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The seismic noise level on the deep seafloor has been essentially unknown at periods longer 
than 10 s and poorly known at shorter periods. We present data obtained with two new types of 
seafloor instrumentation: a differential pressure gauge and an antenna which measures a horizontal 
component of the electric field. The electric field is closely related to the horizontal ground motion. 
The observed spectra can be divided into three frequency bands. At periods longer than 40 s sur- 
face gravity waves produce velocity and pressure fluctuations which are felt at the deep seabed and 
dominate other sources. This signal is expected to be uniform throughout the ocean basins and 
will make detecting small seismic waves at periods longer than 40 s difficult. At periods between 10 
and 40 s the spectrum is much quieter and may approach the background observed at quiet land 
stations. The pressure signal in this band may be at least partially caused by very low frequency 
acoustic waves in the atmosphere. The electric field spectrum is much noisier, suggesting that hor- 
izontal motions may be larger than vertical motions. At periods slightly shorter than 10 s the pres- 
sure spectrum rises sharply 45 dB into the microseism peak. Many studies of microseisms have 
established a clear relationship between the ocean surface gravity wave field and microseisms. We 
have found close agreement between the theory of microseism generation and observations 
obtained while a small storm moved over a seafloor instrument. The microseism spectrum evolved 
in concert with the changing wind wave field. We found that plausible estimates of the directional- 
ity of the wind wave field as a function of frequency could be derived from the microseism obser- 
vations. The structure of the microseism peak in frequency is also related to the properties of sur- 
face waves trapped in the upper layers of sediment. Our calculations of the forcing of microseisms 
by a distributed pressure field at the surface elucidate this relationship and allow a partial determi- 
nation of sediment structure at an instrument site from the microseism observations. 

INTRODUCTION 

There is a need for seafloor-based seismograph sta- 
tions because there are large areas of the earth's surface 
which are ocean covered and distant from islands. While 

extensive programs of short-period ocean bottom seismol- 
ogy have been established for more than 20 years, long- 
period instruments are much more difficult to deploy on 
the seafloor, and the level of seismic noise at the deep 
seafloor is essentially unknown at periods longer that 10 s 
and poorly known at shorter periods. Long-period instru- 
ments require precise leveling and a firm foundation which 
is lacking at oceanic sites. We have developed two new 
types of seafloor instrumentations which circumvent these 
problems and provide useful, although indirect, measure- 
ments of seafloor seismic noise: a differential pressure 
gauge and an antenna which is used to measure one com- 
ponent of the electric field. 

In this paper we describe the results of the three 
experiments with two emphases: first, to describe the spec- 
tra of seafloor noise observed with these transducers and, 
second, to explain the physical processes involved and 
model the amplitude of the noise. Webb and Cox [1984] 
provide a short discussion of these same experiments. 

Our observations span a broad range of frequencies 
from a fraction of a millihertz to a few hertz. We find 

that the observations can be divided into three frequency 
bands with different sources dominating seafloor noise in 
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each band. Locations on the deep seafloor are very noisy 
at frequencies below 0.03 Hz; we infer from our pressure 
fluctuation measurements that the effects of long-period 
surface gravity waves will often overwhelm seismic 
sources. The hydrodynamic filtering of the ocean removes 
the effects of these waves at higher frequencies, and the 
spectrum of noise from deep sea sites may approach most 
land sites in a band from 0.03 to 0.1 Hz. 

The prominent "microseism" peak is apparent in our 
observations at frequencies above 0.1 Hz. The microseism 
peak is commonly observed in spectra of ground motion 
from land seismometer stations. The source of this noise 

has long been identified with the nonlinear interaction of 
surface gravity waves at sea, [Longuet-Higgins, 1950], but 
seafloor observations with seismometers of long enough 
period to resolve fully the microseism peak are rare. Lat- 
ham and Sutton [1966] and Latham and Nowroozi [1968] 
provide the groundwork for this paper. These authors 
investigated the relationship of wind and waves to the 
microseism peak. Adair et al. [1984] provide a comparison 
of ocean bottom seismometer observations of the microse- 

ism peak with observations from a seismometer in a hole 
drilled into the seafloor. Prothero and Schaecher [1984] 
describe a recent effort to make long-period seafloor 
seismometer observations. Other ocean bottom seismom- 

eter observations have been limited to periods shorter 
than a few seconds; Brocher and Iwatake [1982], Bradher 
et al. [1965], Bradnet and Dodds [1964], and McGrath 
[1976] investigated sources and levels of seafloor noise. 

Our measurements show very dramatically the rela- 
tionship between the structure of the microseism peak and 
both the local wind wave field and the structure of the 

sediment underneath the instrument site. The first rela- 
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Fig. 1. Power spectra oœ (leFt) pressure fluctuations and (middle) electric field fluctuations From the February 1983, 
July 1983, and April 1984 experiments. An estimate oF the pressure spectrum oF long-period acoustic waves in the 
atmosphere is plotted with the pressure measurements (dotted line). (Right) The locations oF those experiments 
are shown, labeled with the month and year. Wave height observations were made at a location near Begg Rock. 
Isobaths are marked with the depth in Fathoms (1 Fathom = 1.829 rn). 

tionship is demonstrated by measurements made while a 
small storm passed above of the instrument on the 
seafloor. The second connection is better demonstrated in 

the later two experiments when the effects of local forcing 
are not as important. 

Spectra measured by the differential pressure gauge 
show much smaller levels for typical seafloor pressure 
noise at periods longer than 10 s than has been previously 
reported in the literature [Nichols, 1981; Latham et al., 
1967]. Conventional hydrophone systems are noisy at 
long-periods [Cox et al., 1984]. 

Horizontal particle motion has been inferred from 
the voltage appearing across the antenna on the seafloor. 
The motion of the seafloor and seawater through the 
geomagnetic field induces an electric field. The electric 
field measurements are unique in that they represent an 
average of the motion over the length of the antenna 
(600-m). This property may lessen the influence of local 
inhomogeneities of the underlying sediments on the meas- 
urements. Mechanical coupling between the antenna and 
the sediments should be very strong, so that the antenna 
should follow ground motion closely. 

The instruments were deployed during three experi- 
ments off of southern California in water from 1.5 to 3.8 

km deep. Power spectra calculated from measurements 
obtained during these experiments are very similar in 
structure (Figure 1). Both the electric field and pressure 
fluctuation spectra show much more energy at low fre- 
quencies (below 0.04 Hz) and at high frequencies (above 
0.1 Hz) than in the band between. In this paper we 
describe first the low-frequency band (0.001-0.04 Hz), 
then the intermediate band (0.04-0.1 Hz), and finally the 
high-frequency band (0.1-2 Hz) which contains the 
microseism peak. The pressure and electric field observa- 
tions are augmented with wave height and wind velocity 
observations. In the last part of this paper we have pro- 
duced extensive numerical calculations to explain the rela- 
tionship of the structure of the microseism peak to the 
surface gravity wave field and to local earth structure. 

In the next section of this paper we describe the 
transducers and their properties. In particular, we show 
that the electric field is related to the local particle veloci- 
ties above and below the seafloor. 

INSTRUMENTATION 

We have made observations of the seafloor pressure 
and electric field fluctuations at three sites off southern 

California, as marked in Figure 1. The three experiments 
took place in February 1983, July 1983, and April 1984 
(see Table 1). During the February experiment an instru- 
ment was placed in a 1500-m deep basin near San 
Clemente Island. The other two experiments were sited in 
deep water (>3500 m) beyond the Patton escarpment, 
which is the edge of the southern California borderland. 
Both pressure and electric field were not necessarily 
recorded continuously• Table 1 provides a description of 
sampling frequencies and times for each experiment. R. 
Seymour has kindly provided us with wave records from a 
buoy near Begg Rock. Short records of wave height were 
available 4 times a day during each of the experiments. 

