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Combined seismic and hydrophone observations show that the traditional T wave propagates as a
seismoacoustic polarized interface wave �Ti� coupled to the seafloor. Seismoacoustic Ti waves
propagating at the sound speed of water are routinely observed over megameter distances at the deep
�4979 m� seafloor Hawaii-2 Observatory �H2O� between Hawaii and California, even though the
seafloor site is within a shadow zone for acoustic wave propagation. Ti has also been observed on
seismometers 225 km SSW of Oahu at the OSN1 site at the seafloor and within an 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 higher-mode Rayleigh waves. At higher frequencies the observed
Ti waves dominantly propagate acoustically with characteristics suggesting local scattering. The
observation of Ti from an earthquake in Guatemala at OSN1, whose path is blocked by the Island
of Hawaii, is consistent with scattering from the vicinity of the Cross Seamount. © 2006 Acoustical
Society of America. �DOI: 10.1121/1.2354066�

PACS number�s�: 43.30.Ma, 43.30.Qd, 43.35.Pt �ADP� Pages: 3599–3606
I. INTRODUCTION

T waves generated by earthquakes propagate acousti-
cally 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 �H2O�
�Butler et al., 2000, 2004� between Hawaii and California at
4979-m depth lies nearly a kilometer below the conjugate
depth of the SOFAR channel, interface T waves �Ti� are ob-
served �Fig. 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�. Although Ti waves at H2O typically
have frequencies up to about 35 Hz, energy up to 80 Hz has
been observed. Acoustic arrivals at hydrophones near the
H2O site on the seafloor in the shadow zone below the con-
jugate depth, which have been observed by the Acoustic
Thermometry of Ocean Climate experiment �ATOC� from
acoustic sources �75 Hz� at megameter distances, remain un-
explained �Dushaw et al., 1999�. Seismoacoustic Ti has also
been observed below the conjugate depth at the OSN1 site
225 km SSW of Oahu, on a seismometer buried in the sedi-
ments at the seafloor at 4400-m depth, and by a borehole
seismometer emplaced below the sediment-basalt interface
242.5 m below the seafloor from earthquakes 300 km distant
in Hawaii and 7270 km distant near Guatemala �Butler,
2001�.

The observational study presented in this paper uses ap-
parent velocity, seismoacoustic energy partitioning, and po-
larization analyses of H2O and OSN1 data to characterize Ti

wave observations at the seafloor.
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II. OBSERVATIONS

A. H2O

The sound speed at the axis of the SOFAR channel is
about 1.48 km/s, whereas at the seafloor at H2O 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 ap-
parent velocity of the T waves to this precision. However,
since this velocity uncertainty decreases with distance, the
most distant earthquakes can be used to discriminate the ap-
parent velocity �Fig. 2�. The Ti waves from events over
5000 km northwest of H2O and over 9000 km south of H2O
arrive with apparent velocities of about 1.48 to 1.49 km/s.
Acoustic wave propagation modeling of the most distant
event using a standard Pacific ocean acoustic and bathymet-
ric model predicts arrivals in the SOFAR channel at these
corresponding arrival times, but not at the depth of H2O
�Dushaw, personal communication, 2002�. This circumstan-
tial evidence indicates that the Ti arrivals at H2O travel in or
coupled with the SOFAR channel.

The seismoacoustic Ti wave arrivals are recorded on
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 Ti waves �Fig.
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 ana-
lyzed, the energy on the hydrophone channel is greater than

the sum of the three-component seismic channels at frequen-
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cies above about 5 Hz. Below 5 Hz, the energy on the radial
component of the seismometer dominates for all earthquakes
observed. Strong polarization is characteristic of Ti waves at
frequencies �5 Hz observed at H2O �Fig. 4� with dominant
motion in the radial direction dipping �2° downward and
away from the earthquake source. Thus, whereas below
about 5 Hz, the energy of the Ti wave is dominantly in the
seafloor, above 5 Hz there is more energy propagating acous-
tically in the water. Since the sound speed of water near the
seafloor of the H2O 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 en-
ergy is being scattered from the SOFAR channel to the sea-
floor, 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 in-
direct indication of the directionality of acoustic particle ve-
locity through the polarization of the coupled seismic wave
field. By examining the seismic polarization of specific seis-
moacoustic modes �Fig. 5�, we can infer properties of the
acoustic propagation. The propagation of low-frequency
��5 Hz� Ti 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.

