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SUMMARY

Hydroacoustic monitoring of the CTBT requires the ability to detect and locate
phenomena that give rise to acoustic signals. An improved understanding of the coupling
of seismic energy to acoustic energy is necessary to improve location estimates of
earthquakes and volcanic gruptions. Using known variations in near-source bathymetry,
we demonstrated that scattering of seismic to acoustic energy at a rough seafloor yields
the approximate time-frequency characteristics of T-phases excited both at shallow
regions within the SOFAR channel, as well as at abyssal depths far below the sound
channel. The modeling predicts that T-phases are generated most efficiently at shallow
depths, and consist mainly of low order acoustic modes. Abyssal phases, which are
excited at depths of several kilometres, consist of high order acoustic modes that interact
weakly with the seafloor along much of the transmission path but can have significant
amplitude for paths with few bathymetric obstacles.

An improved understanding of the accuracy needed for various input parameters to long-
range acoustic propagation models, such as bathymetry and temperature data, is essential
both in predicting acoustic shadow regions, and in estimating source locations. We found
that long-range acoustic propagation models predict wider and deeper shadow zones
behind islands for high resolution bathymetric datasets than for the more coarsely gridded
ETOPOS5 data. Seasonal variations in modal group velocity can reach up to 4mm/sec,
which could translate to a time difference of 9 sec. over a 5000km path. This is only a
small source of error compared to the large errors routinely made in picking T-phase

arrivals from earthquakes.

Furthermore, we exploited hydrophone and seismic waveform to analyze signals from
natural events, such as underwater earthquakes. It is clear that offshore hydrophones,
even in subpolar regions where the sound channel is not well defined, have lower
recording thresholds for small to moderate oceanic events than do onshore seismic
stations in the region surrounding an oceanic basin. For the Norwegian Sea study, we
detected 2-3 orders of magnitude more events than were located by onshore seismic

arrays.
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CONVERSION TABLE

Conversion Factors for U.S. Customary to metric (SI) units of measurement.

MULTIPLY » BY - TO GET
TO GET « BY <« DIVIDE
angstrom 1.000 000 x E -10 meters (m)
atmosphere (normal) 1.013 25 x E 42 kilo pascal (kPa)
bar 1.000 000 x E +2 kilo pascal (kPa)
barn 1.000 000 x E -28 meter’ (nf)
British thermal unit (thermochemical) | 1.054 350 x E +3 ‘ joule (J)
calorie (thermochemical) 4.184 000 joule (J)
cal (thermochemical/cnf) 4.184 000 x E -2 mega joule/n? (MJI/n?)
curie 3.700 000 x E +1 *giga bacquerel (GBq)
degree (angle) 1.745 329 X E -2 radian (rad)
degree Fahrenheit ty = (t°f + 459.67)/1.8 | degree kelvin (K)
electron volt 1.602 19 x E -19 joule (J)
erg 1.000 000 X E -7 joule (J)
erg/second 1.000 000 x E -7 watt (W)
foot 3.048 000 x E -1 meter (m)
foot-pound-force 1.355 818 joule (J)
gallon (U.S. liquid) 3.785 412 X E -3 meter’ ()
inch 2.540 000 x E -2 meter (m)
jerk 1.000 000 X E +9 joule (J)
joule/kilogram (J/kg) radiation dose
absorbed 1.000 000 Gray (Gy)
kilotons 4.183 terajoules
kip (1000 1bf) 4.448 222 X E +3 newton (N)
kip/inch® (ksi) 6.894 757 X E +3 kilo pascal (kPa)
ktap 1.000 000 X E +2 newton-second/mt  (N-s/uf)
micron 1.000 000 X E -6 meter (m)
mil 2.540 000 X E -5 meter (m)
mile (international) 1.609 344 x E +3 meter (m)
ounce 2.834 952 X E -2 kilogram (kg)
pound-force (lbs avoirdupois) 4.448 222 newton (N)
pound-force inch 1.129 848 X E -1 newton-meter (N-m)
pound-force/inch 1.751 268 X E +2 newton/meter (N/m)
pourd-force/ foot? 4.788 026 X E -2 kilo pascal (kPa)
pound-force/inch? (psi) 6.894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4,535 924 X E -1 kilogram (kg)
pourd-mass-foot? (moment of inertia) 4.214 011 X E -2 kilogram-meter® (kg-nf)
pound-mass/ foot> 1.601 B46 X E +1 kilogram-meter’ (kg/nt)
rad (radiation dose absorbed) 1.000 000 x E -2 **Gray (Gy)
roentgen 2.579 760 x E -4 coulomb/kilogram (C/kg)
shake 1.000 000 x E -8 second (s)
slug 1.459 390 X E +1 kilogram (kg)
torr (mm Hg, 0° C) 1.333 22 x E -1 kilo pascal (kPa)