The pressure transducer is described in detail by 
Cox, et aL [1984]. The transducer is based on a small sili- 

con strain gauge that measures the pressure difference 
between the ocean and an oil-filled rigid reference 
chamber. A capillary leak allows reequilibration of the 
pressure in the reference chamber with the ocean on a 
time scale of a hundred seconds. The instrumental noise 

appears to be well below the signal over the entire fre- 
quency band described in this paper. The gauge is cali- 
brated to within 10%. At very long-periods, temperature 
fluctuations can effect the measurements, and we attribute 
a steep rise in the pressure spectrum at periods longer 
than 500 s to temperature fluctuations changing the pres- 
sure within the reference chamber. 

The electric field instruments must be extraordi- 

narily sensitive to measure the small electric fields associ- 
ated with seismic motions. On land the electrical signals 
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TABLE 1. Experiment Locations and Dates 

Location Depth m Wind m/s Sampling 
Begins Ends Latitude N Longitude W Rate, Hz Notes 

Date Time Date Time 

Feb. 1, 1983 1438 Feb.3, 1985 7016 32018 ' 118042 ' 1646 5--25 4 or 32 1,2,3,4 

July 23, 1983 1214 July 27, 1983 1000 32018 ' 120044 ' 3847 5-10 4 or 32 1,4,5 

April 15,1984 1903 April 25,1984 0517 31015 ' 119057 ' 3695 9-13 0.5 or 4 1,6 

Notes: 1, 120øW meridian time. 2, There were two parallel antennas, 100 m and 600 m in length; both were tangled, and the 
effective lengths were 67 m and 351 m; the two channels were coherent at all frequencies. 3, The pressure channel was not sampled 
until Feb. 2, 1983, at 0823. 4, There are occasional gaps in the first 12 hours of data. 5, Both electric field channels failed. 6, There 
were two electric field antennas, one was 600 m long; the other was 1 m long. 

from the fluctuations of the magnetosphere are much 
larger than the ground motion signal over the entire fre- 
quency band relevant to seismologists, but at the seafloor 
the magnetospheric fields are attenuated. The fields are 
reduced through the ocean exponentially with the skin 
depth ds = (2/colxtr) 1/2 defining the scale length (co is the 
frequency,/x the magnetic permeability, and o- the ocean 
conductivity). The magnetospheric noise reaches an 
instrument under 1500 m of seawater at periods longer 
than about 25 s. In the deeper water of the April experi- 
ment (3500 m+) the magnetospheric noise is not 
apparent at periods shorter than 35 s. 

One horizontal component of the electric field is 
inferred from the voltage appearing across a long antenna 
lying on the seafloor. The antenna is an insulated wire 
several hundred meters in length. Electrical contact with 
the seawater is made through a carefully constructed pair 
of silver-silver chloride electrodes, one on the far end of 
the antenna, the other laid on the seafloor near the instru- 
ment package. The voltage appearing across the antenna is 
measured with an amplifier in which the 1/f noise is 
removed by chopper modulation of the signal. This signal 
and the pressure data are digitized and sampled at 0.5, 4, 
or 32 Hz and recorded on a high-density digital tape 
recorder for retrieval on recovery of the instrument. 

Observations made with a pair of electrodes placed 
together on the seafloor are our best estimate of the 
instrumental noise on the electric field observations. In 

Figure 2 a spectrum of the voltage between a pair of 
closely spaced electrodes on the seafloor has been con- 
verted to an equivalent electric field noise spectrum for a 
600-m antenna (dotted line). We have also plotted the 
range observed in electric field spectra measured with a 
600-m antenna during the same experiment (solid lines). 
The lowest spectral densities observed lie well above the 
predicted noise spectrum, suggesting that we are observing 
principally geophysical signals. 

The amplifiers in these instruments are calibrated to 
within a few percent, but there are much larger uncertain- 
ties in the effective length of the antennas. An antenna is 
stretched along the bottom by flying it down to the bottom 
as the instrument is slowly lowered behind a moving ship. 
The antenna became tangled during the February deploy- 
ment, but acoustic transponders on each end of the 
antenna allowed a determination of the distance between 

the electrodes (351 m) to an accuracy of perhaps 5%. The 

April deployment appeared to be completely successful, 
but we have no way of determining if the antenna was 
stretched to the full 600-m length. Cox et al. [1970] note 
that additional errors can arise if the antenna is not col- 

inear beyond the simple shortening of the distance 
between the electrodes. 

We have previously examined the theory of the 
induction of electromagnetic fields by seismic waves [Webb 
and Cox, 1982]. A voltage is induced in the antenna when 
the antenna is moved through the geomagnetic field or by 
any electric field that is present in the seawater. Seismic 
waves induce an electric field in the seawater by moving 
the seawater through the geomagnetic field. The efficiency 
of this induction process depends on the induction 
number I = Ixtrc2/co, where/x is the magnetic permeabil- 
ity, o- is the conductivity of seawater, c is the phase velo- 
city, and co is the frequency of the waves. This number is 
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Fig. 2. The envelope of 10 estimates of the power spectrum of 
the electric field from 4096-s data sections obtained every 9.1 
hours during the April 1984 experiment. The dashed line is an 
estimate of the contribution to the electric field fluctuations by 
surface gravity waves. The dotted line is an estimate of instru- 
mental noise. 
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very large for seismic surface waves with periods longer 
than 10 s, but becomes small for slowly propagating sur- 
face waves with periods shorter than 1 s. For large induc- 
tion number the electric field in the seawater approaches 

Ew = -uwxF (1) 

where u w is the local particle velocity in the seawater and 
F is the geomagnetic induction. The horizontal com- 
ponent of the electric field is usually only slightly effected 
by the change in conductivity at the seafloor, as the sedi- 
ment is not sufficiently conducting over a great enough 
depth that the motions in the sediment can efficiently 
induce electric fields. 

Long-period surface gravity waves are also efficient 
generators of electric field, since they produce only very 
small motions of the seafloor; equation (1) is an adequate 
estimate of the measurable field. Seismic waves move the 

seafloor on which the antenna lies, and so the net voltage 
measured across the antenna is approximately 

V = [(Us-a Uw)XF].l (2) 

where u s is the velocity of the seafloor, u w the water 
velocity just above the seafloor, and I is a vector 
representing the length and direction of the antenna. To 
represent the varying efficiency of the induction process, 
we use the complex variable a with a magnitude which 
varies from 0 to 1 depending on the induction number. 
Love waves propagating under a flat bottomed ocean do 
not move the seawater; the voltage induced in the antenna 
is simply V = [Us x F].I. This expression is also valid 
for Rayleigh waves of small induction number (high fre- 
quency). 

In this paper we divide the voltage observed by the 
antenna length to describe the component of the electric 
field in the direction of the antenna. For Love waves, 

E = Us x F (3) 

Rayleigh waves are efficient generators of electric fields at 
periods longer than 1 s, and a----1 in equation (2). 
Throughout this paper we will use the approximation 

E = Au x F (4) 

to describe the electric field in the moving reference frame 
of the antenna. Here Au is the jump in the particle velo- 
city across the seafloor interface. The normal component 
of the particle velocity is continuous across any interface, 
so Au is a horizontal vector. At periods longer than 20 s 
the seafloor velocity in Rayleigh waves is large compared 
to the water velocity and the electric field is a direct meas- 
ure of seafloor motion. At microseisin frequencies the 
two velocities are comparable. 