FIG. 1. T 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.
T waves have also been observed at the OSN1 site, both on the buried
seafloor seismometer and on the borehole seismometer 245 m below the
seafloor beneath the sediment-basalt interface. Locations of earthquakes dis-
cussed herein and by Butler and Lomnitz �2002� are plotted, which are a
subset of dozens of events analyzed.
At times some of the modes �Fig. 5� show a nearly rectilinear
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pattern characteristic of a body wave being scattered from
above at large angles ��30° from the horizontal�. Other
modes sometimes display elliptical motion, indicating modal
coupling, 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 fre-
quency for observed Ti modes from earthquakes at widely
varying distances and azimuths to H2O �Fig. 6�. The azimuth
of propagation varies as well �not shown�, with both near
radial and wide angles ��30° � to radial.

Scatter may be expected from the sediment-basalt inter-
face at �30 m below the H2O sensors, as well as from
rough bathymetry. Observations of three nanoearthquakes
�M �0� located 3.7 km from the H2O site show simple
waveforms not congruent with a strongly heterogeneous lo-
cal structure �Butler, 2003�; e.g., there are unambiguous ob-
servations of polarized birefringence of 15-Hz shear waves
and radial polarization of compressional waves. Although the
local receiver structure plays a significant role in the polar-
ization angle, the observed variability of polarization charac-
teristics for events at nearly the same time, range, and azi-
muth �e.g., the Ti mode at �10.7 Hz in Fig. 6� suggests this
cannot be the sole factor. The seafloor at the H2O site is very
flat and varies by tens of meters over kilometer ranges. Al-

FIG. 2. T 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 8 August 2001. Uncertainty of apparent velocity is estimated from epi-
central uncertainty. �below� An earthquake �Mw=6.5� near the coast of Ka-
mchatka at a distance of 5440 km on 8 October 2001. Radial components
are shown in successively high-pass filtered in three stages plotted overlap-
ping �black, white, then black, respectively, for low, intermediate, and high-
est frequency filter bands� for direct comparison of amplitude and time. The
hydrophone is high-pass filtered at 5 Hz. The seismic wave field is polar-
ized, and only the largest component, radial, is shown.
though there are abyssal hills less than 500 m above the
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seafloor at 30 km southwest of the H2O site, most of the
seafloor in an area �5000 km2 around the site varies by less
than 100 m from the H2O depth �see sonar scan in Butler
�2003��. It is difficult to reconcile the observed dominance of
acoustic energy in higher frequency ��5 Hz� Ti wave arriv-
als from the scattering of seismic energy at and within the
seafloor.

B. OSN1

The OSN1 pilot experiment �Collins et al., 2001;
Stephen et al., 2003� simultaneously recorded seismometers

FIG. 4. Ti observed from the 8 October 2001 earthquake �Fig. 1� near Ka
sediments. Acceleration records are normalized for instrument response, hig
figure is radial and tangential. Both are at the same scale for direct compariso

the radial. Dotted lines show the least-squares fitting line, computed iteratively w
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deployed on the seafloor, shallow buried in the sediments,
and below the sediment-basalt interface during a 6-month
period in early 1998 �Fig. 1�. No hydrophone was deployed.
Observations of Ti at both the OSN1B and OSN1 vertical
sensors from a Guatemala earthquake are shown in Fig. 7.
These arrivals are clearly discernible only when the data are
high-pass �5 Hz� filtered. Given the 20 sps sampling and an-
tialiasing filters on the data streams, the effective bandwidth
of the OSN1 signal is only from 5 to 7 Hz. The signal-to-
noise ratio �SNR� of the data on the OSN1B buried seis-
mometer is substantial and comparable to H2O observations.