*The bacquerel (Bg) is the SI unit of radiocactivity; 1 Bq = 1 event/s.
**The Gray (GY) is the SI unit of absorbed radiation.
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Section 1
Introduction

1.1 Research Objectives.

Hydroacoustic monitoring of the Comprehensive Nuclear Test Ban Treaty (CTBT) requires the
ability to detect and locate phenomena that give rise to acoustic signals, and to distinguish
explosions from naturally occuring events, such as suboceanic explosions and volcanoes. An
improved understanding of the accuracy needed for various input parameters to long-range acoustic
propagation models, such as bathymetry and temperature data, is essential both in predicting
acoustic shadow regions, and in estimating source locations. We performed numerical computations
of acoustic propagation using both fine-scale and relatively coarse bathymetric datasets, to analyze
the the accuracy needed in predicting acoustic transmission. The effect of seasonal variations in
temperature on acoustic travel times is also examined. Furthermore, an improved understanding of
the coupling of seismic energy to acoustic energy is necessary to improve location estimates of
earthquakes and volcanic eruptions along active ridges and convergence zones. We modeled the
transition from seismic to acoustic propagation using known variations in near-source geology and
bathymetry. Finally, we exploit hydrophone and seismic waveform data available through the
International Data Center (IDC) as well as SOSUS waveform data, to analyze signals from natural
events, such as underwater earthquakes. Emphasis is placed both on events in the North Atlantic
and North Pacific oceans. -

1.2 Background.

1.2.1 The Acoustic Waveguide.

One of the challenges of modeling acoustic transmissions on a global scale is to obtain accurate
input data to describe adequately the complexity of the waveguide. The quantity of information
necessary is related to the wavelength modeled; densely-sampled databases which contain good
quality information on both sound-speed profiles and bottom depth are necessary to model acoustic
transmissions up to high frequencies. This information is necessary both to determine the
propagation path and to compute transmission loss along that path. Computation of the travel path is
a 3-D problem given that lateral variations in temperature and bathymetry affect phase speeds.
Because sound energy is refracted away from regions of higher phase velocity, acoustic energy
bends away from regions of shallow depth, such as islands and seamounts (Munk and Zachariasen,
1991). Adiabatic Mode Parabolic Equation (AMPE) modeling (Collins, 1993), has been shown to
be a practical technique for computing global-scale acoustic transmission at low frequencies
(Collins et.al., 1995).

1.2.2 Seismic to Acoustic Energy Transition at the Seafloor.

Seismic events below the seafloor generate ocean-borne acoustic phases, called T-phases, that
propagate great distances within the ocean sound channel minimum with little transmission loss.
Early hydroacoustic recordings indicated that T-phases are excited in shallow regions where the
seafloor is sloping, i.e. near islands or submarine promontories, and not necessarily at the earth-
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quake epicenters (Shurbet and Ewing, 1957; Johnson and Norris,1963). This “slope” T-phase often
features multiple peaks associated with bathymetric highs in the vicinity of the epicenter (Shurbet
and Ewing, 1957; Johnson and Norris,1963; Walker et.al, 1992), thus the source region can often be
recognized by its signal characteristics (Johnson et.al., 1963). Another class of seismically-generated
acoustic phases, with source locations coincident with earthquake epicenters far below the ocean
sound channel, was later identified (Johnson and Norris,1963; Johnson et.al., 1968). These “abyssal”
T-phases are characterized by a higher dominant frequency than that of the slope T-phase, and by
symmetric coda about the peak frequency arrivals (Keenan and Merriam, 1991). Abyssal T-phases

