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Abstract.

The combined use of seismic and hydrophone observations show that the traditional 7T
wave propagates as a seismoacoustic, interface wave (77) coupled to the seafloor.
Seismoacoustic 7i waves propagating at the sound speed of water are routinely observed
over megameter distances at the deep (4979 m) seafloor Hawaii-2 Observatory (H20)
between Hawaii and California, even though the seafloor site is within a shadow zone for
acoustic wave propagation. 77 has also been observed 225 km SSW of Oahu at the OSN1
site at the seafloor and within its ODP borehole into the basalt basement. Analyses of
timing, apparent velocity, energy, and polarization of these interface waves are presented.
At low frequency (< ~5 Hz) Ti propagates dominantly in the sediments and is consistent
with coupled higher-mode Rayleigh waves. At higher frequencies the observed 77 waves
show characteristics consistent with acoustic scattering. Although no single scattering
mechanism appears to be capable of generating the observed 7i waves, internal waves,
spiciness, acoustic bio-scattering, and sea surface roughness may contribute to the
observations. The observation of 7i from an earthquake in Guatemala at OSN1, whose path
is blocked by the Island of Hawaii, suggests scattering from the vicinity of the Cross

Seamount.

PACS numbers: 4330-k, 4330Qd, 4335Pt
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1. Introduction

T waves are generated by earthquakes occurring beneath the seafloor, and propagate
acoustically for great distances in the ocean. They are routinely used for monitoring
oceanic earthquake locations (e.g., Fox et al., 2001), and for nuclear Treaty monitoring
using a combination of hydrophone arrays and seismic stations on islands (e.g., Okal,
2001). Although the Hawaii-2 Observatory (H20) (Butler ef al., 2000; Butler et al., 2004)
between Hawaii and California at 4979 m depth lies nearly a kilometer below the
conjugate depth of the SOFAR channel, interface 7 waves (77) are observed (Figure 1)
from circum-Pacific earthquakes at thousands of kilometers propagating as coupled higher
mode Rayleigh waves at the seismoacoustic boundary at the seafloor (Butler and Lomnitz,
2002). Ti waves are energetically observed at the H20 site regardless of season or
propagation azimuth. Although 77 waves at H20 typically have frequencies up to about 35
Hz, energy up to 80 Hz has been observed.

In the Acoustic Thermometry of Ocean Climate experiment (ATOC), acoustic sources
(75 Hz) and receivers located within the SOFAR channel are also used to monitor ocean
temperature change integrated over great distances via the associated travel time variation
of sound with temperature. However, even in these controlled experiments, sound arrivals
are observed at megameter distances on hydrophones in the shadow zone below the
conjugate depth (some of these observations are near H20) that remain unexplained
(Dushaw et al., 1999).

Seismoacoustic 77 has also been observed at the OSN1 site 225 km SSW of Oahu, on a
seismometer buried in the sediments at the seafloor 4400 m depth and in a borehole

seismometer emplaced below the sediment-basalt interface 242.5 m below the seafloor,
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from earthquakes 300 km distant in Hawaii and 7270 km distant near Guatemala (Butler,
2001). Although the observation of 77 waves in a borehole deep beneath the seafloor is
remarkable enough, the propagation path from the Guatemala earthquake to OSNI is
blocked by the Island of Hawaii.

The observational study presented in this paper uses apparent velocity, seismoacoustic
energy partitioning, and polarization analyses of H20 data to characterize 77 wave
observations at the seafloor below the conjugate depth. The 77 waves show both
characteristics of seismoacoustically coupled interface waves as well as acoustic scattering
interactions from the upper ocean. Polarization and time analysis suggests that the 7i
waves observed seismically in the ODP borehole at OSN1 propagate as evanescent
interface waves. Scattering of 7" waves by seamounts to the seafloor is indicated from the

vicinity of the Cross Seamount southwest of Hawaii.