LONG-PERIOD GRAVITY WAVES 

Typical seafloor pressure spectra observed during 
the three experiments are plotted in Figure 1. The 
minimum in spectral energy between 0.03 and 0.1 Hz is 
readily apparent in all three spectra. Above 0.1 Hz the 
spectra rise sharply into the microseism peak. Below 0.03 
Hz the effects of long-period surface gravity waves become 
dominant. 

The amplitude of the pressure fluctuation at the 

seafloor i•/related to the pressure fluctuation at a level sur- 
face just below sealevel (P0) in the surface gravity waves 
by 

p0 (5) Pt,--' cosh (kh) 

where k is the wave number of the surface gravity wave 
and h is the water depth. 

The pressure fluctuations are hydrodynamically low 
pass filtered by the ocean. The cutoff wave number occurs 
at smaller wave number and lower frequency in a deeper 
ocean. The July 1983 and April 1984 spectra show a 
lower-frequency roll off than the February 1983 spectrum 
because the water was shallower at the latter site. 

Extrapolating the pressure spectra observed at the 
seafloor to the sea surface, we find spectral levels between 
104 and 5 x 105 (see Webb, [1984] for details). The sur- 
face spectra are fairly featureless and in agreement with 
the observations of Snodgrass et al. [1966]. The measure- 
ments of Fi!!oux [1980] of bottom pressure are also in 
rough agreement. 

Surface gravity waves also induce an electric field 
(see equation (1)). The spectrum of electric field fluctua- 
tions induced by long-period surface gravity waves can be 
predicted from the bottom pressure spectrum if some 
assumption about the directionality of the wave field is 
made; we assume isotropy. The dashed line in Figure 2 is 
an estimate of the contribution to the electric field from 

surface gravity waves; the range of variation in a series of 
electric field spectra obtained during the April 1984 experi- 
ment is also plotted. The electric field spectra vary greatly 
from hour to hour, a consequence of the the strongly 
varying intensity of the magnetospheric fluctuations. 
Apparently, some of the time the spectra are dominated 
by the fields induced by the surface gravity waves; usually, 
the fields induced by magnetospheric fluctuations are 
much larger. 

Snodgrass et al. [1966] measured long-period surface 
gravity waves and predicted that the ocean basins should 
be filled with these waves. These waves are generated by 
nonlinear processes at the coastlines (usually described as 
surfbeat) and most of the energy is trapped to the con- 
tinental shelf as edge waves but some is radiated into the 
deep sea [Munk et al., 1964]. The waves attenuate very 
slowly and can travel great distances. Our observations 
show very similar spectral amplitudes for three different 
times of year. 

The presence of long-period gravity waves will inter- 
fere with observations of long-period seismic waves. Even 
if a seismometer is installed in a deep hole drilled into the 
seabed, this noise will be severe. The seafloor rocks and 
sediment will respond to the pressure fluctuations pro- 
duced by the gravity waves in a similar fashion to the 
shaking of seismometers on land by atmospheric pressure 
fluctuations as described by Sorrels and Goforth [1973]. 
The gravity waves can be of large wavelength (20 km at 
100 s period), and the perturbations penetrate to great 
depth. We have plotted in Figure 3 the spectrum of verti- 
cal acceleration expected at the seafloor (solid line) and at 
the bottom of the sediment column at a depth of 770 m 
below the seafloor (dashed line) that can be forced by typ- 
ical seafloor pressure fluctuations. We have assumed the 
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Fig. 3. (Left) A prediction for the power spectrum of ground motion (vertical acceleration) caused by surface grav- 
ity waves. Ground motion is predicted at two depths: the seafloor (solid line) and 770 m below the seafloor 
(dashed line). (Middle) The model used for these calculations. Compressional wave velocity and shear wave velo- 
city in meters per second and density in kilograms per cubic meter are plotted versus depth in kilometers. (Right) A 
model for Os (solid line) and O/• (dashed line) versus depth in kilometers below the sea surface. 

pressure fluctuations are solely caused by surface gravity 
waves and calculated the response functions for a model 
of 15-m.y.-old crust [Spudich and Orcutt, 1980]. The esti- 
mates of vertical acceleration at the two depths begin to 
diverge at frequencies above 0.015 Hz when the 
wavelength of the surface gravity waves becomes compar- 
able to the distance below the seafloor. 

The pressure disturbance of long-period surface 
water waves can in principle, on the other hand, provide a 
source for studies of the response of the earth to known 
loading. Because the phase velocity of the waves (x/•h) is 
small compared to seismic waves of comparable 
wavelengths, the response will be essentially equivalent to 
that of static loading. By correlating the pressure and the 
vertical acceleration (assumed to be measured by a long- 
period seismograph) as a function of wavelength some 
elastic properties can in principle to deduced as a function 
of depth in the earth. 

The predicted seafloor acceleration spectrum is com- 
parable to a very noisy land site LJC, which is located 
right on the coast and slightly noisier than an island sta- 
tion RAR [Agnew and Berger, 1978; also Haubrich, 1970]. 
The noise at seafloor stations is 20-30 dB higher than at 
quiet land sites. 

There has been apparently only one marginally suc- 
cessful deployment of a long-period seismograph on the 
seafloor [Prothero and Munk, 1974]. The displacement 
spectrum observed with this instrument (Figure 32 in the 
report) shows a rise at periods longer than 40 s, which is 
consistent with the predicted effect of long-period surface 
gravity waves. 

INTERMEDIATE FREQUENCIES 

Both the electric field and pressure spectra show a 
minimum in spectral energy between 10 and 25 s (see Fig- 
ure 1). The surface gravity waves are strongly attenuated 
at the seafloor at these periods as are the magnetospheric 
fluctuations. The pressure spectrum is 40-45 dB quieter 
here than at microseism frequencies or at lower frequen- 

cies. The depth of the minimum varies greatly from spec- 
trum to spectrum, but much of this variation can be 
ascribed to "glitches" in the electronic recording system. 
Careful inspection of records with particularly large spec- 
tral levels in this band show sudden jumps in the record 
but only after the signal has been heavily filtered to 
remove both the long-period gravity waves and the 
microseisms. Beyond the simple instrument problem, 
there are three causes of pressure fluctuations in the fre- 
quency band from about 0.03 to 0.1 Hz: (1) long-period 
acoustic waves in the atmosphere, (2) motions caused by 
seismic waves generated by the "single frequency" 
microseism mechanism, and (3) turbulent flow over the 
transducer and in the bottom boundary layer. 

We have plotted an estimate of the spectrum of 
pressure fluctuations in atmospheric acoustic waves from 
Sorrels and Douze [1974, Figure 4] on Figure 1. These 
authors used an array of microbarographs to determine the 
high phase velocity components at a continental site. If 
these waves exist over the ocean, the pressure fluctuations 
will penetrate to the seafloor with only slight attenuation 
because the atmospheric acoustic wave velocity is much 
greater than • (h is the ocean depth). The agreement 
with our observations suggests that an appreciable part of 
the noise at intermediate frequencies originates in atmos- 
pheric acoustic waves. However, these waves may not be 
as prevalent over the ocean as over land; Sorrels and Douze 
[1974] cite evidence that these waves principally originate 
over mountain ranges. 

On land there are often peaks observed in microse- 
ism spectra which can be directly related to the swell at 
nearby coasts [Haubrich et al., 1963]. Often two peaks are 
observed. One is at the same frequency as the swell and is 
called the "single frequency" peak; the other appears at 
twice the frequency of the swell. We will discuss the 
"double frequency" peak extensively later in this paper. 