are often weaker than those generated in shallow regions, further from the epicenter (Johnson et.al.,
1963).

The distinct characteristics of the slope and abyssal T-phases are widely thought to derive from
distinct seismic to acoustic coupling mechanisms (e.g. Johnson and Norris,1963; Johnson et.al,,
1968; Keenan and Merriam, 1991). Excitation of T-phases in shallow regions near islands or near
the continental shelf is usually attributed to downslope propagation (Milne, 1959; Talandier and
Okal, 1998), which occurs where steep slopes intersect the sound channel. In this description,
acoustic energy is refracted nearly vertically into the ocean column and is transformed to a
horizontally propagating phase by multiple reflections between the sea surface and sloping seafloor.
However, de Groot-Hedlin and Orcutt (1999) showed that, for a gently sloping, sediment covered
seafloor, the shape of the T-phase envelope is consistent with a coupling mechanism that is
dependent mainly on depth rather than slope, and attributed the excitation of the slope T-phase to
seafloor scattering. Excitation of the abyssal T-phase has variously been attributed to coupling
between Stoneley waves and the SOFAR sound channel (Biot, 1952), and reflection scattering from
either the seafloor or sea surface (Johnson et.al., 1968) or from the overlying sea ice (Keenan and
Merriam, 1991).

1.2.3 Seismo-Acoustic Detection in the Norwegian Sea.

The goals of our work in the Norwegian Sea were to evaluate the use of U.S. Navy North Atlantic
hydrophone arrays in determining seismicity patterns and to assess how T-wave data could
contribute to offshore event location and characterization as part of monitoring efforts for a nuclear
test-ban treaty. In order to compare the offshore hydroacoustic capability with more standard
onshore seismic resources, data from several onshore arrays in Norway were included in the study. A
recording/archive facility for the hydrophone data was in operation from early 1995 until late 1996
so this is the time period covered by this aspect of our study.

1.3 Outline of Report.

This report is organized into 5 sections. In section 2, we analyze the dependence of modal group
velocities on seasonal temperature variations, and compare numerical computations of acoustic
blockage using several bathymetric datasets. In section 3, we describe a physical mechanism for the
coupling of seismic energy to ocean-borne acoustic phases. We show that the observed spectral
characteristics of seismically generated acoustic phases are consistent with excitation by Rayleigh
scattering from a rough seafloor. In section 4, we examine a series of earthquakes recorded from
November 1995 to January 1996 by onshore seismic stations and by U.S. Navy hydrophone arrays
in the North Atlantic. We describe the refinement of epicenters using P, S (converted to an acoustic

phase at the seafloor), and T-waves in the hydrophone data. Section 5 contains the primary
conclusions of this study.
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Section 2
Development Of An Accurate Ocean Model

2.1 Seasonal Variations in T-phase Velocity.

Acoustic velocities are computed using a nine term formula (Mackenzie,1981) relating salinity,
temperature, and depth to sound velocity. Temperatures and salinity profiles are derived from the

WOA database (Levitus and Boyer, 1994). Surface temperatures, and to a lesser extent, salinities,

vary over the year thus the acoustic velocity model is a function of time. In Figure 1, we examine
acoustic velocity profiles and group velocities for each month at SON, 180E. As shown in the top left
panel both the SOFAR channel velocity and depth vary over the year. Below approximately 500m,
velocities are constant. Mode shapes, shown in Figure 1, are nearly constant over the year. Ocean- ’
borne sound energy propagates at the modal group velocities (Heaney et.al., 1991), plotted for the

first few modes for f=5Hz, left, and f=10Hz, right. Velocity variations over the year are only on the
order of nearly 4mm/sec, which translates to a time difference of 9 sec over a 5000km path.