FIG. 3. �Color� Spectragrams plot energy versus fre-
quency and time corresponding to the two events in Fig.
2. The four plots �left to right� show the hydrophone
�H�, and seismic radial �R�, vertical �Z�, and tangential
�T� components of motion, respectively, all at the same
scale for a given event. For the Kamchatka event and
for all other earthquakes less distant from H2O, at fre-
quencies below about 5 Hz the total energy on the seis-
mic components buried 0.5 m within the seafloor sedi-
ment is greater than observed on the hydrophone
located in the water 0.5 m above the seafloor. For the
most distant event on the Pacific-Antarctic Ridge, no
substantial hydrophone arrival is observed at low fre-
quency ��5 Hz� above the background noise. All earth-
quakes observed have greater power at higher frequen-
cies ��5 Hz� in the hydrophone signal than on the
seismic components. The banded structure in the traces
is indicative of modal coupling to the seafloor sedi-
ments.

tka shows strong radial polarization on the Guralp seismometer buried in
s filtered at 5 Hz. The left figure is vertical and radial motion, and the right
sitive radial is toward the source, positive tangential is +90° clockwise from
mcha
h pas
n. Po
ithout assuming either axis as the dependent or independent variable.
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Although the SNR for Ti on the OSN1 borehole seismometer
is only about 2:1, the Ti wave arrives with no appreciable
difference in time from its counterpart at the seafloor 242 m
above.

FIG. 5. Examples of Ti polarization observations in the sagittal plane are
shown for three frequency bands from events shown in Figs. 1 and 2. Gauss-
ian band-pass filters were used with filter parameters, fc±� Hz, noted above
each subplot, where fc is the center frequency and � is the characteristic
width of the Gaussian. The upper and lower examples are from the earth-
quake near Kamchatka, whereas the middle example is from the Pacific-
Antarctic Ridge earthquake. The lowest frequency is polarized within 1° of
horizontal and displays elliptical particle motion characteristic of seismoa-
coustic coupled Rayleigh waves. Higher frequency bands display a wide
range of steeper polarization angles, and both rectilinear and elliptical par-
ticle 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. Note that the scales for the three subplots differ.
Polarization of Ti is observed both on the shallow-buried
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OSN1B and the OSN1 borehole sensor from nearby, small
�M =4� Hawaii Island earthquakes �Butler, 2001�. The Ti ob-
served on the OSN1B shallow-buried sensor shares charac-
teristics with its H2O 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 Ti
polarization character—the energy is dominantly in the sag-
ittal plane and vertically polarized. The Ti wave from the
Guatemala earthquake shares this characteristic �Fig. 8�.

The propagation path of Ti from the Guatemala earth-
quake to OSN1 presents an interesting puzzle, as shown in
Fig. 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 T waves.
However, it is evident that Ti may still be observed at and
beneath the seafloor of OSN1. The travel times of the T

FIG. 6. The sagittal polarization �radial-vertical� angles of individual Ti
modes are shown as a function of frequency for four earthquakes. Positive
angle is down and radially away from the source. The Pacific-Antarctic
Ridge and first near-Kamchatka events are shown in earlier figures. The
second event near Kamchatka �Mw=6.4� occurred 6 min after the first and
at the same location �distance and azimuth within 0.02% of first event from
H2O�. The Blanco Fracture Zone earthquake �Mw=6.2� on 2 June 2000
occurred at a distance of 2130 km northeast of H2O. Low-frequency modes
��5 Hz� have near radial orientation whereas higher frequencies ��5 Hz�
show increasingly steeper angles and greater scatter. A symbol is plotted at
the polarization of the maximum energy, whereas the vertical line spans the
range of polarizations observed for the mode. Small variations in frequen-
cies of individual modes are observed between events. Note the polarization
variation of Ti mode at 10.7 Hz between the first and second earthquakes
near Kamchatka, which have almost identical paths.
waves offer one clue, as shown in Fig. 10. The OSN1 obser-
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vation arrives about 30 s 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 P wave within the island would result as a
faster, early arrival�. About 10 s of the observed apparent
delay for OSN1 may be accounted from T-to-P conversion
for the island stations.