II. Observations

A. H20

The sound speed at the axis of the SOFAR channel is about 1.48 km/s, whereas at the
seafloor at H20 the speed is about 1.54 km/s (Levitus et al., 1994; Levitus and Boyer,
1994; Dushaw, 1999). Oceanic earthquakes often lack local epicentral control and the
trade-offs between origin time, depth, and location create large uncertainty in estimating
apparent velocity of 7 waves to this precision. However, since this velocity uncertainty
decreases with distance, the most distant earthquakes can be used to discriminate the
apparent velocity (Figure 2). The 7i waves from events over 5000 km northwest of H20

and over 9000 km south of H20 arrive with apparent velocities of about 1.48 to 1.49 km/s.
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Acoustic wave propagation modeling of the most distant event using a standard Pacific
ocean acoustic and bathymetric model predicts arrivals in the SOFAR channel at these
corresponding arrival times, but not at the depth of H20O (Dushaw, personal
communication, 2002). This circumstantial evidence indicates that the 77 arrivals at H20
travel in or coupled with the SOFAR channel.

The seismoacoustic 77 wave arrivals are recorded on the both a seismometer, buried
about 0.5 m in the seafloor, and on a hydrophone located about 0.5 m above the seafloor.
The partitioning of energy above and below the seafloor interface is diagnostic of the
propagation mode of the 7i waves (Figure 3). The horizontal components of seismic
motion are rotated into radial and transverse direction with respect to the great circle from
the source. The seismoacoustic modal structure observed by Butler and Lomnitz (2002) is
clearly evident. Both for these two distant events and for closer events analyzed, the energy
on the hydrophone channel is greater than the sum of the seismic channels at frequencies
above about 5 Hz. Below 5 Hz, the energy on the radial component of the seismometer
dominates, except for the most distant event at 9400 km (where no substantial arrival is
observed at low frequency above the normal background noise). Strong polarization is
characteristic of 7i waves at frequencies ~5 Hz observed at H20 (Figure 4) with dominant
motion radially from the source and 2° downward. Thus, whereas below about 5 Hz, the
energy of the 77 wave is dominantly in the seafloor, above 5 Hz there is a more energy
propagating acoustically in the water. Since the sound speed of water near the seafloor of
the H20 site is much greater (1.54 km/s), the dominance of acoustic energy above 5 Hz

traveling with an apparent velocity at 1.48-1.49 km/s suggests that this energy is being
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scattered from the SOFAR channel to the seafloor, where it locally couples to
seismoacoustic modes.

Without benefit from a spatial array of sensors, a single hydrophone provides no
information on the directionality of a propagating wave. However, the seismometer
provides indirect indication of the directionality of acoustic particle velocity through the
polarization of the coupled seismic wave field. By examining the seismic polarization of
specific seismoacoustic modes (Figure 5), we can infer properties of the acoustic
propagation. The propagation of low-frequency (<5 Hz) 7i waves as higher-order Rayleigh
waves is clearly indicated by the prograde and retrograde elliptical particle motion in the
sagittal plane (radial-vertical). The mode propagates at an angle of about 2° from
horizontal (down and away from the source), and within 4° of azimuth of the great circle
axis. At higher frequencies the seismoacoustic modes display a wider range of polarization
characteristics. At times some of the modes (Figure 5) show a nearly rectilinear pattern
characteristic of a body wave being scattered from above at large angles (>30° from the
horizontal). Other modes sometimes display elliptical motion along an axis at greater angle
to the horizontal (5° to 45°) than exhibited by the low-frequency modes that propagate
dominantly in the seafloor. These characteristics vary temporally within a given mode.
Both the dominant polarization angle and range of angles increase with frequency for
observed 7i modes from earthquakes at widely varying distances and azimuths to H20
(Figure 6). The azimuth of propagation varies as well (not shown), with both near radial
and wide angles (>30°) to radial. Some scatter may be expected from the sediment-basalt
interface at ~30 m below the H20 sensors. However, observations of nanoearthquakes 3.7

km from the H20O site show simple waveforms not congruent with a strongly
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heterogeneous local structure (Butler, 2003). Although the local receiver structure plays a
significant role in the polarization angle, the observed variability of polarization
characteristics for events at the nearly the same time, range and azimuth (e.g., the 7i mode
at 10.7 Hz in Figure 5) suggests this cannot be the sole factor.

