results from cm in diameter and 2.5 cm thick. The seisinore- 

the data are given by $t;tton e• •l. [196511. The eters and associated electronics were fitted into 
ocean-bottom insta,llation near 13errnuda was •nother pressure vessel of the sn,•ne dinaensions. 
in•ended to serve as a system test in prepara- The two spheres were mo•nt. ed in a steel tri- 
lion for tile permanent installation off the pod, each leg being terminated with a large 
California coast. :fluminton disk to prevent the unit from sink- 

ing into soft sediments. 
1. INs'raux•awr•o• ,•NI) FIELD OPERATION D•ta were received by the listening ship and 
The primary elcments of the instrument recorded on magnetic t•tpe and on a 4-channel 

system are (1)a three-component set of pen- chart recorder which served as a continuous 
dulums with 15-se½ natural periods; (2) one •nonitor. Magnification curves for all four in- 
short-period vertical-component seisinone. clef strumeats are shown in Figure 1 along with 
(SPZ) with natural period of 1 see; (3) an those for standard station instruments lo- 
acoustic telemetry system including a trans- ca ted on Bermuda (BDA). Tile ocean-bottom 
mAtter-receiver with the instrument system be- seismograph (OBS) curves apply to the signal 
low and on the listening ship above; (4)corn- as recorded on the 4-channel chart recorder 
maud electronics which permits execution of (seismometers set at medium gain, chart re- 
such functions as cage release and teeage, ocrder sensitivity = 1 v/era). 
turning transmitter power on and off, change The inertial mass of one of the horizontal- 
of gain, calibration, and seismometer leveling component seisinomelets remained elanaped 
by command from the listening ship; (5) a during the experiment. The output from this 
mercury battery power pack attached to •he channel was a steady tone at 10.5 kc/s. 
ocean-bottom trait; and (6) alemultiplexing ever, the frequency detected by the shipborne 
electronics and a recording system located on receiver varied continuously as a function of 
the listening ship. These elements are described the relative velocity between the ship and the 
in greater detail by Sutton ei al. [1965]. transmitter (I)oppler effect). If the ship motion 

The three long-period pendulums are mounted followed water particle motion, the Doppler 
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shift 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 see- 
tion 4. 

The arrival time of a seismic signal at the 
shipborne receiver is delayed by •he travel 
time in the water layer; hence arrival times 
st 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 1.2 km. The ap- 
propriate time correction required to com- 
pensate for water-wave travel time is th•s 
-3.0 -+ 0.2 see. 

2. R•com)•Na 

As shown in Figure 2, tim OBS was located 
near the base of the southern flank of the 

Bermuda pedestal (31ø40ZN, 64ø45ZW) 
depth of 2340 fathoms (4.3 kin). The follow- 
ing regional description is excerpted primarily 
from Heeze• et al. [1959]. Tile islands of ]3er- 
muda lie along the southwest rim of 
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 kin. The 
size of the pedestal base is approximately SO 
'km by 130 kin. The pedesta,1 rises up from 
much larger feature called the Bermuda, rise, 
which is an oval arch extending about 500, by 
1000 km, with the long axis oriented NE-SW. 
The average depth of waier over this feature is 
approximately 4.6 kin. The Bermuda rise, 
turn, is bounded by abyssal plains and hills. 

On the Bermuda rise--a typical oceanic 
crust--we are dealing with four principal 
layers overlying tile mantle' (1) water, (2) 
,nconsolidated sediments, (3) basement, con- 
sisting of consolidated sediments and volcanic 
material near Bermuda, and (4) oceanic crust. 

The unconsolidated sediment layer in 
region of the seismometer site was mapped by 
the reflection profiler technique during ¾eraa 
cruise !8, in December 1961. This technique is 
described by Ewing a•d 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 A-A'). The instrument is lo- 
c•tted on a thickness of about 0.3 'kin of sedi~ 
n•ents 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 about 0.45 km and 
then gradually becomes thinner. 

Houtz a•d Ewing [1964] studied the sedi- 
ments in the western North Atlantic by means 
of both refraction and refleeiion seismic tech- 
niques. Their results show that velocity gradi- 
ents in •he 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 eom- 
l•ressional wave velocity v and depth h' 

= . 

z 

!½ 
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Fig. 1. Magnification curves for (1) the verti- 
cal and horizontal components of the long-period 
ocean-bottom seismograph (OBS LPZ, OBS 
LPI-I); (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- 
toographs (BDA LPZ, BDA LPI4, BDA SPZ). 
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where n = 5, k = 8.75, and vo = 1.52 km/sec. 
For these parameter values, (1) becomes 

v = 1.52(1 + 6.91h) 'z• kin/see (h in kin) 

Accepting this relation as valid for the region 
near Bermuda, we can compute velocity as a 
function of depth in the sediment. The asso- 
ciated densities and shear velocities can be 

derived from data given by Nafe and Dralce 
[1963]. 

The parameters of the layered structure 

taken to represent the OBS site are listed in 
Table ! (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 seallinen. 
taw column has been arbitrarily divided into 
four homogeneous layers. The top layer is 0.01 
km thick and each of the three lower layers is 
0.1 km thick. The low shear velocities shown 

33' 

Fig. 2. Bathymetric map showing the Bermuda pedestal, the OBS site, and the location of 
the sediment profile (A-A') shown in Figure 3. Contour units are fathoms. 
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are consistent with values proposed by Sykes 
•zd Oliver [1964a, b] and Oliver and Dotman 
[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 .BwMg 
[1963]. The mantle is assumed to be a half- 
space. 

Model 7-B (Table 1), representing the island 
structure, was derived primarily from ffatz 
and Ewing [1956]. The depth to the base of 
the volcanic 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 •he mantle is 
assumed to be 3.4 g/cm '•. Woollard [1954] and 
Phi•ney [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 kin. It is admittedly a 
simplification to assume that the sedimentary 
layers are of uniform thickness in •,his region. 
.•my results which depend on this assumption 
must be qualified accordingly. 

3. •IiCROSEISI•S, GENERAI• DESCRIPTION 

A typical sample of microseisms as recorded 
by the 0BS is shown in Figure 4. Several points 
are immediately apparent. The amplitudes are 
large relative to those of norma] ]and record- 

tags, and the horizontal amplitudes are notice- 
ably larger than the vertim•l amplitudes. 
mum amplitudes were 30 t• and 7 • peak to 
peak for the horizontal and vertical compo- 
nents, respectively. These compare with ampli- 
tudes of 3.5 /• and 2.5 • 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 cm). The average ratio of horizontal- 
to-vertical particle-motion amplitude ranges 
between 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 !and sta- 
tion records is well developed on the ocean 
bottom. However, a well-defined beat on the 
record for the horizontal component is not 
necessarily associated with a similar feature on 
the record for the vertical component; i.e., the 
cotterence 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- 
qua, rely reproduced. 

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

Microseismic amplitudes and periods were 
measured every 6 hours for both the 0BS rec- 
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TABLE 1. Layer Parameters for Oceanic 
and Island Crustal Models 

(•, /% p are the compressional velocity, shear 
velocity, and density, respectively.) 

Layer 
Thick- 

lqeSS• 0% •, P• 
Model km km/sec km/sec g/cm • 

1.52 
1.60 
1.71 
1.80 
4.7:3 

6 65 
2 04 
1 5'2 
1 52 
I 60 

1 71 
1 

4 73 

6 65 
8 (')4 
1 52 

1 6O 
I 71. 