The existence and cause of the single frequency 
peak was known as early as 1904 and identified with the 
steepening and breaking of swell at the coast [Wiechert, 
1904]. This mechanism of forcing seismic surface waves 
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is described by Hasselmann [1963]. We observe these 
seismic waves after they propagate into the deep ocean. 

In Figure 4 we present a series of seafloor pressure 
spectra obtained during the July 1983 experiment. The 
spectral level in the gap is quite variable, but a substantial 
peak at 0.064 Hz is observed to develop over a period of a 
few hours, which then fades back into the background. 
Some of these spectra are badly contaminated by elec- 
tronic noise. The wave height spectra from Begg rock 
show a prominent peak at 0.064 Hz, which persists over 
the time of the observations. We do not understand why 
the single frequency peak is observed only briefly and in 
only this one set of observations. 

Turbulent flow in the bottom boundary layer and 
around the instrument could produce small pressure 
fluctuations. The spectrum would depend critically on the 
details of the topography and the flow, but we can esti- 
mate the flow necessary to produce the observed pressure 
fluctuations. For the measured pressure spectrum 
minimum of 0.03 Pae/Hz and a bandwidth of 0.1 Hz the 
rms pressure fluctuations are p- 0.055 Pa. If they are 

entirely the result of turbulent eddies in the sea, the rms 
water speed in the eddies should be of order v'p/p = 7 
mm/s, a not unusual flow speed near the seafloor in the 
eastern Pacific [ Wimbush and Munk, 1970]. The density of 
seawater is p. 

The great variability in the seafloor electric field 
spectrum at periods longer than 20-30 s can be attributed 
to the variability of the magnetospheric fluctuations. The 
deep ocean effectively filters out this cause of electric field 
fluctuation at shorter periods, and a sharp drop in spectral 
level is apparent between 0.03 and 0.05 Hz (Figure 2). 
The quieter spectra from the April experiment show a flat 
minimum between 10- 21 and 10 -20 (V/m)e/Hz at frequen- 
cies between 0.05 and 0.1 Hz. The spectra from the 
February experiment show slightly higher values in this 
band (Figure 1). The origin of the energy in this band is 
a bit mysterious; Rayleigh waves are ineffective generators 
of electric field fluctuations in this frequency range 
because A u (equation (4)) is small (and changes sign). 
There is also no evidence of Rayleigh wave energy in the 
pressure spectrum. Love waves, however, will induce a 
voltage in an antenna lying on the seafloor (see equation 
(3)). The vertical component of the geomagnetic field in 
this area is about 4 x 10- 5 T, the spectrum of horizontal 
velocity of the seafloor required to produce the observed 
field fluctuations is then about 1.6x10- 21 (V/m)e/Hz 
divided by (4x 10- 5 T) 2 or 10 -12 (m/s)e/Hz. Ocean bottom 
seismometer observations of horizontal displacement at 
frequencies just below the microseism peak are compar- 
able when converted to velocity [Prothero and Schaecher, 
1984; Latham and Sutton, 1966]. The causes of the 
seafloor motions at these frequencies are not apparent. 

MICROSEISMS 

The microseism peak is readily apparent in both the 
electric field and pressure observations. These microseisms 
are chiefly generated by long-wavelength pressure distur- 
bances at the surface of the ocean created by the nonlinear 
interaction of surface gravity waves. Longuet-Higgins 
[1950] showed that two trains of waves will produce a 
traveling disturbance with a wave number equal to the 
sum of wave numbers (kl+k2) and a frequency equal to 
the sum of frequencies (rob+roe). For waves of very simi- 
lar frequency meeting head on, k •-k2 so the sum of the 
wave numbers is small, and the wavelength of the distur- 
bance can be very large. As a consequence of the long 
horizontal wavelength, the pressure disturbance either 
reaches the bottom directly or radiates acoustic waves 
efficiently. In either case the pressure at the seabed is 
appreciable. The disturbance then has approximately twice 
the frequency of the surface gravity waves, and the peak 
in the spectrum generated by this mechanism is described 
as the "double frequency" peak. The long wavelength of 
the disturbances generated and the corresponding phase 
velocity can be sufficiently large for efficient forcing of 
Rayleigh waves. 

Hasselmann [1963] developed a theory for the forc- 
ing of Rayleigh waves by the nonlinear interaction of sur- 
face gravity waves. Hughes [1976)] and Kadota and Labi- 
anca [1981] have reexamined the problem. Cox et al. 
[1978] focus on the induction of the electric field by 
microseism motions. 
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Fig. 5. Eight estimates of the power spectrum of the electric field (left panel) and 16 estimates of the power spec- 
trum of pressure fluctuations (middle and right panels) from the February experiment. The spectra are numbered 
(Table 2) and are based on data sections 4096-s long. Arrows point to microseism peaks that we relate to the local 
storm-generated wind wave field. Each panel shows eight spectra plotted one decade apart for clarity. The scales 
are appropriate for the lowermost spectrum. 

Microseisms are generated in regions where surface 
gravity waves can interact with other waves head on. This 
can happen near coastlines when swell reflects off the 
coast. A clear relationship between swell arriving at the 
coastline and the single and double frequency peaks in the 
microseism spectrum was demonstrated by Haubrich et al. 
[1963]. 

Microseisms can Mso be generated in the open 
ocean. Observations of the directional spectrum of wind- 
driven waves show components traveling in almost all 
directions [Tyler et al., 1974; Longuet-Higgins et al., 1963]. 
Significant energy appears in waves traveling crosswise to 
the wind, and these waves in particular are able to interact 
to produce microseisms. 

1 
Microseisms are expected to be generated most 2 

effectively under storms where the waves are large and 3 
distributed broadly in direction by the varying wind direc- 4 
tion in the storm. We have observed the evolution of the 5 

seafloor pressure and electric field spectra as a small storm 6 
passed above an instrument under 1.5 km of ocean 7 8 
(February 1983). Figure 5 displays a series of spectra of 
either electric field or pressure fluctuations (both spectra 
look very similar at all times during the experiment at fre- 9 
quencies between 0.1 and 1 Hz). Each spectrum is based 10 
on slightly more than one hour of data (4096 s). The wind 11 
was light at the start of this data series but increased to 12 
over 15 m/s later in the experiment (see Table 2). We 13 
have labeled the spectra in order from 1 to 24. Note that 13 

15 
each spectrum is separated from the preceding one by a 16 
factor of 10 in the figures for clarity. A small peak is 17 
barely discernible at about 0.5 Hz in spectrum 2; in later 18 
spectra it is observed to evolve toward lower frequency 19 
and much larger amplitude. During the ninth spectrum the 20 21 

wind shifted direction about 120 ø. A second peak appears 22 
at about 0.5 Hz, which also is seen to shift toward lower 23 
frequency and much larger amplitude in later times. It 24 
eventually merges with the first peak. 