Given the sagittal and azimuthal variability of the polarization angles observed in the
higher frequency (>5 Hz) Ti wave arrivals, in conjunction with the observed apparent
velocity and dominance of the acoustic energy, local scattering is suggested to play a role
in the 7i wave observations. The seafloor at the H2O site is very flat. Although there are
abyssal hills less than 500 m above the seafloor at 30 km southwest of the H2O site, most
of the seafloor in an area >5,000 km” around the site varies by less than 100 m from the
H20 depth. Given the flatness of the seafloor in the region near the H2O site, contributions
from acoustic scattering must somehow be manifested in the water above the H2O site.

The lowest frequency (<5 Hz) components of 77 waves have dominant energy in the
sediments and propagate as seismoacoustic coupled modes. At frequencies above about 10
Hz, the hydroacoustic energy is dominant, and suggesting a contribution from local
acoustic scattering. However, even these putative scattered arrivals set up local mode
coupling (Figure 4). Scattering along the 7 wave propagation path potentially may insonify
the seafloor, generating a spectrum of seismoacoustic coupled modes that propagate (77) at
the seafloor. Whereas the lowest frequency interface modes may have propagated from the
earthquake source region (Butler and Lomnitz, 2002), it is likely that there is also a
contribution from insonification of the seafloor by acoustic scattering in the upper ocean

along the path.

B. OSN1
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The OSNI1 pilot experiment (Stephen et al, 2003) simultaneously recorded
seismometers deployed on the seafloor, shallow buried in the sediments, and below the
sediment-basalt interface during a six-month period in early 1998 (Figure 1). No
hydrophone was deployed. Butler (2001) reported the observation of seismoacoustic 7'
waves on the borehole seismometer as well as on the seafloor sensors, from local Hawaii
Island earthquakes and from a single, large earthquake near the coast of Guatemala at more
than 7000 km distant. Observations of 77 at both the OSN1B and OSN1 vertical sensors
from the distant earthquake are shown in Figure 7. These arrivals are clearly discernible
only when the data are high-pass (5 Hz) filtered. Given the 20 s sampling and anti-
aliasing filters on the data streams, the effective bandwidth of the OSNI signal is only
from 5 to 7 Hz. The signal-to-noise ratio on the OSN1B buried seismometer is substantial
and comparable to H20O observations. Although the SNR for the OSN1 borehole
seismometer is only about 2:1, the 7i wave arrives with no appreciable difference in time
from its counterpart at the seafloor 242 m above.

Polarization of 77 is observed both on the shallow-buried OSN1B and the OSNI
borehole sensor from nearby, small (M=4) Hawaii Island earthquakes (Butler, 2001). The
Ti observed on the OSN1B shallow-buried sensor shares many characteristics with its H20
counterpart. The energy is horizontally polarized, dominantly radial, and inclined <5° from
the horizontal dipping downward and away from the source. However, the OSN1 borehole
sensor indicates a different 77 polarization character—the energy is dominantly in the
sagittal plane and vertically polarized. The 7i wave from the Guatemala earthquake shares

this characteristic (Figure 8).
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The propagation path of 7i from the Guatemala Earthquake to OSNI1 presents an
interesting puzzle, as show in Figure 9. The Island of Hawaii lies directly in the middle of
the great circle propagation path. It is well known that islands may effectively block the
propagation of SOFAR 7 waves. However, it is evident that 77 may still be observed at and
beneath the seafloor of OSN1. The travel times of the T waves offer one clue, as shown in
Figure 10. The OSN1 observation arrives about 30 sec late relative to island stations.
Hence, it may be deduced that it did not travel through the Island of Hawaii (since
conversion and transmission partly as a compressional wave within the Island would result
as a faster, early arrival). About 10 seconds of the observed delay may be accounted from
T-to-P conversion for the island stations.