Although this translates to an event mislocation of approximately 13km, this is only a small source

of error compared to the large errors routinely made in picking T-phase arrivals from earthquakes.

Note that these computations were done for a deep water profile at a nearly polar latitude. Velocity
variations at equatorial latitudes are less severe, due to less severe variations in surface temperature.

On the other hand, seasonal velocity variations in shallow water are slightly greater, since the modal
propagation is confined to the upper, more variable part of the ocean column.

2.2 Resolution of Bathymetric Datasets.

Bathymetry from the ETOPOS database, which has a resolution of 5 minutes in both latitude and
longitude, has often been used to constrain ocean bottom depths for global-scale acoustic transmis-
sion. This sampling is rather coarse even for calculation of low frequency frequency transmissions,
i.e. 1 Hz (Collins, 1995). A bathymetric dataset by Smith and Sandwell (1997) was computed by
using shipboard depth surveys to calibrate the transfer function from satellite altimetry data to
seafloor topography, and has become the new standard bathymetric dataset. This dataset resolves
tectonic details to an accuracy usually within 100m in depth on a two minute grid. Where the
seafloor is rugged, the error in depth is greater, as the method underestimates peak amplitudes at
very tall seamounts. Accuracy also depends on the density of shipboard sounding data. Accuracy is
substantially better in regions where more shipboard soundings are available, such as in both the
North Pacific and North Atlantic.

In this section, we compare results of 3-D transmission loss computions at 5 Hz made using each of
these datasets as the bathymetric input. 3-D transmission losses were computed using the adiabatic
mode parabolic equation (AMPE) modeling code (Collins,1993), for hydrophones in the Atlantic
and Pacific oceans. The AMPE method assumes that energy coupling between modes is neghglblc
The solutions provided by AMPE satisfy reciprocity, i.e. the source and receiver locations are
interchangable within this formulation. The results of transmission loss computations for the first
mode, for a sourceat the site of the ASC24 hydrophone is shown in Figure 2. In this case receiver
depths (or equivalently, source depths for a receiver at ASC24) are all at 900m depth, the depth of
the SOFAR channel near Ascension Island. Only one sound speed profile, accurate near Ascension
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Figure 2.
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a) 2 minute bathymetry grid

Results of the AMPE computation of transmission loss for mode 1 at 5 Hz for a
source located at ASC24. The source depth at ASC24 is 780m, the receiver depths
are at 900m depth, i.e. at the sound channel minimum. By reciprocity, this plot gives
the transmission loss for mode 1 at ASC24 for sources throughout the Atlantic at
900m depth.
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b) 5 minute bathymetry grid

Results of the AMPE computation of transmission loss for mode 1 at 5 Hz for a
source located at ASC24. The source depth at ASC24 is 780m, the receiver depths
are at 900m depth, i.e. at the sound channel minimum. By reciprocity, this plot gives
the transmission loss for mode 1 at ASC24 for sources throughout the Atlantic at
900m depth.
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longitude

Circles mark epicentral locations of earthquakes in the Reviewed Event Bulletin
(REB) for 1998-1999, published by the International Data Center (IDC), with associ-
ated T-phases identified at any of the hydrophones near Ascension Island. The dark
stars indicate the location of the hydrophones at Ascension Island.

Island, is used for the entire Atlantic basin. Note that Smith and Sandwell (1997) bathymetry data
yield a far wider shadow zone within the North Atlantic.

As a reality check, we mapped earthquake epicenters that were listed as having associated T-phases
at any of the Ascension Island hydrophones by the IDC (Figure 3). Note that events that lie within
the shadow zone for mode 1 are included here, probably because T-phases observed at any of the
Ascension Island hydrophones are included for that figure. Note that T-phases were observed fora
number of events in the Pacific Ocean.