1 8O 
2.00 
4.73 
6.65 
8.04 
1.52 
1.60 
1.71 
1.80 
4.73 

6.65 
8.04 
2.70 
5.25 
8.04 
1.52 
1.52 
1.60 
1.71 
1.80 
4.73 
6.65 
8.04 

O. O0 1.03 
0.19 1.70 
0.37 1.79 
0.53 . 1.86 
2.74 2.50 
3.74 2.81 
4.42, 3.40 
O. O0 1. O3 
0.15 1.65 
(). 19 1.70 
0.37 1.79 
o. 53 1.86 
2.74 2.50 
3.74 2.81 
4.6O 3.40 
0. oo 1.03 
0.19 1.70 
0.37 1.79 
0.53 1.86 
0.74 1.93 
2.74 2.50 
3.74 2.81 
4.42 3.40 
O. O0 1.03 
0.1.9 1.70 
0.37 1.79 
0.53 1.86 
2.74 2.50 
3.74 2.81 
4.42 3.40 
1.56 2.15 
3.00 2.60 
4.42 3.40 
O. O0 1.03 
0.15 1.65 
0.19 1.70 
0.37 1.79 
0.53 1.86 
2.74 2.50 
3.74 2.81 
4.60 3.4O 

3-B 4.40 
0.10 
0.10 
0.10 
1.30 
5.10 

4-B 4.40 
0.01 

0.10 

O.lO 
0.10 
1.30 
5.10 

5-B 4.40 
O.lO 
O.lO 
O.10 
0.20 
1.3O 

5.10 

6-B 5. oo 
O.lO 
O.lO 
O.lO 
1.3o 
5.1o 

7-B O. 08 
21.00 

8-B 4.40 
0.01 
0.10 
0.10 
0.10 
2.30 
5.10 

are shown in Figure 5. The much greater 
I-)lit]tdes at the ocean-bottom site are immedi- 
:tidy obvious. The predominant period, how- 
ever, is very nearly the same at the two sites. 
The temporal variations in average amplitude 
•tre also similar at the two sites. It is clear that 
a genetic relationship exists between micro- 
setsres measured on the ocean bottom and those 
measured on Bermuda. Data for the B•rmuda 
LPI! in Figure 5 were obtained from the E-W 
component. 

Weather maps which cover the entire North 
Atlantic area were studied to determine whett•er 

the peaks in microseismic activity could be 
correlated with the passage of weather systems. 
The maps used are pro&reed 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 
Since these were the only storms that passed 
in the vicinity of Bermuda during the record- 
ing period, and since their times of dosest 
preach to the island corresponded roughly 
the times of peak activity, there seems little 
doubt that the two peaks in microseismic ac- 
tivity are associated with these wea, ther sys- 
tems. 

The first weather system was a weak trough 
of low pressure which trended N-S, with a 

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 ram), so that the accuracy of 
the measurements is of the order of ñ20%. 
The results of this semiquantitative analysis 

COMP ..... "'•""• 

Fig. 4. A sample of microseisin signal re- 
corded by the ocean-bottom seismograph. LPIi 
-- long-period horizontal-component seismograp.h; 
LPZ -- long-period vertical-component sms- 
roegraph; SPZ -- short-period vertical-compon- 
ent seismograph; and CO MP- output from 
the inoperative horizontal component. Recorded 
May 29, 1964, at 1500 UT. 
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plotted at the corresponding time along the 
trtmk. The peak amplitudes at the OBS were 
recorded at a, bout 1200 LIT on M•y 29, which 
wa•s somewhat before the time of closest ap- 
proach of the center of the secondary low to 
Bermuda. However, the assignment of .a point 

.:• r• to designate the storm position can be mislead- 
O ing, especially in dealing with a secondary low 

'2 a:: elongated along the frontal zone. The point 
a. 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 ease, may not 
be the most important point with reg,ard •o the 
•eneration of mieroseisms. 

4. Pow• Sr•c•av•rs 

We considered the microseisin background to 
be a quasi-stationary random sign.•l and com- 
puted the power density spectrum [Blackman 
a•d Tttkey, !958]. Five time intervals were 

Fig. 5. Time dependence of the period and chosen for analysis. The beginning time for 
amplitude of microseisms at the ocean-bottom ea. ch section is listed in Table 2. Samples are site and at the Bermuda standard station for the 
vertical-component seismograph and the heft- 30 rain long for data from the long-period in- 
zonkal-eomponent seismograph. struments. Samples 2 and 4 were chosen to co- 

incide with the two peaks in microseismic 
poorly developed low-pressure center moving activity. Samples 1, 3, and 5 occur before, be- 
along the trough. The center of this low-pres- tween, and after the periods of peak activity. 
sure area is indicated along the track by short The spectrums described below each have a p- 
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 .rnaps 
of May 25, 1200 UT; the low centered 800 km 
south of Bermuda, and the trough trended 
NE-SW to the east of Bermuda. They are 
dosest to Bermuda and the OBS site on the 

map for I•ay 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 

: ..BDA 

Fig. 6. Tracks of the two weather systems 
cold front extending southward in a long are associated with peaks in microseisin activity. Tick 
from a nearly stationary, intense low-pressure marks on the track indicate the center of the 
system centered near Newfoundland. A see- weather system at 0000 and 1200 hours (UT). 
0ndary low formed along the cold front and The date is given at the 1200-hour mark. The 
moved eastward from the coast of the United width of the hatched area along the northern 

track at a given time is proportional to the 
States toward the region north of Bermuda. amplitudes of microseisms recorded on the 
The microseisms recorded on the OBS are ocean bottom at the corresponding time. 
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TABLE 2. Periods, rms Amplitudes ,and Q V•lues for Microseisms •nd Water Waves •t the 
Ocean Bottom Seismograph (OBS) Site a, nd the Bermud,% Sta, nd•rd Station (BDA• 

LPZ* 

'M•y Hour, Period, rms, 
Sample Site 1964 UT sec microns Q 

LPH • W•ter Waves 

Period, rms, Period, rms, 
sec microns Q sec cm 

1 OBS 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 3.78 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 29 1500 3.9 
5 OBS 31 2000 3.6 0.71. 2.8 3.6 2.27 7.2 7.4' 8.5 2.5 

* LPZ -- long-period verficM-component seismometer. 
• LPI-I = long-period horizo•t•l-component seismometer. 

proximately 35 degrees of freedom and were ticularly well developed in the LPZ spectrum 
smoothed by hamming. Thus there is a 90% of May 27. This point will be discussed further 
probability that the true power density (P,) below. 
is in the range 0.71P• • P, _• 1.55P•, where Power spectrums from the BDA and the 
P, is •he computed v,•..luc. OBS records are compared at •l•c time of the 

Power spectrums for the OBS seismomelers first pe:•k in microseisin •:•ctivity (sample 2) 
corresponding to samples 2, 3, and 4 are shown in Figure 8. At this time, the power density 
in Figure 7. The period of the main peak ranges for ground motion at the OBS site is larger 
from 3.7 to 4.0 sec. As expected, •he power than th•:•,t for the island by a, factor of 10 for 
density of the horizontal component is m•ch the vertical component and 100' for the hori- 
h•rger thnn that of the vertica,1 component. The zontal component, but the periods of the main 
period associated with the peak and the cot- peaks •re very nearly J;hc same. It appears 
responding rms amplitudes for •dl five samples th•t we are de:fling with the s::•me source of 
are listed in Table 2. The rms values were microscisms on the island as on the ocean bet- 

derived from the power density spectrums by tom but that the a, mplitudes are much larger 
integrating the function over the bandwidth of at the w•:•ter-scdimcnt interface than on the 
the peak and t::•king the square root of the is]and surface. 
result. No peaks in the BDA spectrums appear at 

No attempt was made to remove the Dop- periods corresponding to the water-wave pc- 
pier-shift signal discussed e,'..;•rIier. Thus the two riods, nor is there any evidence of the split 
peaks which usually appear between 5 and 8 peak in these spectrmns. The seas were rela- 
sec in each spectrum actu•dly represent water- tively c•fim at the time of this sample. It is of 
wave motion and not ground motion. Small- interest, in this connection, to consider the 
amplitude ground motion at these periods microseisin spectrums at Bermuda during a 
would be masked by the Doppler-shift signal. period of high seas such as are produced by 
However, no peak occurs at these periods on a hurricane. 
the BDA records and, for this reason, it was Hurricane Arlene passed directly over Bet- 
not considered worth while •o subtract the muda during August 1963. The time history of 
Doppler effect before analysis. Of course, the microseisms produced at Bermuda by this hur- 
signal-to-noise ratio for the seismic signal is ricane will be discussed in detail in section 6. 
degraded in this period range. For the purposes of this discussion, we con- 