The peaks from selected electric field spectra have 
been sketched in Figure 6 to demonstrate more clearly the 
development of the two peaks. The small bump seen in 
spectrum 3 becomes a much larger peak by the time of 
spectrum 10, and the frequency of the peak is much 
lower. The second peak that begins developing after the 
wind shifts during spectrum 9 also appears in spectrum 10. 
This spectral peak develops in a similar fashion to the first 

TABLE 2. February Spectra 

No. Date Start Time Wind, m/s Notes 

Feb 

Feb 
Feb 

Feb 

Feb 

Feb 

Feb 
Feb 

Feb. 2 

Feb. 2 

Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 
Feb 3 

1 1438 5 130 ø 
1 1555 5 130 ø 
1 1724 6 130 ø 
1 1828 6.5 130 ø 
1 1945 7 130 ø 
1 2054 7.5 130 ø 
1 2153 7.5 120 ø 
2 0612 9-15 125 ø 

0808 15 125 ø 
0921 10 240 ø 

1029 10 240 ø 
1138 10 240 ø 
1246 11.5 240 ø 
1358 12.5 240 ø 
1507 12.5 240 ø 
1615 12.5 240 ø 
1715 12.5 240 ø 
1823 12.5 240 ø 
1934 12.5 240 ø 
2044 7.5 240 ø 
2152 7.5 240 ø 
0014 5 220 ø 
0122 2.5 220 ø 
0231 calm 

gap in data, 
wind gusts 
to 50 knots 

large shift in the 
wind direction 
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Fig. 6. A sketch of selected electric field spectra from the Febru- 
ary experiment showing the two storm-related microseisin peaks. 

peak, reaching a maximum in spectrum 14. The envelope 
of both sets of curves follows a f-7 power law in fre- 
quency, but the second peak is larger by about a factor of 
8. This difference can be well explained by the much 
larger interaction possible in the confused sea left by the 
change in wind direction. 

A very recent paper by Kibblewhite and Ewans [1985] 
describes observations from a long-period seismograph 
installed in shallow water (100 m) which show the 
microseism spectra evolving during storms. 

Hasselmann [1963] derives an equation for the wave 
number and frequency spectrum P s (k,ro) of the pressure 
fluctuations on a level surface just below the sea surface 
driven by a surface gravity wave field with the wave height 
spectrum Z (to ,0)' 

Ps (k,ro) --p2g2rø f•Z (ro/2,0)Z (ro/2,0+rr)dO (6) 2 

The pressure fluctuations are driven at twice the fre- 
quency of the waves in the height spectrum. Waves travel- 
ing in the direction 0 interact with waves traveling in the 
direction 0+rr. The surface pressure spectrum is white in 
wave number; the wave number does not appear explicitly 
in equation (6). This is an approximation valid for the 
small wave number waves which can be felt at the deep 
seafloor. 

In general, this surface forcing will drive Rayleigh 
wave modes resonantly, and only these modes will pro- 
pagate to large distances from the source region. We 
choose to separate locally forced microseisms where the 
motions caused by the surface forcing dominate over the 
effects of the free waves from the more typical case where 
the dominant signal represents some sum over free waves 
driven by resonant forcing over a broad area. We return to 
the problem of resonantly driven modes later. 

For now we choose to ignore the resonant interac- 
tions. This is probably a good approximation in describing 
the microseisms generated by the small storm in February 
1983 for several reasons: (1) the observations were made 
in an area of rough topography which should scatter the 
modes intensely, and (2) the storm was of fairly small size 
and the free waves should quickly travel out of the forcing 
region, limiting their amplitude. 

Within the ocean the forced waves are governed by 
a wave equation: 

V 2 • 02P (7) p= a--- •- 02t 
where a is the speed of sound in seawater. A traveling 
wave solution for this equation is 

p=Ae i{k'x-•øt+rz) (8) 

60 2 
r= (•-- Ik 12)•/2 

For Ik I<o,/a the solution is trigonometric in z and the 
amplitude is independent of depth. For Ikl>o/a a solu- 
tion forced at the surface will attenuate exponentially with 
depth. For a very deep ocean we expect only waves with 
wave numbers less than ro/a to reach the seafloor. With 
this reasoning we can estimate the frequency spectrum of 
pressure in the deep ocean by integrating the surface 
frequency-wave number spectrum (equation (6)) over all 

Pd (to)= rrp2g2rø3 frr 2• 2 Z (to/2,0 )Z (to/2,0+rr )dO (9) 
We follow Tyler et al. [1974] in deriving this expression. 
We have ignored the effects of finite ocean depth. This 
expression is the same as equation (1) of Kibblewhite and 
Ewans [1985]. 

Ideally, we should directly compare the microseism 
spectra with observations of the wind wave spectrum, but 
the Begg Rock buoy is too far away to provide a useful 
measure of the local wind wave field. Observations of the 

wave height spectrum of wind-driven surface gravity 
waves show that for a steady wind the spectrum quickly 
approaches an equilibrium spectrum which depends only 
on the fetch and wind velocity. Many descriptions of the 
evolution of wind-driven waves have been published; we 
will use the description of Hasselmann et al. [1973] of the 
JONSWAP observations. 

W (f)=ag2 (2rr)-4f-Sexp[½ (--•-f)-4] fm 

d=exp 2o. 2fm 2 cr = a (10) • f>fm 

The wave height spectrum increases with decreasing fre- 
quency following f-s power law. The spectrum cuts off 
sharply at frequencies just below some sharply defined fre- 
quency fm. This formulation begins with five free param- 
eters fm, a, y, O'a, rrb, but we follow Hasselmann et al. 
and fix 3'--3.3, O'a= 0.07, and orb= 0.09 . Note that f and 
fm are frequencies in hertz in equation (10). This spec- 
trum differs from the Pierson and Moskowitz [1964] spec- 
trum by a factor which enhances the spectral level near 
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Fig. 7. Pressure spectrum 19 (see Table 2) is plotted (solid line) 
with a prediction (dashed line) from equation (14) with the beam 
parameter (q) set to two. 

the peak in the spectrum at frequency fm. This factor 
represents an increase of a factor of 3.3 in the peak value 
of the wave height spectrum and more than a factor of 10 
in the prediction for the microseism spectrum which 
depends on the square of the wave height spectrum (equa- 
tion (6)). The spectrum is a function of two parameters, a 
which determines the amplitude of the spectrum and 
These parameters have been empirically related by a 
power law which is also a function of U•0, the wind velo- 
city at 10 m height. We have frequent ship observations of 
the wind velocity during the storm. We fit the microseism 
spectrum to determine fm and then determine a from the 
power law. In this way the unknown effects of fetch and 
duration are subsumed under the observable fm. 

The microseism spectrum also depends on the direc- 
tional dependence of the wind wave field. Longuet-Higgins 
et al. [1963] suggest a form for the directional dependence 
of the spectrum: 

G=cosq[(O-0o)/ 2]/H -rr•<0<rr q=q(f) (11) 

with the normalization factor H such that 

r( q+l ) 
f=G (O)dO-- 1 H=2rr •/2 2 (12) 
-= r (•-+- 1) 

The frequency directional spectrum is then 

Z (f,0)=W (f)G (0) (13) 

After changing in equation (9) from frequency in 
radians per second to hertz, we find for the seafloor pres- 
sure spectrum, 

Pt, (f)= 2g2rr3p2f 3W2(f/2)I[q(f/2)] (14) 2 

where 

,• r(•+l) I (q)= f G(O)G(O+rr)dO=2-1-qrr -1/2 (15) 
-,• r(q+• ) 

2 

At frequencies away from the spectral peak, q =2 is 
an adequate fit to wave observations. In Figure 7 we have 
plotted a microseisin spectrum predicted from equation 
(14), with q =2 and fm determined by the peak measured 
from spectrum 19 (see Table 2). We also plot spectrum 19 
(solid line). The two spectra are very similar; the fit is 
excellent over five decades in the spectral density and over 
a decade in frequency. The f-7 power law at higher fre- 
quencies is apparent along with the enhancement near the 
peak. 