Similar computations were performed for hydrophones at Pt Sur (Figure 2.4); events with associated
T-phases are shown in Figure 5. In this case, the shadow zone to the east of the Aleutian island chain
is correctly predicted by AMPE computations with either the ETOPOS or Smith and Sandwell data.
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Figured.  Transmission loss for mode 1 at PSUR. The source depth at PSUR is 1425m, receiver depths
are at 600m depth, i.e. at the sound channel minimum.

Overall, epicenters lying within predicted shadow zones do not have associated T-phases observable
at Pt Sur. Figures 6 and 7 show similar results for WK30. (The thin dark wedge to the north north-
west of WK30 is an artifact). Overall, the Smith and Sandwell data yield wider and deeper shadow
zones behind islands than the ETOPOS5 data.

Finally, 3-D transmission losses computed using both the Smith and Sandwell bathymetry and a
much higher resolution bathymetric data set (Figure 8) were compared. Figure 9 shows results for
AMPE computations at f=5Hz for a local region around Ascension Island. As shown, there are
significant differences between the two solutions. To break down where these differences were
arrising, separate computations were performed over the first four modes. Results are shown in
Figure 10. As shown, the differences in transmission loss computed from each dataset increase with
increasing mode number. This is to be expected since bottom interaction increases with increasing

mode number, thus greater accuracy in the bathymetric database is required for higher mode
numbers.
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Figure4.  Transmission loss for mode 1 at PSUR. The source depth at PSUR is 1425m, receiver
depths are at 600m depth, i.e. at the sound channel minimum.
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Circles mark the epicentral location of earthquakes published in the REB for
1998-1999, with associated T-phases identified at the Pt. Sur hydrophone. The

dark star denotes the location of the Pt Sur hydrophone.
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a) 2’ grid (Smith and Sandwell, 1997)

Transmission loss for mode 1 at WK30, using Smith and Sandwell (1997)

100

bathymetries. The source depth at WK30 is 812m, receiver depths are at 900m depth,

i.e. at the sound channel minimum.
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Figure 6.  Transmission loss for mode 1 at WK30.. The source depth at WK30 is 812m,
receiver depths are at 900m depth, i.e. at the sound channel minimum.
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Figure 8 Comparison of bathymetry data. Hydrophones near Ascension are marked by X’es.
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b) fine-scale bathymetry with gridpoints every 12” in latitude and 6” in longitude.

Figure 8 Comparison of bathymetry data. Hydrophones near Ascension are marked by X’es.
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Figure 9 Comparison of computed transmission losses at ASC24 for the first 5 modes.
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Figure 9 Comparison of computed transmission losses at ASC24 for the first 5 modes.
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Figure 10. Comparison of transmission loss computations at ASC24 for mode 1.
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Figure 10. Comparison of transmission loss computations at ASC24 for mode 1.
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Figure 11. Comparison of transmission loss computations at ASC24 for mode 2.

20

%




latitude

-148 <147 -146 -145 -144 -143 -142 -1441 -14
' longitude

b) fine-scale bathymetry input.

Figure 11. Comparison of transmission loss computations at ASC24 for mode 2.
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Figure 12. Comparison of transmission loss computations at ASC24 for mode 3.
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Section 3
Excitation of T-phases by Seafloor Scattering