A feature of interest is the appearance of a sider only the power spectrum of a 15-rain 
secondary peak at about 3.2 sec in four of the sample of microseisms recorded by the SPZ 
spectrums. This peak is usually too close to the seismometer at the Bermuda, station 11 hours 
m,qin peak to be well resolved, but it is par- 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 LPI-I setstoo- 
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 is]and 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 Icps, 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 Bradnet [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 l l. 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, l•ay 
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 $.2 sec, which we will designate 
as 'swell' to distinguish it from the shorter- 
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c• LPZ 
• ,o ø 

I 10 50 

installed an electronic wave staff at Argus Is- 
land, about 48 km north of the OBS site. This 
instrument has been described in detail by 
Piclceii [1964]. Wave measurements from this 
installation made during the OBS experiment 
were kindly m,%de available to us by J. SchuIe, 
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 concur- 
rent witl• the peaks in microseismic activity; 

•oo t•owever, note that the second peak in water- 
PERIOD (SECONDS) wave amplitudes is smaller than the first, 

which is just the reverse of the microseisin Fig. 8. Comparison between the power spec- 
trums of microseisms measured at the ocean- history. There appears to be no simple relation 
bottom site and the Bermuda standard station between water-wave amplitude and microseisin 
(May 27, 1964, at 0300 UT). Note that OBS peaks amplitude at Bermuda. Dinget a•d Fisher 
near 6 and $ sec are related to water-wa.¾e mo- [1955] reached the same conclusion in their tion, not ground motion. See text. Samples cor- 
respond to the time of the first peak in micro- st•aiy of microseisms at Guam. They concluded 
seismic activity (sample 2). All spectrums have 
been corrected for instrument response. 

period component. Swell components at longer 
periods also appear. This pattern repeats it- 

self in all five water-wave power spectrums • •ø • 
with minor variations in the periods of the 
various componenis. 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- o 

fronts, ship motion with periods of the order a. 
of 5 sec and shorter would be attenuaied. 

However, the ship was hove to during most of 
the recording period, so that it tended to •o 
align parallel to the wavefronts. Thus the width 
of the receiving ship becomes the important z 
factor. If we can ignore spurious motions re- o 
suiting from ship resonances, the motion of the ship should follow water-wave motion for 0.1 1.0 I0 I00 
periods longer than 2 to 3 sec. Fortunately, P E R I 0 D ( S E C 0 N D S ) 
independent wave measuremenis are available Fig. 9. Spectrums of microseisms recorded at 
for comparison, so that a quantitative assess- Bermuda and on the ocean bottom. Both spe½- 
merit of the importance of these factors is pos- trums show the characteristic 'split peak'. The 

OBS spectrum (also in Figure 8) has been cor- 
sible. The Oceanographic Prediction Division rected for instrument response; the Bermuda 
of the U.S. Naval Oceanographic Office has spectrum is uncorrected. 

'• BDA SPZ 

3':5-}i i0 AUG 63 
/•\ 0300 UT 

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

~ 

: OBS LPZ 
• 2T MAY 64 
. 0 300 UT 

• , • 1•,,, , , , I,,, • t • I,,.• 
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that the largest microseisin 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 microseisin periods. In a related study, 
Dinget [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 
microseisin 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-Itiggiz•s [1950], is the mechanism 
for microseisin generation. 

The periods of microseisms at the OBS site 
:tre 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, 
hut the rnicroseism period is consistently less 
than one-half the swell period. 

The shorter-l•eriod (wind-wave) peak in the 
wave spectrum remained near 6 sec during this 
•,:;?eriment, and the period of the secondary 
l•mk in the microseism spectrums varied be- 
tween 3.0 and 3.2 sec. This nearly :/z: 1 period 
rel•ttionship suggests that this secondary peak 
in the microseisin spectrum might t•e rel:ded to 

03 
z 
i,i 

z 

z 

o 

0 2 5 

FREQUENCY (cps) 
Fig. 10,. Compariso• between the high-fre- 

quency characteristics of power spectrums mea- 
sured on Bermuda and on the ocean bottom (May 
27, 1964, 0300 UT). Both spectrums have been 
corrected for instrument response. 

PERIOD (SECONDS) 

Fig. 11. Power spectrums of water waves measured above the OBS site as derived from 
Doppler-shift measurements. 
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the OBS site is far enough south of the island 
so that a substantial reduction in amplitudes 
caused by the island seems unlikely. 

5. MODE OF Pa0PAG•TION XND ENERGY 

Measurements on land [Toksb'z, 1964; Douze, 
1964] indicate that most of the energy associ- 
ated with microseisms propagating across land 
masses is in the form of fundamental and 
higher-mode Rayleigh waves. Measurements of 

(OBS) 
-- 

o --ARGUS IS. 
(NAVY)' 

- microseisms directly on the ocean bottom have 
been reported by Ewing and Ewing [1961]; 
Monakhov [1962]; Prentiss and Ewing [I963]; 
Bradnet and Dodds [1964]; Schneider and 
Backus [1964]; Schneider [1964]; Schneider 
et al. [1964]; and Bradnet 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 ø for a 

ox, _ free-traveling Rayleigh wave and is independ- 
- *x- ent of frequency. Tim computations of cross- 

, ' , ,, I, •., I, I ,.. power spectrums reported by Schneider show 5 2• 2• 2'v 2• 2• 30 31 t 
M A Y a phase shift of 90 ø _4:10 o from the long-pc- 

:Fig. 12. Comparison between the period and riod end of the spectrum to a period of 0.5 sec. 
amplitude of water waves as derived from (1) The sample described by Schneider was re- 
Doppler shift in telemetry signal and (2) an dee- corded 50 km west of Hawaii. The predominant 
tronic wave-staff at Argus Island. period of the mieroseisms at the time was 4 see. 

Thus the example makes a good comparison 
the wind-wave component of the water-wave with the OBS results in both distance from 
spectrum in the sa, me way that the primary the island and in the spectrum of the micro- 
microseisin 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- 4.• 
dined to favor the hypothesis that the inter- 
action takes place between incoming waves and 
waves reflected back from ihe coast. In this 

o 

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 _o 
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 

setsres. 

,, 

© © A J/2 SWELL 
_ x LPH 

o LPZ 
2,• • 2,6 I 27 i z,s I z9 I 3,o 

i 

MAY 1964 
sheltering effect of the island may have had Fig. 13. Comparison between the period of the 
some effect in reducing the peak water-wave primary peak in microseisin energy and one-half 
amplitudes from the second storm. However, of the p•eriod of peak water-wave energy. 
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First results from the Lainout OBS system, ratio was quite stable for the ocean-bottom 
located 170 km off the coast of northern Ca]i- data, with an average value of 3.5. The theo- 
fomia, corroborate the phase-shift observation. retical ratios of horizontal-to-vertical particle 
The predominant period of microseisms incas- motion at the top of ihe sediments are plotted 
ured at this site on April 24, 1965, was 7.2 as a function of period for the Rayleigh mode 
sec. Pressure leads vertical particle velocity by and the first and second shear modes in Figure 
90 ø, as predicted for Rayleigh waves, and the 14. The experimen'ta] points are the ratios of 
phase relation is consistent, so that the phase the rms amplitudes listed in Table 2. In this 
angle can be read on the seismograms without period range the fundamental mode particle 
resort to cross-power computations. motion is prograde and the ratio •/• is tela- 