The key to unraveling the observation of Ti from the
Guatemala earthquake at OSN1 lies in polarization analysis
of the OSN1B buried sensor �Fig. 11�, which displays a
dominant polarization direction along in the azimuth
135.5° ±180°. Rotating the coordinate frame along this azi-
muth and viewing the polarization with respect to the vertical
component of motion, the horizontal polarization again
J. Acoust. Soc. Am., Vol. 120, No. 6, December 2006 Rh
dominates over the vertical motion with the direction of po-
larization inclined at about 3° from the horizontal, consistent
with H2O observations in general and OSN1B observations
from Hawaii earthquakes. If an apparent propagation direc-
tion from southeast to northwest is selected, then the orien-
tation of the motion in this apparent sagittal plane is consis-
tent 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 Ti observation from the Guatemala
earthquake �Fig. 9�. The Cross Seamount �18°43’N,
158°17’W�, which rises into the SOFAR channel within
500 m of the sea surface, fits the approximate timing

FIG. 7. Ti is observed from an earth-
quake near Guatemala on the OSN1
borehole seismometer 245 m below
the OSN1B seafloor-buried sensor.
Data from a seismometer sitting on the
seafloor �OSN1S�, which also clearly
observed Ti, are not shown. Data have
limited bandwidth due to 20 sps sam-
pling. The vertical-component records
shown are not corrected for instrument
response—digital amplitude counts
are nominal. The Ti amplitude �veloc-
ity response� on OSN1 is about 30%
of OSN1B. Although many Ti are ob-
served from local Hawaii events dur-
ing the 6-month Ocean Seismic Net-
work �OSN� Pilot Experiment, this is
the only circum-Pacific event seen.

FIG. 8. Observation of vertically po-
larized Ti from the Guatemala earth-
quake on the vertical and horizontal
components of OSN1 borehole sensor,
high-pass filtered at 5 Hz. Horizontal
components have been rotated into or-
thogonal azimuths determined from
OSN1B sensor polarization �Fig. 11�
and normalized to the vertical �BHZ�
instrument response.
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�+23 s�, but it is also possible that the observed Ti signal at
OSN1 is due to scattering contributions from several sea-
mounts. Reviewing the seismic recording observed on Kauai
from this Guatemala earthquake, there is a clear, distinct sec-
ondary arrival observed 77 s following the main T wave. The
relative timing of this secondary arrival is consistent with
scattering from the vicinity of the Cross Seamount, and cor-
roborates this interpretation of the OSN1 data.

III. DISCUSSION

A. Interface modes

The energy distribution and polarization characteristics
of the low-frequency ���5 Hz� component of the Ti ob-
served at H2O are consistent with Butler and Lomnitz
�2002�, who interpreted the seismoacoustic modes as energy
trapped near the sediment-water interface by the low shear

FIG. 10. The travel times of T waves are plotted for the sites in Fig. 9. 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 s
relative to the Hawaiian Island observations: Pelenet sites �Wolfe et al.,

2002� and the GSN station KIP on Oahu �Butler et al., 2004�.
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wave velocity of sediments. Analogous Rayleigh modes have
been observed at the air-soil interface �e.g., Langston, 2004�.
Butler �2003� observed at the H2O site average shear wave
velocities of 97 m/s in the sediment cover and about
1.5 km/s in the basalt basement. Hence, 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, comparable to the sound speed of water.