T-phases excited by sub-oceanic earthquakes are classified into two types: abyssal phases which are
excited near the earthquake epicenter at seafloor depths far below the SOFAR velocity channel, and
slope T-phases which are excited at continental or ocean island slopes and ridges at distances up to
several hundreds of kilometers from the epicenter. In this section, it is demonstrated that
approximate time-frequency characteristics of both classes of T-phase can be synthesized under the
assumption that T-phases are excited by scattering from a rough seafloor. Seafloor scattering at
shallow depths preferentially excites low order acoustic modes that propagate efficiently within the
ocean sound channel minimum. At greater depths, scattering excites higher order modes which
interact weakly with the seafloor along much of the propagation path. Using known variations in
near-source bathymetry, T-phase envelopes are synthesized at several frequencies for several events
south of the Fox Islands that excited both types of T-phase. The synthesized T-phases reproduce the
main time vs. frequency features of each type of arrival; a higher frequency, nearly symmetric
arrival excited near the epicenter and a longer duration, lower frequency arrival excited near the
continental shelf, with a peak amplitude at about SHz.

3.1 The Seafloor Scattering Model.

In this section, we show that, since seafloor scatterers excite acoustic modes in proportion to their
intensities at the ocean floor, only leaky modes that interact with the seabottom can be excited.
Scattering at shallow depths excites low order acoustic modes that initially propagate in both the
ocean column and sedimentary layer, but cease interaction with the seafloor as they propagate
seaward. Higher modes, which fill up more of the sound channel and are thus more prone to attenua-
tion at seamounts and ridges, are preferentially excited at greater depth.

Given the significant velocity contrast between rock at earthquake source depths and the sediment
covered seafloor, seismic energy is refracted nearly vertically upwards at the crust/sediment inter-
face. Any method of numerically synthesizing the time-frequency characterisitics of earthquake-
generated T-phases must account not only for the physics of coupling from nearly vertically propa-
gating seismic waves to nearly horizontally propagating acoustic waves, but also the effects of
seismic propagation through the attenuative crust and upper mantle, and acoustic transmission
blockage by bathymetric features within the ocean column. As in de Groot-Hedlin and Orcutt(1999),
we assume that T-phase excitation along the continental shelf is dominated by seafloor scattering,
and that slopes are sufficiently gentle that acoustic propagation through the ocean waveguide is
approximately adiabatic (i.e. we neglect mode coupling). If the seafloor is treated as a sheet of point
scatterers, the pressure contribution from each point is given by the energy-conserving adiabatic
mode solution to the wave equation in a stratified waveguide,i.e.,

Tyy 2r lkI’ T,,Z, ‘I’m Try 2y exp(zﬂlkm(S)dS)
Pl 2) = e > Mot 2, o) ) A W
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(Collins, 1993), where W (rs,25) and Y, (rp,zp) are the mode functions at the source and receiver
locations, respectively, km is the complex wavenumber, and the summation is over the mode
number m. For seafloor scatterers, the source depth is equal to the seafloor depth. Thus a point
scatterer on the ocean floor excites modes in proportion to the mode amplitude at the ocean floor.
Thus only leaky modes, that propagate in both the ocean column and the ocean bottom, can be
excited by scattering of seismic energy into acoustic energy at the seafloor.

Energy is lost in the propagation of leaky modes as long as they interact with the seafloor. Given
that kpy, is complex valued, the exponential term in Equation 1 yields along path transmission losses.
However, we chose instead to use a result from perturbation theory (Ingenito, 1973) to compute
transmission loss; in this formulation, the attenuation of a given acoustic mode is estimated by the
fraction of that mode’s energy in the attenuative bottom. The total bottom attenuation along the
transmission path from source to receiver is then given in dB by

source

dBloss = Bf dr /lzb V2(2)dz, (2)

receiver

where f is the attenuation coefficient within the sedimentary layer, expressed in dB/km/Hz, and
z,(r) is the bathymetric depth at any given horizontal location. Bottom losses thus trade off with
energy excitation for any given mode and frequency. As seafloor depth increases, the attenuation of
a given mode decreases and, at sufficient depths, the attenuation is negligible as the mode is trans-
mitted entirely in the ocean column. An attenuation coefficient B of 0.10db/km/Hz was used, con-
sistent with mean values for a sedimentary bottom (Biot, 1952).