We will present evidence in section 6 which tively constant in comparison with the steep 
suggests that the microseisms observed during gradients observed in the curves for the first 
this study were generated near Bermuda. Since and second shear modes. Although they cover 
the 0BS is only 65 km south of Bermuda, it only a narrow part of the period range, 
would have been quite close to the generating experimental points fit the fundamental mode 
region where waves associated with leaky ratio quitewell. 
mode propagation might be expected to rep- The ratio of u/w for the secondary peak 
resent a significant contribution to the total (between 3.0 and 3.2 sec) in the microseism 
seismogram. In particular, Plchme?/ [1061], in spectrum is not as well defined, but it is ap- 
his study of the oceanic PL mode, suggested proximately 2.2. The theoretical ratio values 
that the late-arriving leaky modes (or organ- for the oceanic model (4~B) at 3.1 sec are 2.5, 
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. Th•s the observed 90 ø phase shift 
would appear to negate the importance of this 
mode of microseisin propagation for periods 
longer than 1 sec. Since pressure was not incas- B: 
ured during the Bermuda ocean-bottom ex- = 

pertinent this test cannot be applied in the o O--- 
present case. •_ 

Br•dner e• • [1965] used three-component •: -2 
seismographs for short-term measurements on 
the floor of the Pacific Ocean. They attempted -4-- 
•o identify the wave types associated wi•h -6 
propagation of microseisms by means of the 
phase relations and coherence between all three 8 
components of ground motion. For the most 
part, coherence was so low that this method -I0 
failed. Where definite results were obtained, 
the wave type was identified as Rayleigh in 
two cases and Love in one case. 

.New data recorded during the Bermuda ex- 

12 ---- SECOND - RATIO 

..... .,,.W = 0 ..... 

•FIR S T"-"•H EAR 
I , 

4 5 

PERIOD -- SEC 

Fig. 14. Theoretical ratio of horizontal-to- 
periment bring one primary line of evidence vertical particle motion at the top of the sedi- 
t0 bear on the question of whether micro- ment layer for the first three Rayleigh modes 
seisrns propagate in normal modes' the ratio (model 4-B). Positive ratio indicates retrograde motion; negative ratio indicates prograde motion. 

' of horizontal-to-vertical particle motion (Ray- Five experimental points are plotted for compari- 
loigh constahl). The mensm'ed value for ½his son. 
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9.9, and 24.2 for the fundamental mode, first 
shear mode, and second shear mode, respec- 
tively. Hence it appears likely that micro- 
setsres related to this peak are also Rayleigh 
waves of the fundamental mode. The approxi- 
mately •:1 period relation to wind waves 
suggests that the shorter-period microseisms 
.'•re generated by the wind-wave component 
of the water-wave spectrum in the same way 
•hat the longer-period microseisms are gen- 
vrated by the swell component. 

The effects of changes in model parameters 

40 .__ 

30 

20 

I0 

• II I M 0 ..... 

(m the ratio curves for the first and second 

shear modes •'tre shown in Figures 15 and 16. 
Small changes in model parameters produce 0 
large changes in the n•ttio curves for these 

modes. The change from model 4-B to 5-B is '• -[0 
:t thickening of the sediment layer from 0.31 • 
to 0.50 kin. Variations in sediment thickness of 

/his order are certainly present in the vicinity O -20 

Io • -30 

•0 ..... 1. • -40 
8- FIRST SHEAR 

6 ,, MODE 

ß 

-//. ,- I- ,, ......... 

-5O 

2 3 4 
PERIOD. SEC 

Fig. 16. Theoretical r•tio of horizontal-to- 
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 [Ewi•g and Ewi•g, 1963]. Model 
-6 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 
4.4 to 5.0 kin. Model 8-B represents a change 
in thickness of the basement layer from 1.3 •o 
2.3 km. In the range of periods corresponding 
to large microseisms, all the ratio curves for 

2 3 4 5 the higher modes have steep gradients. These 
PE RIO D -- S E C various models, and others which are not shown, 

Fig. !5. Th. eoretical ratio of horizontal-to- were tried in an attempt to find one that 
vertical particle motion at the top of the sediment would bring the ratio value for one of lhe layer for the first shear mode (models 4-B and 
5-B). Positive ratio indicates retrograde motion. higher modes into closer harmony with the ex- 
Negative ratio indicates prograde motion. perimental points. No models were found which 
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were reasonably 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 a!}proxi- 
mately 1. The theoretical ratios (model 7-B) 
at 3.7 sec period are 0.72 for the fundamental 
mode, 0.57 for the first shear mode, and 0.26 
for the second shear mode. Thus the observed 
,/w ratio supports the fundamental mode as 
the most likely mode of propagation of micro- 
setsres at both the OBS and BDA sites. 

It should be recognized lb,at the theoretic:.tl 

ratio •tpplics to a single wavetrain, whereas it 
is possible tlx•tt the microseisms at a given point 
consist of the superposition of :Rayleigh waves 
arriving continuously from many directions. A 
distributed source would produce tl•e low co- 
herence observed between the horizontal and 

vertical components [Schneider, 1964] and 
might modify to some extent the ratio of hori- 
zontal-to-vertical motion [$trobacA, 1965]. We 
next consider some of the pertinent aspects of 
short-period Rayleigh wave propagt•tion in the 
oceanic structure. 

The horizontal and vertical particle-motion 
profiles associated with the Rayleigh mode and 
the first and second shear modes are sixown 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 lvrofound effect of a thin layer of sediment 

RAYLEIGH MODE FIRST SHEAR 2ND SHEAR 

7-B 7-B 7--B 

•]• •/=••VOLC AN , C • •............,.•.% P E O E S T A L 

4-B 4--B 4-B 

w 

• u w 
• SEDIMENT ............. •t • 

BASEMENT 

CRUST 

MANTLE 

]•ig. 17. Theoretical particle-motion profiles corresponding f,o the first three Rayleigh 
modes for the Bermuda pedestal model (7-B), and the oceanic model (4-B). u, w denote 
horizontal (longitudinal) and vertical motion, respectively. Tl•e period is 3.7 see in all 
cases. The two sets of curves Shown for the Rayleigh mode, model 4-B, correspond to the 
case with sediment (upper curves) and without sedimen• (lower curves). Like signs on u 
and w indicate retrograde motion; opposite signs indicate prograde motion. Note that the 
vertical scale is five times larger for the oceanic model tha•z t•or the Bermuda !3edestal 
model. 
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(0.31 •tm•) 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 occur 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 •,o 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 see 
the water-sediment h•ierface is an antinode 

both horizontal and vertic,'d motion for the 

fundamental mode. Press and Ewb•.(! [1948] 
point out that vibration in an acoustic•al sys- 
tem is excited most efiiciently t•y applying 
the driving force at an antinode. Following this 
line of reasoning, we see that the ]•ropcr place 
to apply a force in the oceanhie a,c{mstic:d sys- 
tem lo produce Rayleigh wave motion in the 
fundamental mode, for the period range of 
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 exI)ect that 
generation would not take place very cfil. cicnt!y 
in deep water over unconsolidated sediments. 
Unconsolidated sediments pinch out against the 
flanks of Bermuda at a depth of approximately 
4 kin. In shallow water lhe vertical particle 
motion antinode is at the water surface, and 
this favors generation by a s•rfaee 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 •he 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 functions must be computed. The 
form of the excitation function will depend on 
the assumed model, i.e., on the roots of the 
period equation, on the location of the receiver, 
and on the nature and location of the source. In 

their investigatim•s of the problem, $cholte 
[1943] and Press and Ewing [1948] consider 
a point source of pressure at the surface. 
Longuet-t!iggi,'•s [1950• expanded on this the- 
ory by considering a distribution of point 
sources. Hasselmann [1963] has departed from 
the concept of discrete, harmonic point sources 
and considers the excita, tion to be due to a 
randomly distributed pressure field. AI1 these 
authors recognized the importaht concept that 
the amplitude spectrum of the norm:tl mode 
excitation of the system depends on both the 
acoustical response, or system trans[er func- 
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 a. ss•nne nothing about ttte nature of 
the source function and accept only the fact 
tha, t the so, tree does put energy into the wave- 
guide which radiates away front the generating 
region as Rayleigh waves. A simple energy 
argument can then be used to determine at 
what period ma. ximum amt•litudes can be ex- 
pected on the ocean bottom. 