The key to unraveling the observation of 7i from the Guatemala earthquake at OSNI lies
in polarization analysis of the OSN1B buried sensor (Figure 11), which displays a
dominant polarization direction along in the azimuth 135.5°+180°. Rotating the coordinate
frame along this azimuth and viewing the polarization with respect to the vertical
component of motion, the horizontal polarization again dominates over the vertical motion
with the direction of polarization inclined at about 3° from the horizontal, consistent with
H20O observations in general and OSN1B observations from Hawaii earthquakes. If an
apparent propagation direction from southeast to northwest is selected, then the orientation
of the motion in this apparent sagittal plane is consistent with the other polarization
observations, i.e., down and away from the apparent source.

South of Hawaii there are a number of seamounts that intersect the SOFAR channel
which lie near the apparent azimuth of the OSN1 77 observation from the Guatemala

earthquake (Figure 9). The Cross Seamount (18°43'N, 158°17'W), which rises into the
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SOFAR channel within 500 m of the sea surface, fits the approximate timing (+23 sec), but

it is likely that the observed Ti signal at OSNI is due to scattering from several seamounts.

II1. Discussion

A. Interface Modes

The energy distribution and polarization characteristics of the low frequency (<~5 Hz)
part of the 7i are consistent with Butler and Lomnitz (2002), who interpreted the
seismoacoustic modes as energy trapped near the sediment-water interface by the low
shear wave velocity of sediments. However, more recent observations permit another
hypothesis. Butler (2003) modeled nanoearthquakes near the H2O site to obtain a first-
order sediment and uppermost basalt velocity structure. The average shear wave velocity
for the sediments is about 97 m/s. The basalt shear wave velocity—about 1.5 km/s—is
slow for typical Eocene age (45-50 m.y.) sea floor, but consistent with observed pillow
basalts recovered from the nearby ODP borehole 1.5 km northeast of H20. Since the lower
frequency modes (<10 Hz) have wavelengths (>150 m) much greater than the sediment
thickness, which is 30 m or less, another possible interpretation for the observed
seismoacoustic modes is that they are Scholte waves (fluid-solid interface Rayleigh waves)
traveling at velocities just below the shear wave speed of the basalt basement. The close
proximity of the basalt shear wave velocity to the acoustic water sound speed will
potentially enhance this Scholte mode coupling. However, in either interpretation, the
propagation characteristics of the low frequency 7i are higher-mode Rayleigh waves

coupled between the seafloor and the water. Although these evanescent modes have been
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observed within the basalt basement, the energy distribution throughout the water column
is not known.

At the OSNI1 site the observed polarization characteristics of 77 are consistent with the
propagation of an evanescent wave. The vertical polarization of 77 observed on the OSN1
borehole seismometer located in the basalt is the same, whether from nearby Hawaii
earthquakes or scattered from a seamount for the Guatemala event. For the seafloor-buried
sensors at H20 and OSN1, the radial component dominates in the sediments. Crossing the
sediment-basalt interface, the sagittal polarization of 77 rotates from radial to vertical. This
is consistent with 77 propagation in the basalt layer as an evanescent mode balancing the
vertical momentum of shallow-angle, post-critically reflecting waves propagating above
the sediment-basalt interface (e.g., Sykes and Oliver, 1964).

Only apparent velocity has been measured at H20 sea floor site. The apparent velocities
measured at great distance over two different azimuths are both about 1.48 km/s, which is
the characteristic of the low-velocity axis of the SOFAR channel, suggesting that the
SOFAR axis participates in the propagation. However, it is not clear whether 77 is simply
the sea floor expression of the family of modes encompassing the whole water column or
whether 7i is locally generated from scattering out of the SOFAR channel near the H20
region and then propagates along the sea floor interface, or both. It is not clear whether the
velocity observations are due to the SOFAR axis or shear wave velocity structure of the
sea floor around the H2O site, or both. Detailed phase and group velocity from a horizontal
seismoacoustic array, as well as observation of the acoustic wavefield throughout the water
column from a vertical hydrophone array, would aid substantially in understanding the

nature and propagation of these seismoacoustic modes.
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B. Acoustic Scattering