The total pressure from the entire sheet of point scatterers is given by the summation over all points
in the vicinity of the epicenter, i.e.,

—d, s
S b2 [E | st6) ©

area

where re is the epicentral location, zg is the hypocentral depth, dg=[( ze-zs)2+(re- 15)211/2 is the
distance from the earthquake hypocenter to the seafloor scatterer, fis the frequency, a is the coeffi-
cient of attenuation within the crust and mantle, and s(0) is the scattering coefficient as a function of
the angle of incidence on the rough interface. The term in square brackets above describes the pres-
ssure incident from below on the rough seafloor, i.e. pressure decreases due to spherical spreading
and frequency-dependent attenuation within the crust and upper mantle. We use an o value of
0.02dB/km, consistent with mean values for oceanic crust (Hamilton, 1980).

The form of the scattering function and the frequency power law depends on the relative scale sizes
of the scattering bodies and the wavelength of the sound energy. For scattering bodies that are small
compared to the incident field wavelength, the scattered field can be approximated by the method of
small perturbations (MSP), first used by Raylei gh (1894) to investigate scattering of sound at irregu-
lar surfaces. The MSP predicts that the intensity of the scattered field varies with the fourth power of
frequency, i.e. pressure varies as 2, and that the scattered field is nearly omni-directional
(Brekhovskikh and Lysanov, 1982). The tangent plane method, also called the Kirchoff approxima-
tion, is used for large-scale roughness. In this case it can be shown that scattered intensities are
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independent of the sound frequency, i.e. n=0 in Equation 3. For the small slopes typical of sedimen-
tary seafloors, it can be shown that the scattered field is concentrated in the specular direction
(Brekhovskikh and Lysanov, 1982).

The seafloor is generally characterized by roughness over a wide range of scale lengths (e.g.
Hertzfeld et.al., 1995). For a rough interface with both small-scale and large-scale irregularities, it
can be shown (Brekhovskikh and Lysanov, 1982) that scattering due to large-scale roughness domi-
nates at low angles of incidence, and drops off rapidly with increasing angles. Scattering due to
small-scale irregularities becomes more important at higher angles of incidence. However, since
scattering by large-scale inhomogeneities directs energy in the specular direction, we conclude that
it is no more efficient at generating T-phases than downslope propagation. In contrast, the scattered
sound field excited by small-scale scatterers is nearly ommnidirectional; therefore we assume that,
although only a small fraction of the total incident field is scattered, T-phases are primarily excited
by small-scale scattering, for gently-sloping, sediment-covered seafloors typical of continental shelf
regions. Thus, pressure amplitudes vary as f2 and, since scattering strengths are only weakly de-
pendent on angle of incidence, we set s(0)=1 in Equation 3 above.

A more complete description of scattering at a rough seabed, including the effects of non-zero shear
velocities in the seafloor, as in Kuperman and Schmidt (1989), is beyond the scope of this paper.
However, it should be noted that energy can only be scattered approximately in proportion to the S
to P or P to P transmission coefficients. Thus, normally incident shear waves incident on the ocean
waveguide cannot excite low grazing angle acoustic waves within the ocean waveguide. At higher
angles of incidence, both P and S waves can excite T-phases, but the relative contribution will de-
pend on the relative partitioning of P and S energy at the source, which is unknown. Furthermore,
since the radiated energy depends on the size of the scattering bodies, which is unknown, we assume
in this study that seafloor roughness is uniform over a broad region in the vicinity of the epicenter.
Therefore, we do not specify an absolute value of the scattered energy, but seek only to demonstrate
that small-scale scattering yields the general time-frequency characteristics of both slope and
abyssal T-phases excited at a sedimentary seafloor.