Rayleigh [1594] demonstrated the following 
relation for a propagating surhee wave 

where 

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. 
Bier [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 a• a 
given period is given by (3). 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 incas- 
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urement 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 /•'•. 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 
dis[.ance is given by the minimum value of the 
quantity U•. 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 

= 
where p, f•, and t• are the density, horizonta[ 
particle velocity, and vertical particle velocity, 
respectively, all of which are functions of depth 
g. The horizontal wavelength is X. For a single 
sinusoidal wavetrain, the particle velocities 
squared introduce z-dependent terms sin•k(z - 
½1) and cos•]c(z -- ½1). The value of either term 
averaged over one wavelength is ]/2. Hence (4) 
simplifies to 

1 f_+• 
u and w are g•ven as functions of d. eptl• in 
particle-motion profiles of the type discussed 
above. Thus the energy density associated with 
the propagation of a I•ayleigh wave can be 
computed by numerical integration of (5) from 
the surface to a depth where the particle motion 
becomes insignificant. 

The values of [Y, J•, and • corresponding to 
the fundamental mode Rayleigh wave for the 
oceanic structure are plotted in Figure IS. 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 
chosen model for the OBS site is correct and (2) 
the spectrum of the energy actually coupled into 
the waveguide is fiat. 

2561 

The predominant period of microseisms ob- 
served on !he oec, an bottom varied between 3.4 

and 3.9 sec. However, the period of micro- 
seisms at Bermuda wa.s not significantly differ- 
ent frr•m lhat measured concurrenHy 'at 
OBS site. If the zone of generation of micro- 
seisms is prim•riIy 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 oceanic structure 
the 013S sile in the second case. Since 

properties of these iwo palhs are certainly dif- 
ferent, the layered medium would not appear 
lo have greatly infl•enced the observed micro- 
seism periods. Assuming that gravity waves are, 
directly or indirectly, the most likely source, 
this result suggests that the water-wave spec- 
trum normally represents a very •mrrow ba•d 
source relative to a function which correetly 
describes the response of the layered medium; 
th•s the water-wa.ve 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 
values correspond to u -- 0.707 t• at the top of 
sediment layer. Group velocity for fundamental 
mode Rayleigh waves, model 



2562 LATHAM AND SUTTON 

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 0RS 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 lhe 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 Po m•lst be de- 
livered into the waveguide to sustain a given 

particle-motion amplitude at the water-sedi. 
meat interface at an arbitrary distance from 
the source when the energy radiat•es outward 
in the fundamental mode, then power P• = 5Po 
is required if the transmission is in the first 
shear mode, and Pe = 15.3Po is the required 
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 argu- 
ment, variations in distance-dependent attenm-•- 
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 
fi•x transported by water waves impinging on 
the coast with the energy flux present in the 
microseisin field. 

The energy flux of water waves in deep water 
is •iven by 

F,,, -- gp H • U (6) 
where U = g•/4•- is lhe group velocity of 
water waves, Z• tile rms wave amplitude, g the 
gravity field strength, p the density of water, 
and i• the wave period. 

Typical values measured in this stud)' are f! 
-- 20 cm and T -- $ sec, which gives ?•, - 
2.4 X 10 • ergs/cm sec. For microseisms at the 
ORS site, a vertical particle-motion amplitude 
of 1.6/% and a period of 3.7 sec are representa- 
tive values. Using these values 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 

Site Model Mode 

Experimental* Theoretical 
Rayleigh Rayleigh 
Constant Constant 

Mean 

Energy Group Mean 
Density, Velocity, Energy Flux, 
ergs/ore • cm/sec ergs/cm sec 

X10 -• X10 -• X!0-' 

OBS 4-B 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 ,lB 1 3.9 -- 1.41 45.05 0.89 5.02 
BDA 7-B 1 1.2 +0.57 37.84 2.71 !2.9 

OBS ,lB 2 3.9 -13.6 163.03 0.77 15.7 
BDA 7~B 2 1.2 -{-0.26 37.59 2.70 !2.8 

* The theoretical particle-motion profiles were adjusted so that Z(BDA) -• 1.0 •; H(BDA) = 1.2 •, 
Z(OBS) -- 3.2 •, H(OBS) -- 12.5 •, 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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[undament. al mode propagation, we get a micro- 
seismic energy flux in the oceanic structure of 
1.0 X 10 :• ergs/c•n sec. Thus the energy flux 
sociated with water waves incident on Bermuda 
is approximately 1½ times larger than that of 
mieroseisms propagating past the OBS site. 

We conclude that (1) the observed ratios of 
horizontal-to-vertical particle motion 'at the 
0BS and BDA sites fit the theoretieaI values 
for R•yleigh waves of the fundamental mode; 
(2) if the mieroseisms are I{ayleigh waves of 
the fundamental mode, approximately the same 
energy flux is associated with microseisms prop- 
agating in the oceanic structure as in the is!and 
structure; and (3) water waves incident on 
Bermuda are potentially the energy source for 
the observed microseisms. Also, we are 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 
amplitudes recorded on the ocean bottom result 
primarily from tile difference in the distribution 
of energy with depth at tile two sites. In the 
presence of unconsolidated sediments the en- 
ergy associated with a short-period (• see) 
Rayleigh wave propagating through the oceanic 
structure in the fundamental mode is concen- 

trated near the water-sediment interface, i.e., 
at the recording dei•tll. No such concentration 
of energy occurs at the island surface. If 
sediments were present at the OBS site, the 
amplitudes of mieroseisms would have been 
smaller by a factor of approxim•xtely 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 component. 
These are computed values which depend on 
the characteristics of the chosen models (4~B, 
7-B) but the validity of the argument depends 
only on the presence of an appreeiable thick- 
ness of unconsolidated sediments on the ocean 
bottom. 

6. Locx•,•o• o• •'•E SO•J•CE R•oN 

The question of the location of the source 
region is fundamental to any theory on the 
generation of mieroseisms. The power spec- 
trums of mieroseisms generated on Bermuda 
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by I-Iurricane Arlene, in August 1963, were dis- 
cussed in section 4. For the purposes of the 
present discuss]on, it is instructive to examine 
the history of the microseisms produced by 
this hurricane. The amplitude and I)eriod 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. O'arde•' [1955J 
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 tile period range of 4 to 6 sec as the storm 
approaches the island; (2) as the central wh•ds 
pass off the northern side of the island, a very 
rapid increase in amplitude occurs and the pe- 
riod shortens to about 4 sec; and (3) as the 
hurricane moves away from the island, micro- 
seisin amplitudes slow!y decay and the period 
remains at about 4 sec. 

It is very difficult to reconcile these observa- 
tions with a theory that includes generation of 
microseisms directly beneath 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- 
:l. tion. Maximum winds had actually passed off 
the northern edge of the island before micro- 
seisin arnplitudes 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 tile 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 velocity for 
water waves of 13 see period. Hence, only waves 
with periods longer than 13 sec 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 
microseisin amp!itudes increase rapidly to their 
t)eak 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 mivroseisrns measurei.[ on the island of Bermuda during 
passage of }Im'ricane Arlene, August; 1963. 

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

The similarity of the Q values for the Sl)eC- 
traI pestks of concurrent water waves and 
microseisms is further evidence for a cause-and- 

effect relationship between local w:•ter wa, ves 
and microseisms. Q 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 Q 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. Q values are expected to be larger for the 
horizontal component than for the vertical 
component of motion because, for the funda- 
mental mode, tt•e ratio of horizontal-to-verti• 
cal motion has a maximum in the period range 
of the spectral peaks (see Figure 14). Haubrich 
et al. [1963'1 obtained Q - 14 for both micro- 

seisms and water wa, ves from distant storms. 