By seismic reciprocity (e.g., Aki and Richards, 1980), the interchangeability of source
and receiver permits the observations of 77 scattered from the SOFAR channel to the
seafloor to be viewed in reverse. The generation of 7 waves by earthquakes has long been
a puzzle, particularly in the abyssal environment. Mechanisms proposed include down-
slope conversion (7olstoy, 1950), seafloor-seasurface reflection scattering (Johnson et al.,
1968), seafloor roughness scattering (Fox et al., 1994, de Groot-Hedlin and Orcutt, 1999;
de Groot-Hedlin and Orcutt, 2001), and modal scattering (Park et al., 2001). The OSN1 Ti
observation from the Guatemala earthquake appears to be due the scattering from a
seamount (e.g., Johnson et al., 1968). However, the limited data and the lack of a
hydrophone do not permit a more detailed analysis about the nature of the scattering. For
example, is the scattered energy dominantly in the water column, or has it propagated from
the seamount as an interface wave (Butler and Lomnitz, 2002)? Seamount scattering cannot
explain the H20 T7i observations. The marked consistency of the observed horizontal
polarization within a few degrees of the back-azimuth to the earthquake source for all
events observed cannot be mimicked by a plausible distribution of seamount scatters.

None of the other scattering mechanisms posited for the generation of abyssal 7" waves,
except perhaps for sea surface scattering, can cause energy traveling in the SOFAR
channel to be scattered to the sea floor as observed at H20O. In the case of sea surface
roughness, for megameter scale 7 propagation it will contribute as a secondary scatterer for
energy scattered to the sea surface by other processes.

The ocean is not perfectly transparent to acoustic energy, but the magnitudes and spatial

structure of heterogeneities from physical oceanographic processes do not appear to be
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sufficiently large to explain the 7i observations. Internal waves (Garrett and Munk, 1976)
and their effect on acoustic scattering in the ocean have been known and studied since the
1970°s (e.g., Munk and Zachariasen, 1972; Flatté et al., 1979; Henyey and Macaskill,
1996). Numerical simulations (Colosi ef al.,, 1994, 1999) of acoustic propagation using
environmental data from the SLICE89 (Duda et al., 1992) experiment in the north-central
Pacific which take into account internal-wave-induced sound-speed perturbations obeying
the Garrett-Munk spectral model do predict some penetration of acoustic energy into the
shadow zone, but not as deep as observed herein for H20. Shadow zone arrivals
(Spiesberger and Tappert, 1996) have been observed at a hydrophone array near the H20
site and at several other deep arrays in both the Atlantic and Pacific by Dushaw et al,
(1999), who state “To date, no known mechanism, e.g., diffraction leakage from caustics
or diffusion of acoustic energy by internal wave scattering, can explain the extreme
diffusion of acoustic energy that must be occurring.” Whereas the locally flat bathymetry
will not substantially contribute as a local source for the internal wavefield (e.g., St.
Laurent and Garrett, 2003), tidal interactions with the Hawaiian Ridge at 1500 km distance
have been found to be an important source of internal waves (Rudnick et al., 2003) and
could potentially increase acoustic scattering in the region of the H20O site. However, the
observations of shadow zone arrivals at other deep hydrophone array sites (e.g., Dushaw et
al., 1999) militate against this assumption.

Density-neutral thermohaline covariation—defined in terms of the variable, spice or
spiciness, which increases for hot and salty water (Veronis, 1972; Munk, 1981)—is
directly a measure of acoustic velocity heterogeneity, since the effects of temperature and

salinity both correlate positively on acoustic velocity. Thermohaline fine structure has been
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observed near the H20 site from a physical oceanographic survey in early 1997 (Rudnick
and Ferrari, 1999; Ferrari and Rudnick, 2000), and from marine seismic reflection
profiling (Holbrook et al., 2003) in the Atlantic. Dzieciuch et al. (2003) present a thorough
analysis of the 1997 Spice Experiment data set, separating internal wave and spice
contributions. Spiciness dominates internal wave contributions to sound speed
perturbations in the upper mixed layer, but RMS differences over 3 km scales are relatively
small, ~0.35 m/s. Beneath the mixed layer at 200 m, internal waves dominate spice, with
RMS differences of 0.74 m/s and 0.35 m/s respectively. Numerical simulations of acoustic
propagation through the structure do not indicate substantial penetration of acoustic energy
into the shadow zone (M. Dzieciuch, personal communication, 2003).