Equation (14) can be inverted and q determined 
from the observations: 

2 

I [q (f/2)]=Pt, (f) a =L(f) (16) 
2p 2g2rr 3f3W2 (f/2) 

q (f / 2)=I-•[L (f )] 

In Figure 8 we plot q versus frequency for three of 
the spectra in Table 2 (spectra 9, 14, and 19). Spectra 9 
was obtained near the beginning of the experiment. The 
wind had been from the same direction, but steadily 
increasing for half a day. The beam parameter is small at 
high frequencies, increasing to about five near the peak in 
the spectrum in rough agreement with typical values for 
the beam parameter derived from direct measurements of 
surface gravity wave height spectra [Tyler eta!., 1974]. At 
some frequencies the microseism spectrum is too large to 
fit to equation (16) (then q is set to zero), suggesting that 
either equation (11) is not an adequate expression for the 
wind directional spectrum or more likely that this is just 

o 4 
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Fig. 8. Determinations of the beam parameter q from observa- 
tions and the predictions of equation (14) for spectra 9, 14, and 
19. 



7352 WEBB AND Cox: SEAFLOOR MICROSEISMS 

10 8 

10 7 

10 s 

10 5 

10 4 

10 3 

10 2 

101 

lo 0 

10-1 

10-2 .1.1 I I I I flit I I l•l t lllll•l• 
10-1 10 0 

HERTZ 

Fig. 9. One realization of the power spectrum of pre•ure 
fluctuations in Pa•/Hz (dashed line), and wave height in m /Hz 
(lower solid line) from April 1984. Also plotted a "prediction" for 
the seafloor pressure spectrum (upper solid line). The prediction 
is an arbitrarily scaled calculation in which the pressure transfer 
function is multiplied by the square of the wave height spectrum 
observed at Begg Rock evaluated at half the frequency. 

too simple an analysis to account for the forcing of 
microseisms in a real finite depth ocean. It is still interest- 
ing to see the much smaller values for q predicted after 
the wind abruptly shifts direction and a new wave spectral 
peak develops (spectrum 14). Much later in the experi- 
ment the predicted q increases back toward the original 
values predicted by spectrum 9 (spectrum 19). The wind is 
steady for many hours before spectrum 19, presumably, 
the old wind waves generated before the change in wind 
direction have propagated out of the region and so the 
nonlinear interaction that creates the microseisms is 

reduced back toward the original intensity. 

SURFACE WAVE MODES AND MICROSEISMS 

The seafloor pressure fluctuations observed during 
the February experiment can be completely explained by 
the surface forcing. The local forcing drives seismic waves 
of all wave numbers, but only very particular wave 
numbers correspond to freely propagating waves. Evi- 
dence for these resonant modes is not apparent in the 
seafloor pressure fluctuations observed during the Febru- 
ary 1983 experiment. In contrast, in the July 1983 and 
April 1984 experiments, ground motion caused by seismic 
surface waves propagating in from other regions appears to 
be the dominant cause of pressure and electric field 
fluctuations. In this section we will describe the two deep- 
water experiments and a theory for the forcing of surface 
wave modes by a distributed surface pressure field. 

Haubrich et al. [1963] and many other authors have 
found a clear relationship between peaks in the microse- 
ism spectrum and swell at half the frequency. This rela- 
tionship is also very evident in some of the seafloor obser- 

vations. But there are also several peaks in the microseism 
spectrum which appear to be totally unrelated to the shape 
of the swell spectrum. These peaks we will show are 
caused by modes of seismic surface waves with energy 
trapped near the seafloor, in the very upper layers of sedi- 
ment. 

Spectra of pressure (Figure 9) and electric field (Fig- 
ure 1) fluctuations from data collected at the beginning of 
the April cruise show a peak near 0.14 Hz which is also 
seen in the wave height spectrum at 0.07 Hz (Figure 9). 
This peak was observed to drift slowly toward higher fre- 
quency over a period of three days (see Webb and Cox 
[1984] for details). This microseism peak is caused by the 
interaction of the swell with swell reflected back off the 
coast. We can identify the source of the swell as a storm 
in the northeast Pacific. The waves are dispersed, and the 
distance (6300 km) to the storm can be determined by the 
rate of shift of the frequency of the microseism peak (see 
Shodgrass et al. [1966] for a discussion of the dispersion of 
swell). 

There are bumps on the pressure spectrum at 0.3 
and 0.5 Hz and on the electric field spectrum at 0.4 and 1 
Hz which do not seem to be related to peaks in the swell 
spectrum. Begg Rock is sufficiently far from the experi- 
ment sites that dissimilarity between the swell and the 
microseism spectra is not unexpected. However, the peaks 
in the electric field spectrum and the pressure spectrum do 
not coincide, which suggests a different origin. 

Pressure spectra from the July 1983 experiment 
again show a peak at 0.4 Hz, which is apparently not 
related to the shape of the local swell spectrum (Figure 4). 
To explain these peaks, we examine the properties of 
seismic surface wave modes in an oceanic earth model. 

A Green's function describing the excitation of Ray- 
leigh wave modes by point sources in a layered earth 
model can be easily calculated using the theory of Takeu- 
chi and Saito [1972] (see also Aki and Richards [1980]). 
The displacements, stresses, and pressure in the ocean at a 
receiver at the origin of the x, y plane and at a depth z0 
caused by a point force at location r, can be described by 
Green's functions: 

ui (to)=ftG/t (r ;z0,to ) 

P (to )= ftG [' (r ;z o,to ) 

(17) 

where ui (to) is the Fourier transform in frequency of the 
i th component of displacement and ft (to) is the Fourier 
transform of the/th component of the point force. 

The electric field caused by the motion of the 
seafloor and ocean through the geomagnetic field (F), is 
linearly related to the displacements, and a Green's func- 
tion can be defined. To a good approximation the field 
measured by an antenna lying on the seafloor is 

E• (Vs-Vw)XF (18) 

where V s is the seafloor particle velocity and V w is the 
velocity in the seawater just above the seafloor. On the 
horizontal seafloor the difference (vs-Vw) is strictly hor- 
izontal because the vertical velocity is continuous at the 
interface. The electric field Green's functions can be 
defined in terms of the displacement Green's functions. 
Let z0+ be a depth just above the seafloor, Zo- a depth just 
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below the interface, and e ok be the permutation operator: 

E k (6o )=• ,jk F j f , (6o)[i6OG/, (r ;zo+ ,6o )- i6oG i, (r ;z0_,6o)] 
--F/f• (6o)G•.• (r ;Zo,6o) (19) 

A distributed pressure field at the sea surface can be 

waves may be correlated over reasonable distances, since 
the Green's functions select particular wave numbers. 

The double integral in equation (24) simplifies to a 
single integral. For some simple region geometries, the 
terms in the double sum over n and m can be shown to 

be small if m•n and if the generating region is reason- 
ably large. For a very simple model which places the 

expressed as as integral over vertical point forces; we now receiver at the center of a uniform forcing region with 
drop the I index. For a vertical point force source any of boundaries defined by R (•b), equation (24) reduces to 
these Green's functions can be written as a sum over Ray- 

leigh wave modes. The problem fits naturally into cylindri- J•0 R (•b)d•b (28) cal coordinates r=(r,4•,z)' Po (to)-C (to)• IG#(zø;0'tø)12 • 
p (6o)=f (6o)•G•(z;zo,6o)Jo(k.r) (20) 

where J0 is the Bessel function of zero order and _k. is the 
wave number of the n th Rayleigh mode. The two orthog- 
onal components of the electric field at the origin are 

The spectrum of a horizontal component of the electric 
field is similarly 

Eb (6o)=C(6o)• IGff(zø;0'6o)]2 •• . ,rk. R (4•) cos2 (4•) d4ff29) 
E •=F3f (6o)•G•(z;zo,6o)Jo(k.r)cos(c•) 

E2=Fff (6o)•G.e(Z;Zo,6o)Jo(k.)sin(c•) (21) 

11LIL, tLIatlUII3 at the receiver ...... a •.. • ,,c pressure 

pressure field P(r,&,w) distributed over an area of the 
free surface is written as an integral over the area F' 

p (•)=fF•G•(O;zo,w)Jo(k,r)P(r,•,w)r&d• (22) 
and there is a similar expression for the electric field and 
the displacements. 