The Q va, Iues rneas•red in this study are much 
smrdler than those reported by Haubrich be- 
cause we are dea,!ing with comparatively nearby 
storm systems. However, in both studies the Q 
for microseisms is approxinmtely equa! to the 
Q for water waves, despite the large contrast i• 
the range of Q values between the two studies. 

No consistent phase relation between the 
horizontal and vertical eomponenls can be seen 
on the 0BS records, so that the direction of' 
propagt•tion ot• the microseisms cannot be de- 
termined without using some type of time 
,•veraging process. The sa, me is true of the 
standard station seismograms at Bermuda. For 
this purpose an an, slog method essentially as 
described by White [1964] was used. 

For a l•ayleigtx wave of period 2•r/•o the 
horizontaI and vertical particle motion at a 
fixed point e•n be expressed by 

H = A cos 0 coswt (7) 

z = (8) 
where K is the ratio of horizontal-to-vertical 
partiele amplitude and O 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 ø. This 
would be true for a w:•ve with prograde motion 
from the northeastern sector or for a w•ve with 
retrograde motion from the southwestern sector. 
It will be shown in section 7 tMt the 'up' di- 
rection on the horizontal-component seismo- 
graph represents particle motion to the north- 
east (azimuth = 38ø); hence the northeastern 
sector spans the semicircular arc from 52 ø west 
of north to 128 ø east of north and the south- 
western sector includes the opposite 180 ø span. 
Consider the q•mntities 

= TM 
= 

where the angle brackets indicate the time 
average of the quantity within the br:•[ckets 
over some specified time interva,1. 

Substituting for H and Z from (7) and (8), 
we see that • = 0 and I• = ! for a •ayleigh 
wtwe. It follows th,a• the time integraI of I• is 
zero, and the integral of h will increase linearly 
with time. Similarly, if Z leads H by 90 ø, L -- 0, 
I• = --1, and the integral of I• will increase in 
the negative direction. If, instead of a unidirec- 
lionel 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 Whi•e [1964] 
for the deta. ils of the argument. A perfectly 
isotropic field is as improbable as a perfectly 
mfidirectiona! field. •ence we do not expect 
fi•ese quantities to be precisely 0 or 1. 

The quantities • and • and their integrals 
were formed by analog means from magnetic- 
tape playback. An example of the resulting out- 
pug signal, along with the sample of micro- 
seisms fed into the signal processor, is shown in 
Figure 20. Averagh•g in this case was done with 
a low-pass filter (time constant 20 sea); hence 
we have, in effect, a rumting average over about 
5 eycles of the signal. The value of f• definitely 
tends toward %1, as is confirmed by the in- 
tegral, whereas f• appears to average near zero 
for the sample as a whole. The polarities are 
such that Y, -- • ! indicales that energy comes 
predominantly from the northeasterh sector if 
the particle motion is prograde, i.e., the energy 

comes predominantly' from the direction of the 
isLmd and not from the seaward side of the 

OBS. A selection of samples was amtlyzed 
throughout the recording period and all sam- 
ples showed this same relationship. Specifically, 
this result was obtained during the first peak 
in microseismic •etivity when the associated 
weather system was located south of the OBS 
site. Thus the directional study supports the 
conclusion that the 4-see microseisms are gen- 
erated primarily in the immediate vicinity of 
the island. 

Some of the irregularity in the quantities I• 
and I• m•w be caused by the presence of higher- 
mode particle motion which may be retrograde 
or prograde in this period range. The opposite 
{tirection is indicated if %he particle mo,tion is 
retrograde. However, if the energy propagates 
in the Rayleigh mode, •he motion is prograde 
at these short periods for any of the models 
discussed in this paper. It appears •hat Brc•dner 
e• el. [1965] failed to recognize the possibility 
of prograde particle motion in their study of 
microseisms recorded on the ocean bottom in 
the Pacific. Their conclusions regarding the 
prc•bable source regions for microseisms of in- 
termedlate period (• 6 see) are based on the 
assumption that the !{ayleigh wave particle 
motion is retrograde. In the specific case in 
which hodogra. phs of microseismic pattitie mo- 
•ion are shown, Bradnet et al. suggest that a 
storm located north of the recording site might 
be the source. If the particle motion is actually 

-5 

H 

Fig. 20. Sample of ocean-bottom microseisms 
(recorded May 29, 1964, at 1700 UT) and re- 
lated quantities derived by means of an analog 
computer. 
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prograde, the direction of propagation is re- 
versed from that, given by Bradnet 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 trt, ve ]•een 
identified on the 0BS records. The data are 

TABLE 4. Seismic Events Identified 
on Seismograms from the Ocean- 

Bottom Seismograph 
Arrival times are corrected for travel time in the 

water layer (- 3.0 sec). 

Time, UT 
Epicenter ])ata 

Phase h m s (USCGS) 

South Sandwich Islands, May 26, 1964 
iP 11 12 18.5 10 59 12.3, A = 93.0 ø 
ePP 11 16 04 56.2øS, 27.8øW 
ASKS 11 22 40 M = 7•-,h = 120km 
eS 11 23 0I 
eSS 11 29 35 
eLR 11 4l 50 

Dominicaa Republic, May 28, 1964 
iP•f 01 30 57 01 27 49, A = 12.7 ø 
iShf 01 33 04.! 19.6øBI, 70.2øW 
eTm,x 01 44 19 M = ?,h = 33kin 

Mid-Atlantic Ridge, May 28, 1964 
eLR 12 55 29 12 33 10.2 

0.808, 24.7øW 
M = 5.2, h = 33kin 

Dominican Republic, May 29, 1964 
iPh• 00 22 55.8 NOt reported 

USCGS 

iSM 00 24 59.1 
Alaska (aftershock), May 29, 1964 

eLR 10 42 42 !0 17 34.5 
60.2 øN, 146.3 •W 
M = 5.6, h = 5 

Honshu, Japan, May 30, 1964 
eLR 15 23 14 30 45.3 

36.2 øN, 141.1 
M = 5.5, h = 49kin 

!•urile Islands, May 31, 1964 
eP O0 56 12 004036.4, A = 99.8 
ePP 01 00 18 43.5øN, 146.8øE 
eS 01 05 32 M = 6-},h = 48km 
eSS 01 12 40 
eLQ 01 23 56 
eLR 01 27 48 

Dominican Republic, May 31, 1964 
iP 10 33 24.5 10 30 25.0, A = 13.1 
iPh• 10 33 25.6 19.2øN, 69.4øW 
iS• 10 35 33.3 M = 5.0, h = 83km 

Dominican Republic, May 31, 1964 
iP,,t 10 44 21.8 Not reported by 

USCGS 

iShI 10 46 28 
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listed in Table 4. Five additional high-frequency 
events were recorded. These were probably ar- 
riva, ls from distant explosions in the water, al- 
thottgh it is possible that some of ttmm are Y 
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 
e,'-trthquake phases could be located by using 
better filtering techniques. 

A series of four earthquakes having similar 
characteristics was recorded. Slow-speed record- 
ings of a. ll four events a, re shown in Figure 21. 
Only two of the earthquakes were located by 
the U.S. Coast and Geodetic Survey (see Table 
4), t•t, considering their nearly identical S-P 
time i•tervals :and similar al)t•ear:tnc(', they all 

: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 sa.me region nea. r 
the north teas[ of the Dominican l•epublie, at 
a distance of about, 13 ø from the OBS site. The 
mos• striking features of these seismograms are 
the tfigh-frequeney content of •he P and 
phases and their long duration. These charac- 
teristics of West Indies earthquakes have been 
described by Lineban [1940], Lee• e• at. [.1951], 
Shurbe• [1902], and Isac/cs a•d Oliver [1964.l. 
A high-speed record of the largest Dominican 
Republic shock is shown in Figure 22. A sectim• 
of the record was removed }•etwee• the P and 
phases to permit large-scale reprodttction. 