Unlike spice and internal waves which both deflect ray paths over small angles, acoustic
bio-scattering from large fish and marine mammals offers a means to explain the high
angle scattered energy observed in Figure 6. Low-frequency Rayleigh scattering from a
single fish or marine mammal is significant near the swimbladder or lung resonance
frequency, respectively (e.g., Love, 1978). These scatterers act omni-directionally, but fall
off asymptotically as ~f* below the resonance peak. A scattering model developed for
schools of fish predicts a broadening of the resonance and a shift of the peak to lower
frequency (Feuillade et al., 1996). Nero (1996) has modeled acoustic scattering from
schools of up to 1400 large tuna, for school radii up to ~100 m. Large schools of tuna with
dimensions 100s m laterally and vertically have been observed by professional fishermen
in the Hawaiian Islands region (B. Kam, personal communication, 2003). For an individual
80 cm yellowfin tuna, the target strength (TS) is -13 dB at resonance f=220 Hz, and TS <

-60 dB for f <40 Hz. However, for schools of more than 300 tuna, the TS is ~ -50 dB at
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15 Hz (Nero, 1996). Larger tuna (up to 150 cm fork length) will have lower frequency
resonances (down to 110 Hz) (Schaefer and Oliver, 2000). Marine mammals have lower
resonant frequencies, and consequently are much better scattering sources at low
frequency. Finneran (2003) measured in vivo lung resonant frequencies of 30 and 36 Hz
(TS ~ 0 dB) for a 540 kg white whale and a 280-kg dolphin, which follows the terrestrial
mammal mass-frequency relation of f ~ M. For a 126-kg dolphin, Au (1996) measured a
resonance near 23 Hz and TS ~ -11 dB. Since the resonance frequency is a strong function
of depth (both lung and swimbladder volumes diminish with depth), at 7i wave frequencies
the dominant contribution from bio-scattering will come from the upper mixed layer, <50
m. For comparable numbers, large marine mammals individually and in pods will have a
much greater acoustic scattering effect than tuna and schools thereof.

The significance of bio-scattering may be judged in relation to spice and internal wave
scattering. Holbrook ef al. (2003) note that the strongest reflection coefficients from
thermohaline (spice) reflectors have an acoustic wave speed contrast of 15 m/s at 0.005,
which corresponds to a target strength of -46 dB. For sound speed changes of 0.3 m/s
(roughly the RMS fluctuations determined by Dzieciuch et al. (2003) for the 1997 Spice
experiment), the reflection coefficient 0.0001 has a TS of -80 dB. It is clear that individuals
and schools of tuna and pods of marine mammals may contribute to the scattering observed
in this 77 data set, compared with spice and internal waves. Rayleigh bio-scattering will
occur as the 7 wave propagates throughout the upper mixed layer (< 100 m) of the ocean
as it interacts with the populations of large marine animals. Each interaction of the incident
T wave signal upon the marine population is a new source of scattered 7 wave energy

contributing to the wavefield, and the effect on the sea floor at the H2O site is the sum over
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all these Rayleigh scattered sources close to and distant from H20 each convolved with the
Green’s Function for the acoustic ocean propagation.

Whereas the possible influence of acoustic bio-scattering by a substantial population of
large marine mammals remains intriguing, there are no population census data which can
be used draw any conclusions. Whales are routinely observed to migrate seasonally
through the H20O site region based upon whale calls observed. If a correlation could be
shown between whale migration times and 77 signal strength, then a more plausible
connection might be inferred for the acoustic bio-scatter contribution.