An average over an ensemble of possible pressure 
fields will result in an estimate for the frequency spectrum 
of the pressure at the receiver: 

Po (m)=<p* (w)p (•)> (23) 

Po (w)= f F f F •G p P* ) (24) ' •GmJo(k•r)Jo(kmr' 
H m 

ß <P (r,&,w)P* (r',&',w)> r&r'&'d&d&' 

The quantity 

< P (r ,4• ,6o)P' (r' ,• ',6o ) > (25) 

is recognized as the autocorrelation oF P. Hasselmans 
[1963] expression For the Frequency wave number spec- 
trum of the surface forcing (equation (6)) suggests that 
the spectrum is nearly white in wave number. A not 
unreasonable estimate for the autocorrelation of P is then 

<P' (r)P (r') >=C (6o)8 (r-r') (26) 

Written out more completely, the bottom pressure spec- 
trum is related to the surface wave height spectrum by 

Pb (6o)=2,r2p2g26o f Z (6o/2,0)Z (6o/2,0+,r)dO (30) 

• G•P(zøk0'tø)12 ;• ß R 
n ,rkn 0 

A model for seismic waves from a distant storm 

would take a region bounded by radii r• and r2 and 
azimuths 0• and 02 with A0=0•--02 small. The seismic 
waves from the region are then nearly planar. The pres- 
sure spectrum is then 

IGf (z0;0,) [ 2 
P• (6o)= C (6o)•]] ,rk. RAO (31) 

with R=r•-r2. The linear relationship on R agrees with 
the results of Hasselmann's [1963] description of linear 
growth with distance along a ray of the energy in a wave 
packet. 

Returning to equation (30), we note that in general 
we have measurements of the frequency spectrum W(6o) 
of wave height but not the directional spectrum G (0): 

Z (60,0)= W (6o)G (0,6o) (32) 

f z (6o/2,0)Z (6o/2,0+,r)dO= W2(6o/2)N(6o) 
where N (6o) is unknown. 

In general we will know little about the size of the 
generating region but take 

where 

C (co)= (2,r)2P2g26o f• 2 Z (6o/2,0)Z (6o/2,0+,r)dO (27) and 

;•R ((h)d(h=Ro (33) 
•0 

where again Z (6o,0) is the frequency and direction spec- 
trum of the surface wave field. We require that the pres- 
sure field created by the nonlinear interactions of surface 
waves be uncorrelated at the sea surface over distances 

comparable to the wavelength of Rayleigh waves. Prob- 
ably, we should allow C (6o) to be a slowly varying Function 
of position to allow for changes in the wave field. The 
pressure field at the seafloor created by the Rayleigh 

Jo R ((h)cos2(•b)d&=R• 
The bottom pressure spectrum is then 

Po (6o)= 2,r2g26o We(6o/2)• G•pl2] .,rk. N(6o)Ro (34) 
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Fig. 10. The electric field (left) and pressure (right) transfer functions versus frequency. 

The quantity in the brackets we can evaluate, the 
rest we hope is a slowly varying function of frequency so 
that peaks in the observed spectra can be related to the 
Green's functions and not to the details of the directional- 

ity of the wave field (N (o•)) or the distribution of forcing 
over the ocean (R0). 

The coherence between the electric field and the 

pressure fluctuations has been measured and is less than 
0.2 in the microseisin peak. The low coherence suggests 
that the seismic wave field is not narrowly distributed in 
direction of propagation. An isotropic wave field would 
suggest a constant for R (4•), and then R•=Ro/2 (see 
equation (33)). The ratio of the spectrum of the electric 
field to the spectrum of pressure is then just a function of 
the Green's functions' 

IG.I 
E• (o•)_ 2 ,, rrk,, = Ttr (o•___._•_) (35) 
Pt, (•o) IGgl 2 T" 

We plot T E and T" (which we will call transfer 
functions) in Figure 10. They are calculated for a layered 
earth model based on the oceanic model in Figure 3. The 
transfer functions are derived indirectly from a computer 
program written by G. Masters. We have not included the 
effects of gravity, which are not expected to be important. 
The sound channel in the ocean has been ignored; its 
effect is small at frequencies below a few hertz. 

At low frequency the transfer functions are dom- 
inated by the fundamental mode, and the transfer func- 
tion for pressure falls off sharply with decreasing fre- 
quency. The roll off occurs because the vertical 
wavelength in the ocean becomes large compared to the 
ocean depth. 

The February data were collected in water 1.5 km 
deep, and the pressure transfer function rolls off sharply at 
frequencies below 0.2 Hz. This roll off is not apparent in 
the pressure spectra measured in February (Figure 1) 
which may be further evidence that the direct effect of the 
surface forcing is being observed in this experiment. The 
very rough local topography may make this conclusion 
from the layered model inapplicable. 
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Fig. 11. (Top) Phase velocity for the first several Rayleigh wave 
modes is plotted versus frequency. (Bottom) The ratio of the 
electric field transfer function to the pressure transfer function is 
plotted as a function of frequency. Also plotted is one realization 
of the ratio of the electric field spectrum divided by the pressure 
spectrum from data obtained April 1984. 



WEBB AND COX: SEAFLOOR MICROSEISMS 7355 

TABLE 3. Base Model for Surface Wave Calculations 

Layer Compressional Shear Wave 

Thickness, Density, Wave Velocity, Velocity, 

km kg/m 3 km/s km/s 

3.6 1040. 1.52 0. 
0.17 1500. 1.58 0.25 
0.23 1990. 4.6 2.2 
0.03 2150. 5. 2.2 
0.17 2150. 5. 2.65 
0.19 2430. 5.75 3.1 
0.35 2600. 6.2 3.35 
4.1 2800. 6.5 3.75 
1.98 3150. 7.7 4.4 
3. 3220. 7.84 4.5 

34. 3400. 8. 4.5 
175. 3400. 7.6 4.2 

3500. 8.2 4.55 

Large peaks in the electric field transfer functions at 
0.4 and 1 Hz are in rough correspondence to peaks in the 
electric field spectrum From April (Figure 1). The peak at 
0.25 Hz and the troughs at 1 and 1.8 Hz in the pressure 
transfer Function also seem to fit peaks and troughs in the 
seafloor pressure spectrum (Figure 9). Similarly, the peak 
at 0.25 Hz in the July 1983 pressure spectrum corresponds 
to the peak in the transfer Function (Figure 4). 

We can calculate the ratio of the electric field spec- 
trum to the pressure spectrum (Figure 11). The three 
peaks in the ratio appear both in the prediction and the 
observation. Below 0.1 Hz the two spectra are probably 
determined by different processes. A plot of the phase 
velocities of the first several Rayleigh wave modes pro- 
vides an explanation For the peaks (Figure 11). The peaks 
occur when the phase velocity of the fundamental, first, or 
second mode becomes smaller than the speed of sound in 
the ocean. The energy becomes progressively more tightly 
trapped to the seafloor with increasing Frequency and the 
seafloor motion becomes more and more horizontal. The 

ratio of horizontal particle motion to pressure becomes 
large. The electric field is directly related to the horizontal 
particle velocity. On the high-Frequency side of each peak 
the mode has become too tightly trapped to the seafloor to 
be Forced efficiently by a source at the sea surface, and 
other modes dominate the transfer Functions. 