The higk-freqltency IJ•ases h:tve maxinnm• 
amplitudes betwem• 10 •tnd 1! cps. These 
rivals !rove not })ee.• F{ntrier-analyzed lo tle- 
terminc the 1)ossil•le i•resence of su}x•rdinate 
spectral t}eaks. There is •t) measureable differ- 
enee in predominant frequency between the P 
and S phases. No dispersion is apparent 
either the P or S wave• rain. 

For the largest and })est-recordcd Dominican 
Republic earthquake we obtain velocities 
S.05 kin/see for the }•cginning of •he P•,• phase 
:red 4.71 hn/see for the }x•ginning of the 
phase. These values are consistent with veloci- 
ties derived for the upper mantle in lhe western 
North Atlantic from seismic refracti{m studies 

[Katz at•d Ewi•g, 1956]. Tim tr:[vel-time curves 
derived for P•,• and &,• 1}y Shurbe• [1062] show 
a more linear trend •h:a• the Jeffreys-Bullen P 
and S traveMime curves. 0• the basis of the 
observed velocities and •he lineartry of 
travelqime curves, it :•plmars that •he l•igh- 
frequency phases can I)roi)erly be calted P,, and 
&,. The predominant, frequency i n the high- 
frequency arrivals is very nearly •he same for 

all four earthquakes, whereas i•t•e maximum am- 
plitudes from the smallest earthquake to the 
largest differ by an order of magnitude. It is 
difficult to believe that the source spectrums 
could have been so uniform for such a large 
variation of released energy. Thus the sha.rp- 
hess of the signal spectrum appears to be a 
propagation effect. 

The arrivM of the high-frequency phase, Pn,, 
in Figure 22 is preceded by a lower-frequency 
wavetrain (4 cps) which is identified as the 
•ormal P I)tmse. The time interval between 
l'hese two arrivals is 1.1 see. For the largest 
earthq•m.ke, the high-frequency P phase is 
}rarely visible on the Bermuda standard startrot 
ree{ml (• 0.05 nnn peak to peak) and the 
normal P wave arrival is not visible at all. The 

l•redominant frequm•cy in •he P,• arrival at 
Bermu&; is approximately 6 eps. The actual 
ground motion was 6 ,lines larger on the ocean 
bottom than a.t the standard station on Ber- 
muda. 

The ground-motion amplitudes of various 
earthqm•ke phases at the ocean-bottom site are 
compared with those at, the Bermuda standard 
station in Table 5 (colunto 4). Only those 
I•hases which showed a close similarity in wave- 
form between the two sites were used. The 

ground motim• at short periods, as was men- 
liened above, is larger on the ocean bottom 
than :it the surface of the Bermuda pedestal. 
The dominance of high-frequency signal on 
•he ocean floor relative l o nearby land stations 
has also been noted by the Texas Instruments 
group ['Sch,ekler, 1964]. They report that 
earthqua. ke signal energy on the ocean bottom 
is grea. ier than at nearby hind stations by as 

[Fig. 22. High-speed recording of the P and S phases from a Dominican 
Republic earthquake (see Table 4). 
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TABLE 5. 

LATHAM AND SUTTON 

Comparison of Ground-Motion Amplitudes for the Ocean-Bottom Site 
and the Bermuda Standard Station 

Component Phase 

BDA 

Microseisms• 
Predominant BDA Signal* 

Period, OBS 
sec OBS Signal Microseisms 

Predominant BDA S/N 
Microseism -------__ 

Period OBS S/N 

Kurile 

earthquake 

South 
Sandwich 

earthquake 
Dominican 

Republic 
earthquake 

LPZ P 14 2.5 0.39 3.8 6.'4 
LPZ Pt:' 14 2.9 0.39 3.8 7.4 
SPZ PP 1.4 0.57 0.!5 3.5 3.8 
SPZ PP 2.0 0.59 0.15 . 3.5 3.9 
LPZ LR 20 1.4 0.4 ' 3.8 3.5 

LPZ P 8 4.3 0.44 3.4 9.8 

SPZ P OBS 0.10} 0.1,7 0.37 3.5 0.46 BDA 0 !7 

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. 
? Ratio of the average microseisin amplitudes measured just before the pertinent earthq•mke occurred. 

much as 10:1 at short periods. •Iowever, 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 S- 
sec period. For 20-see surface waves, ampli- 
tudes measured for BDA are larger than those 
for OBS by a factor of about 1.4. If t!•c sur- 
face-wave energy flux is the same at both sites, 
lhe theoretical ratio is 1.45 for the models con- 

sidereal here. At longer periods the signal ratio 
approaches 1 as 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 •s taken to be •he signal-to-noise 
ratio, S/N, at each site. A summary of these 
measurements is given in Table 5. As expected, 
OBS shows better S/N at h•gh frequencies and 
BDA is better at low frequencies. The cross- 
over is at approximately 1 cps. Note that the 
values listed in Table 5 were measured on the 
vertical-component seismographs. Ocean-bot- 

l. om S/N yahms for the ltorizontal componcnis 
•trc smaller by a factor of approximately 3.5. 

Seismograms for •,he two well-recorded dis- 
tant earthquakes are show• in Figures 23 and 
24. The larger amI)Iitudes sceu o• the BDA 
records early in the surface waveirain •(re ex- 
plained by the greater long-period magnifica- 
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. 0n 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 obse•ed 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 sedimenl layer 
is present, a type of leaking mode which re- 
suits 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 lhe 
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compressional and shear wave velocities of 
tl•e 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 tile etficiency of 
generation of this phase would be expected 
be low unless other effects, e.g., nonparallel 
layering, are involved. The predominant pe- 
riods associated with waves of this mode are 

giwn approximately by 

! 411a 

T,, = (2n- 1) •,a n = 1, 2, 3... (9) 
where T is the period, •& is the mode number, 
and H• and • are the thickness and she:'tr 
veIocity of the sediment layer. The sediments 
in the vicinity of the OBS site are approxi- 
ma. tely 0.8 km thick and the average shear ve- 
Ioeity of the sediments is about 03 km/sec. 
Substituting these values into (9), we find that 
the corresponding period of the fundamental 
mode 'leaky SF' is 4 sec, as was observed. 
Also, an SF wave •efiecting between the bound- 
:•ries of the sediment layer at nearly nortoni 
incidence will excite very little vertical motion 
at the water-sediment interface, which would 
explain the absence of this phase on the verfi- 
cal-component seismogmphs. 

A peak-for-peak correlation between 
BDA and OBS seismograms is possible for the 
Rayleigh and Love wavetrains from the Kurile 
Islands earthqm;ke. The orientation of the OBS 
horizontal-component seismograph was de- 
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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 comlmnent was found •o correspond 
to particle motion along an azimuth of 38 ø ---+ 
10 ø. The theoretical difi'erence in the ratio. of 

horizont. al-to-verticai particle motion at the 
two sites was accounted for in the computation. 

S. SUI•iiM[ARY AND CONCI. USIO:NS 

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

1. Microseisms recorded on the ocean 

tom in the period range of 3.0 to 5.0 sec are 
genetically rel,'tted 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 f he 
same at both sites. 

2. The observed microseisms propagate 1)ri- 
marely as fundamental mode Rayleigh waves. 
At the 0BS site, the predominant direction of 
propagation of microseisms is from within a 
1S0 ø sector which includes Bermuda. The large 
difference between microseismic amplitudes 
measured on the ocean bottom and on the 

surface of the Bermuda 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 
largely confined to the water-sediment, interfi•ce 
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•1 MIN• 

• • ' SHORT PERIOD m tP 
i TRAIN . 

m [P 'll i I,' .... J' ' •,i• I'i i' 

Fig. 24. ]JJnlal'ged seislllogr•tlIlS J'roI'll (,}ie Sotlt;}l 
Sandwich Islands earthquake ,showing a well- 
developed train of i-see wave on OBS ho,rizontal 
componenL The BD• s½,ismogmm has been 
larged 4 times relative to tim OI3S scismogranis 
producing equal •ime scales :•nd ne:•rly 
magnifications at 4 soc period. 

al• these short periods; whereas for the ]Ser- 
rnu&'• pedestal, energy is more m•iformly dis- 
lfibutad wi}h depth, so lb:it aml•lil•de,s :tt •he 
island surf•ce cannot be as l:•rge as tl•ose 
the ocean bottom if there is the s;•me energy 
flux at both sites. 