None of the scattering mechanisms—internal waves, spice, acoustic bio-scatter, sea
surface and sea floor roughness—appear to be sufficiently robust to scatter energy from the
SOFAR channel to the deep sea floor beneath the conjugate depth at the H20 site. Yet
strong 7i arrivals are observed on the sea floor with distinctive, characteristic energy
distributions and polarizations traveling with apparent velocities appropriate for SOFAR T
waves. Obviously, better instrumentation from the sea floor throughout the water column
would provide better observational constraints. However, the problem is not lack of
observations, it is the lack of a reasonable model to explain the observations. Without a
better model, it seems reasonable to call into question the limitations being placed upon the
known scattering mechanisms: are the velocity perturbations and scattering populations

being somehow underestimated?

IV. Conclusions

The combination of a hydrophone above the sea floor with broadband seismic

instrumentation within the sediments and in the basalt beneath the sea floor provide strong,
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new observational constraints on the propagation of 7" waves within the ocean. These
seismoacoustic, interface 77 waves are routinely observed in the shadow-zone of 7 wave
propagation, traveling with apparent velocities appropriate for the SOFAR channel.
Substantial energy propagates in the sea floor at low (<5 Hz) frequencies, and the energy
distribution and polarization characteristics indicate higher-mode Rayleigh/Scholte wave
propagation. At frequencies above 5 Hz the energy distribution and polarization
characteristics of 77 suggest a contribution from acoustic scattering processes in the upper
ocean. By reciprocity, such scattering mechanisms may contribute to the generation of 7
waves near the earthquake source. However, none of the scattering mechanisms

individually appear to be sufficiently robust to explain the H20O observations.
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Figure 1. 7 waves are the most energetic arrivals at frequencies greater than 1 Hz on the
hydrophone and the buried seafloor seismometer at the H2O site, and have been observed
from events at distances of nearly 10,000 km. 7" waves have also been observed at OSN1
site, both on the buried secafloor seismometer and on the borehole seismometer 245m
below the seafloor below the sediment-basalt interface. Locations of earthquakes discussed

in the paper are noted.

Figure 2. 7 waves recorded on the seismometer and hydrophone at H2O have an apparent
velocity of about 1.48 km/s, corresponding with the velocity near the axis of the SOFAR
channel 4 km above the seafloor site. (above) An earthquake (magnitude Mw=6.7) on the
South Pacific Ridge at 9400 km on August 8, 2001. Uncertainty of apparent velocity is
estimated from epicentral uncertainty. (below) An earthquake (Mw=6.5) near the coast of
Kamchatka at a distance of 5440 km on October 8, 2001. Radial components are shown
successively high-pass filtered in three stages; the hydrophone is high-pass filtered at 5 Hz.

The seismic wave field is polarized, and only the largest component, Radial, is shown.

Figure 3. Spectragrams plot energy versus frequency and time corresponding to the two
events in Figure 1. The four plots (left to right) show the hydrophone, and seismic vertical,
radial and tangential components of motion, respectively, all at the same scale for a given
event. At frequencies below about 5 Hz, the total energy on the seismic components in the
seafloor sediment is greater that on the hydrophone located in the water only 0.5 m above

the seafloor. However, at higher frequencies, the power in the hydrophone signal is greater.
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The banded structure in the seismic traces is indicative of modal coupling to the seafloor

sediments. The hydrophone shows both modal structure and scattered energy.

Figure 4. Ti polarization of October 8, 20001 earthquake near Kamchatka from the Guralp
seismometer buried in sediments. Acceleration records are normalized for instrument
response, high pass filtered at 5 Hz. Left is vertical and radial, right is radial and tangential.
Both are at the same scale for direct comparison. Positive radial is toward the source,
positive tangential is +90 degrees clockwise from the radial. Dotted lines show the least-
squares fitting line, computed iteratively without assuming either axis as the dependent or

independent variable.