Below 0.3 Hz the transfer Functions are dominated 

by the Fundamental or zero mode. Since most of the 
energy in the seafloor spectra is at Frequencies between 0.1 
and 0.3 Hz this agrees well with the observations of Lat- 
ham and Sutton [1966] and Latham and Nowroozi [1968], 
who Found that the seafloor particle motion was appropri- 
ate For waves of the Fundamental mode. 

Between 0.3 and 1 Hz the first overtone mode has 

the most energy. At about 0.9 Hz, a wave of this mode 
causes no fluctuation in the pressure at the seafloor, and a 
trough appears in the transfer Function. This trough does 
not seem to be well developed in the observations, but 
deviations From a plane, layered earth should blur over 
the trough. 

The various peaks and troughs in the transfer func- 
tions are very sensitive to the shear velocity and 
thicknesses of the very upper layers of sediment in the 

model. The ratio of electric field to pressure should be 
relatively insensitive to the details of the wind wave field 
(see equation (35)) and is a convenient parameter to use 
when searching for the best fitting earth model. 

We have examined results From a large series of 
models based on a simplified version of the model in Fig- 
ure 3 (the base model is defined in Table 3). The locations 
of the peaks of the electric field to pressure spectral ratio 
in frequency are totally insensitive to small changes in the 
water depth. The parameters which determine the fre- 
quencies of the peaks are the thickness and shear velocity 
of the very uppermost layer of sediment and the shear 
velocity in the second layer. To get peaks at all, a thin 
layer of very slow shear velocity sediment is required. 

In Figure 12 we plot the electric field to pressure 
spectral ratio for several models which differ only by the 
shear velocity in the shallowest layer of sediment. A 
slower shear velocity in the top layer shifts the peaks 
toward lower frequency. We have also examined three 
models with the same shear velocity but different layer 
thicknesses. The peaks appear at lower Frequency in 
models with a thicker top layer of sediment. These two 
sets of information are condensed on a single figure (Fig- 
ure 13) which shows the Frequencies of the first two peaks 
in the spectral ratio as a Function of the thickness and 
shear velocity in the top layer of sediment. 

Peaks appear in the observations of the electric field 
to pressure spectral ratio from the April experiment at 
0.43, 1.05, and 1.7 Hz. To fit the two lower Frequency 
peaks, we take the thickness of the first sediment layer to 
be 100 m and the shear velocity to be 200 m/s. The third 
peak is still poorly fit by this model. 

The only other parameter which strongly effects the 
Frequencies of the peaks in the spectral ratio is the shear 
velocity in the second layer (see Figure 13b). The lowest 
frequency peak is virtually uneffected by changes in the 

10-19 

1 0 -20 

-,• 10-21 
• 10-22 

10 -23 

1 0 -24 

10 -25 

Fig. 12. The ratio of electric field to pressure spectra for several 
earth models which differ only in the shear velocity in the upper- 
most layer of sediment. The base model from table 3 (curve a) is 
compared with other models: 0.30 km/s (curve b); 0.20 km/s 
(curve c); and 0.15 km/s (curve d). 
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Fig. 13. (a) The relationship of the frequencies of the peaks in 
the ratio of electric field to pressure spectra ratio to the thickness 
and shear velocity of the uppermost layer of sediment. Frequency 
of the peaks is plotted versus the layer thickness, and lines of con- 
stant shear velocity (in kilometers per second) are labeled. (b) 
Frequency of the first three peaks in the ratio of electric field to 
pressure spectra versus shear velocity in the 3econd layer of sedi- 
ment. 

si•ear velocity in this layer but the highest frequency pea!c 
can be shifted over a large range of frequencies. 

Our final model takes the shear velocity in the 
second layer of sediments to be 850 m/s. The fit to the 
April data is quite good (Figure 14). The model does not 
fit the third peak very well, but the electric field spectra 
are dominated by instrumental noise above 2 Hz, and we 
also expect the effects of an unrealistic earth model (flat 
homogeneous layers) to be more of a problem at higher 
frequencies. The electric field to pressure spectral ratio is 
poorly predicted between 0.1 and 0.3 Hz. No reasonable 
changes in the model will change the predicted ratio. The 
assumption of isotropy for the seismic wave field may be 
incorrect. This assumption leads to a factor of one half in 
equation (35), but for anisotropic wave field this factor 
can range from zero to one and so there need not be any- 
thing wrong with our choice of earth models. 

This modeling effort suggests that there must be a 
fairly thin (100 m) layer of very slow shear velocity (200 
m/s) sediment beneath the April site and also that the 
shear velocity is still fairly slow (850 m/s) at depths 
greater than 100 m. Bradner [1963] suggested that sedi- 
ment structure could be determined by observing the ratio 

of horizontal to vertical displacement in microseisms, a 
measurement very similar to the ratio of electric field to 
pressure. 

We combine the calculated transfer function with 

the wave spectra observed at Begg Rock in Figure 9. The 
pressure spectrum has been calculated from equation (34) 
with an arbitrary multiplicative constant to represent the 
product NRo. The several peaks and troughs in the 
observed spectrum are well modeled by the prediction 
because we choose the model which fit best. The very 
sharp drop in spectral level below 0.1 Hz occurs because 
there is essentially no energy in surface gravity waves at 
periods longer than 20 s. The roll off in the transfer func- 
tion at 0.1 Hz also reduces the predicted spectrum at the 
lowest frequencies. The slope of the predicted spectrum is 
steeper than the slope observed in the spectrum from the 
April data. This agrees well with our preconceptions that 
the lower-frequency surface gravity waves should be more 
directional and so less efficient at generating microseisms 
than higher-frequency waves (thus N(o•) increases with 
frequency). 

Seismic surface waves attenuate very slowly with 
distance. The spatial Q for Rayleigh waves can be calcu- 
lated from a vertical integral over the Q for shear waves 
(Q•), and compressional waves (Q• [Aki and Richards, 
1980, equation 7.89]). The attenuation coefficient (one 
over the e-folding distance) is related to the spatial Q of a 
mode by 

to (36) 3""= 2CQ, 
with C the phase velocity. A model for Q• and Q• is plot- 
ted in Figure 3. Attenuation in the ocean is very small; Q• 
has been set to infinity, Q• is undefined. The attenuation 
coefficients for the first several modes are plotted in Fig- 
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Fig. 14. Best fitting model of the ratio of electric field to pressure 
spectral ratio is plotted along with one measurement. Model 
parameters differ from Table 3 in the uppermost sediment layer 
(thickness -- 100 m, shear velocity -- 200 m/s) and in the second 
layer (shear velocity - 850 m/s). 
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Fig. 15. The attenuation coefficient for Rayleigh waves in the 
model of figure 3. 

field spectrum at frequencies above a few tenths of a hertz 
with seismic waves trapped in the upper layers of the sedi- 
ment. These waves are probably associated with the higher 
noise levels usually observed on the horizontal com- 
ponents of seafloor seismographs. This view is supported 
by observations from borehole seismographs. The noise 
level is much lower (28 dB at 2 Hz) in the borehole meas- 
urements and the horizontal and vertical noise levels in 

the borehole are comparable [Adair et al., 1984]. 
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