3. The data indicate drit microseisn•s witl• 

l•eriods ne:•r 4 see a, re generated by water-wave 
interaction near Bermuda ::red not directly 
neath the storm systems that t•re t]]e progent- 
l ors of these microseisms. 

4. The characteristics o[' microseisms arc 

determined by the water-w•ve (so•rce) spec- 
tr•m and the response funelton oi' tl]e ]•yered 
medium in which generalion an(1 proi•gatio• 
occur. Normally the t•ndwidth of the t'un,tio• 
which represents tl•e water-wave SlyCot, rum 
very narrow rdative to the l•andwidth of 
function which properly describes the response 
of the layereel reediron; t, hus the water-wave 
spectrum will usually be the dominant factor 
in shaping the microseisin spectrum. Q values 
for the spectral peaks of water waves incident 
on the island are approximately the same 
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 microseisin maxi- 
mum was associated with the smaller water- 

wave maximum. The primary wave-generating 
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storm system is ol'•vious in both ca, sos. 'Weather 
n•a, ps were searched for other weather systems 
whic, h, in conjunction with the primary disturb- 
ances, might have produced Olq'•osing swell in the 
vicinity of Bermuda. No secondary wave 
sources of this naiure are evident; therefore 
the most likely mechanism for energy transfer 
in this case is the interaction between incoming 
water waves and those reflected from tl•e island. 
The energy flux for incoming water waves is 
larger than the energy flux for local micro- 
setsres by a. factor of approxima,tely l0 •. 

(;. An FM receiver fie:cling on the surface, 
in conjunction with :; single-frequency acoustic 
generator located on the ocean floor, makes a 
reliable •.•e-dime•sionaI wave recorder, as has 
)•een dcmo•sl, rated for the relatively quiet seas 
(q•com•tered d•ring this experiment (se'a states 
'2 to 5). 

7. The grom•tl motion :•ssoci:t•ed with 
earthqu:tke arrivals is l:•rger on the ocean bet 
t(,m for periods shorter lh:t• 2 to 3 sec but 
larger ou the island for ]o•lger periods. Signal- 
•o-noise r•t:tios :tre ]'•el•or (m lhe oce•"•n floor for 

l•eriods shorter ltmn abo•tt 1 scc lint better 
:•t lhe isl•:•½l site for longer periods. Signal-to- 
•oise r•lios •m lhe ocea• betiota :•re 3 to 4 

•imes better for •l•e verii(•:ti comI•onent than 
l'½•r l t•e horiz½,•t•l COml•onent if •mconsolidated 
sedime•ts •:•rc l•rese.nl. It' lhe lhin layer of 
consolid•.•le½l sediment were removed from the 

0'14S ,site, the :t. ssoci::•l½,½t cl•:•ngcs i• the thee- 
re(it,ll ½lisiri}•li½• of l•:tr•icIe roedion with 
depth would result, for ihe sa•ne flux, in a re- 
duction of the amiciill,des of microscisms at the 
(•ceali })ott½)m by & t':•ctor ½•f 8 for the vertical 
component and a factor of 94 f(•r the hori- 
zontaI comicorient. A reduclion in the back- 
ground level of t!fis magnit•de 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 th:tt is relatively free of uncon- 
solidated sediments. 

S. The spectrums of the high-frequency P 
and S arrivals from the Dominican Republic 
earthquakes peak between 10 and 11 eps. The 
apparent velocities are 2.05 ]•/sec for the 
onset of the P•,• phase and 4.71 km/sec for 
the onset of the S,,• phase. These values are 
consistent witl• •ipper mantle velocities for the 
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western North Atlantic. !n view of ttieir ve- 
locities and the linearity of their travel-time 
curves, these phases are properly called P,, and 
&. They are characterized by a sinusoidal 
pearance, a duration of several minutes, and 
a predominant fi'equency which seems inde- 
pendent of t!m magnitude of the shock or its 
epicentral depth for the four earthquakes con- 
sidered in this paper. These characteristics sug- 
gest that the high-frcq•ency phases are guided 
waves, but the nature of the guide and its loca- 
tion are tincertain. 

9. A sinusoidal trai• of waves witIt periods 
or' 4 see was found i•l the S-P i,lterval from 
large earthqm•ke located near the So•t.h Sand- 
with Islands. The period of this wavetrain and 
its predominantly horizont:tl motion can 
explained by constructive intcrfere•cc betwcm• 
multiply reflected SV wa, ves in tt•e unconsoli- 
dated sediment layer. 

The mechanisms 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 
a•td Page [1963J, Oliver [1903], Haubrich 
et aI. [1963J, and others observed microseisms 
of the same perio•t as local water waves in 
addition to the a/a:l period relationship ob- 
served here. This suggests a mechanism of gen- 
eration involving direct wave action in shallow 
water. Do•nn [1951] attributed short-period 
mieroseisms recorded on ,he east coast of the 

United St. ares •o cold fronts passing over the 
shallow water of the continenta! shelf. In a;his 

case, lhe waier may be so shallow tha• its depth 
can be neglected. Atmospheric pressure dis- 
turbances can then be considered to be coupled 
directly into the underlying solid layers. 

In earlier studies of mieroseisms at Bermuda, 
Sh•,rbet and Ewing [1956] and Carder [!955] 
observed microseisms in the period range of 7 
to 10 see in addition to the 4-see microseisms 

observed in •his study. The former authors at- 
tribute the 7- to 10-see microseisms to storms 

over the continentai margin of the east coast, 
of North •erica. Carder attributes the 4-see 

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-see microseisms were 
observed. Small mieroseisms in this period range 
could be masked on the OBS records by Dop- 
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pier-shift signal, but none was observed on 
records froni the Berinuda standard station. 

It was t}iought a.t first that amplitudes of 
niicroseisms migl•t be very small at the ocean 
bettoni 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- 
titular utility of ocean-bottom recording is be- 
ginning to emerge. The following iinpo•aiit 
areas of investigation may ])e facilitated by 
ocean-bottom recording' 

. S 1 •tudy of local subniarine shocks where 
tirst arrivals are rich in high frequencies, or of 
•nore distant earthqtl:t.kes if they produce high- 
frequency arrivals such as •hose from West 
Indies epicenters. in these eases, the signal 
level on the ocean bottom is an order of mag- 
•fi•utte h'trger than on hind and signal-to-noise 
r•ttios are also improved but not by so large 
a factor. 

2. Study of ocean-contine•t or ocean-island 
•ransition zones by comparison of the spec- 
tnuns of seismic phases and measurement of 
phase velocity between a coastal land station 
:.red an offshore ocean-bottom seisnmgraph. 

o. Study of mieroseisms. 
4. Study of lhe seismicity and structure of 

lhe oceanic regions. Many small subnmrine 
earthquakes which would be recorded by a 
s•fitable ocean-bottom seismograph undoubt- 
edly go tindetected with the present array of 
land recorders. Ocean-bottom seismographs 
l'•laeed in the vicinity of known suboceanic 
seismic zones would better delineate these zones 

t•y micro-earthquake s•udies. Travel-time curves 
derived from suboceanic earthquakes recorded 
on the ocean bottom would provide a great 
deal of information on •he structure of the 

oceanic crust to supplemen• what has been 
learned from refraction work a• sea and from 
studies of surface waves that are recorded at 

conventional stations. 
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