Figure 5. Examples of 7i polarization observations in the sagittal plane are shown for three
frequency bands from events shown in Figures 1 and 2. The upper and lower examples are
from the earthquake near Kamchatka, whereas the middle example is from the southern
East Pacific Rise earthquake. The lowest frequency is polarized within 1° of horizontal and
displays elliptical particle motion characteristic of seismoacoustic coupled Rayleigh waves.
Higher frequency bands display a wide range of steeper polarization angles, and both
elliptical and rectilinear particle motions characteristic of acoustic energy from the upper
ocean being scattered incident upon and coupling to the seafloor. The middle and upper

observations show average polarizations at 9.5° and 40.9°, respectively, from horizontal.

Figure 6. The polarization (radial-vertical) angles of individual 7i modes are shown as a
function of frequency for four earthquakes. Positive angle is down and radially away from

the source. The southern East Pacific Rise and first near Kamchatka events are shown in
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earlier Figures. The second event near Kamchatka (Mw=6.4) occurred 6 minutes after the
first and at the same location (distance and azimuth within 0.02% of first event from H20).
The Blanco Fracture Zone earthquake (Mw=6.2) on June 2, 2000 occurred at a distance of
2130 km northeast of H20. Low frequency modes (<5 Hz) have near radial orientation
whereas higher frequencies (>5 Hz) show increasingly steeper angles and greater scatter.
Symbols are plotted at the polarization of the maximum energy, lines indicate range of
polarization of modal frequencies. Small variations in frequencies of individual modes are
observed between events. Note polarization variation of 77 mode at 10.7 Hz between the

first and second earthquakes near Kamchatka, which have almost identical paths.

Figure 7. Ti is observed from an earthquake near Guatemala on the OSN1 borehole
seismometer 245m below the OSN1B seafloor-buried sensor. A seismometer sitting on the
seafloor (OSN1S), which also clearly observed Ti, is not shown. Data have limited
bandwidth due to 20 sps sampling. The vertical-component records shown are not
corrected for instrument response—digital amplitude counts are nominal. The 77 amplitude
(velocity response) on OSNI1 is about 30% of OSN1B. Although many Ti are observed
from local Hawaii events during the six-month Ocean Seismic Network (OSN) Pilot
Experiment, this is the only circum-Pacific event seen. Remarkably, the great circle
propagation path from the Guatemala event to OSN1 is blocked by the Big Island of

Hawaii.

Figure 8. Observation of vertically-polarized 7i from the Guatemala earthquake on the
vertical and horizontal components of OSN1 borehole sensor, high-pass filtered at 5 Hz.

Horizontal components have been rotated into orthogonal azimuths determined from
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OSNI1B sensor polarization (Figure 11), and normalized to the vertical (BHZ) instrument

response.

Figure 9. The great circle paths (yellow) from the Guatemalan Earthquake to OSN1 and
Hawaiian Islands seismic stations are shown. The apparent great circle to OSN1 is blocked
by the big Island of Hawaii. The apparent propagation direction of 77 derived from
polarization analysis (Figure 12) is shown as the red line. The green lines indicate

propagation delays for paths scattered from seamounts to the southeast.

Figure 10. The travel times of 7" waves are plotted for the sites in Figure 10. The travel
time corresponds to the maximum of the low-pass filtered envelope of the respective T'
wave. Note that the OSN1 arrival is delayed by about 30 seconds relative to the Hawaiian

Island observations: Pelenet sites (Wolfe et al., 2002) and the GSN station KIP on Oahu.

Figure 11. 77 polarization for Guatemala earthquake observed at the OSN1B shallow
buried sensor, high-pass filtered at 5 Hz. The right figure shows horizontal components as
oriented in situ. Dotted lines show the least-squares fitting line oriented at 135.5°,
computed iteratively without assuming either axis as the dependent or independent
variable. Left figure is vertical and horizontal rotated into an orientation at 135.5°. Both are
at the same scale for direct comparison. Based upon consistency with observed H20
polarizations, the 77 arrival at OSN1B appears to be propagating from an azimuth 135.5°

towards the northwest.
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