The vertical polarization of Ti is a characteristic ob-
served on the OSN1 borehole seismometer located in the
basalt both from nearby Hawaii earthquakes and the distant
Guatemala earthquake. For the seafloor-buried sensors at
H2O and OSN1, the radial component dominates in the sedi-
ments. Crossing the sediment-basalt interface, the sagittal
polarization of Ti rotates from radial to vertical. This is con-
sistent with Ti propagation in the basalt layer as an evanes-
cent mode balancing the vertical momentum of shallow-
angle, postcritically reflecting waves propagating above the
sediment-basalt interface �e.g., Sykes and Oliver, 1964�.

B. Scattering

The OSN1 Ti observation from the Guatemala earth-
quake appears to be due the scattering from nearby sea-
mounts �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 ex-
ample, is the scattered energy dominantly in the water col-
umn, or has it propagated from the seamount as an interface
wave �Butler and Lomnitz, 2002�? Seamount scattering can-
not explain the H2O Ti observations. The marked consis-
tency 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 distribu-
tion of seamount scatters.

Shadow zone arrivals �Spiesberger and Tappert, 1996�
have been observed at a hydrophone array near the H2O site

FIG. 9. The great circle paths �yellow�
from the Guatemala Earthquake to
OSN1 and Hawaiian Islands seismic
stations are shown. The apparent great
circle to OSN1 is blocked by the Is-
land of Hawaii. The apparent propaga-
tion direction of Ti derived from polar-
ization analysis �Fig. 12� is shown as
the red line. The green lines indicate
propagation delays for paths scattered
from seamounts to the southeast.
and at several other deep arrays in both the Atlantic and
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s to b
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.” Thermohaline fine structure �i.e., spice; Munk,
1981� has been observed near the H2O site from a physical
oceanographic survey in early 1997 �Rudnick and Ferrari,
1999; Ferrari and Rudnick, 2000�. Dzieciuch et al. �2004�
present a thorough analysis of the 1997 Spice Experiment
data set, separating internal wave and spice contributions.
Numerical simulations of acoustic propagation through the
structure do not indicate substantial penetration of acoustic
energy into the shadow zone �M. Dzieciuch, personal com-
munication, 2003�.

The preponderance of acoustic energy observed at
higher frequencies ��5 Hz� at H2O and the variability and
character of the observed polarization of seismoacoustically
coupled waves, together with apparent velocities appropriate
for the SOFAR channel, suggest that local acoustic scatter
near the H2O site may have a role in the observations. How-
ever, no specific mechanism is indicated from the data.

IV. CONCLUSIONS

The combination of a hydrophone above the sea floor
with broadband seismic instrumentation within the sediments
and in the basalt beneath the seafloor provide new observa-
tional constraints on the polarization, energy distribution,
and apparent velocity for T wave propagation near the seaf-
loor. Seismoacoustic, interface Ti waves are routinely ob-

FIG. 11. Ti polarization for the Guatemala earthquake observed at the OS
horizontal components as oriented in situ; the dotted line show the least-squa
into the orientation at 135.5°. Both are at the same scale for direct compar
observations, the Ti arrival at OSN1B for the Guatemala earthquake appear
served at the H2O and OSN sites, below the conjugate depth
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of the SOFAR channel. Ti waves have been routinely ob-
served on a borehole seismometer in the basement 242 m
below the seafloor. The seismoacoustic energy propagates
dominantly within the seafloor at low ��5 Hz� frequencies,
and the energy distribution and polarization characteristics
indicate higher-mode Rayleigh/Scholte wave propagation.
Scattering from a nearby seamount has been observed at
OSN1. At frequencies above 5 Hz the energy distribution,
apparent velocity, and polarization characteristics of Ti sug-
gest a contribution from acoustic scattering processes. De-
tailed phase and group velocity measurements from a hori-
zontal seismoacoustic array, collocated with a borehole
seismometer in the seafloor basement and a vertical hydro-
phone array throughout the water column, would aid sub-
stantially in understanding the nature and propagation of
these seismoacoustic modes.
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