3.1.1 Acoustic Excitation as a Function of Seafloor Depth.

The combined ocean/seafloor velocity profiles must be used to determine modal excitation at the
seafloor. An acoustic velocity structure connecting an ocean velocity profile to a typical sedimentary
seafloor P-wave velocity profile (Hamilton, 1979) is shown in Figure 14 for a water depth of 1km.
The water column velocity profile was computed using an equation relating ocean temperatures and
salinities to acoustic velocities (Mackenzie, 1981) for temperature and salinity data from the Levitus
database (Levitus and Boyer, 1994). The seafloor can be treated as an acoustic medium, as S-wave
velocities in the upper 100m of the seafloor are very low, on the order of 125m/sec (Hamilton, 1979,
1980) or even less. The first three modes corresponding to the velocity profile of figure 1a, com-
puted using a WKBJ method (Jensen et.al, 1994), are shown in Figures 14b and ¢ at SHz and 20Hz.
As indicated, low order modes penetrate the ocean bottom at this depth and thus can be excited by
scattering. At much higher frequencies, or greater depths, low order modes have zero amplitude at
the seafloor, so they cannot be excited by seafloor scattering. Thus the modal excitation due to
seafloor scattering depends on both frequency and seafloor depth.
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Figure 14. Computation of modal excitation at the seafloor.

To estimate the modal excitation as a function of frequency and seafloor depth the computation
indicated in Figure 14 was repeated for a series of frequencies and seafloor depths. At each depth,
standard sedimentary seafloor velocity profiles were appended to ocean velocity profiles and mode
amplitudes were computed at the seafloor. The mode intensity as a function of the seafloor depth,
which we term the excitation function, is shown in Fi gure 15 for each of three modes and frequen-
cies. As indicated, the excitation functions are strongly dependent on both frequency and depth. The
optimal depth of excitation for any given mode increases with increasing mode number, and is
approximately equal to the corresponding cutoff depth. Thus lower modes, which dominate acoustic
signals at long ranges (Heaney et.al., 1991), are preferentially excited in shallower regions. Further-
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Figure 15. Acoustic energy excitation at the seafloor, as a function of seafloor depth, computed
at frequencies of SHz, 10Hz, and 20Hz for annual average velocity profiles near the
earthquake epicenters.

more, the peaks of the excitation functions decrease and become broader with increasing mode
number, thus excitation of high modes is less efficient and less depth dependent than for low modes.
Overall, this implies that the scattering of seismic to acoustic energy in shallow areas results in the
excitation of low acoustic modes and that the strength of this coupling is strongly dependent on
Furtherbathymetric depth. At a sloping interface, the acoustic energy in a given low mode ceases
interaction with the bottom as it propagates into deeper water.

Modes excited by a point source on a flat seafloor at 4.5km depth are shown in Figure 16. Since a
seafloor source can excite only bottom-interacting modes, lower order modes can be generated only
at the lowest frequencies. As the frequency increases, only higher-order modes are excited. The
corresponding transmission coefficients, i.e. the fraction of energy that is propagated to the receiver,
are shown in Figure 16b for a path length of 4000km. As shown here, the transmission coefficients
increase with frequency and decrease with mode number, reflecting the fact that higher modes and
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Figure 16.  Excitation of the abyssal T-phase
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Figure 17. Bathymetry of the North Pacific Ocean. Locations of the Pt. Sur (PSUR) and
Wake Island (WK30) hydrophones are marked by stars; epicentral locations
are labelled by squares. Geodesic paths from one of the epicenters to each
hydrophone are indicated by solid lines.

lower frequencies penetrate more deeply into the bottom. In general, the attenuation depends
strongly on the bathymetry along the transmission path; higher modes are stripped away by
bathymetric promontories. However, even for an ocean floor that is perfectly flat from source to
receiver, higher order modes are stripped away with increasing source-receiver distance, as they
interact with the seafloor along the entire transmission path. The modal energy observed at the
receiver is a product of the modal excitation and transmission coefficients and is shown in Figure
16¢. As indicated, the lowest modes excited at the epicenter are transmitted most efficiently. These
are modes that interact very weakly with the bottom, thus are only weakly excited. At these depths,
excitation is nearly independent of seafloor depth.

3.1.2 Computation of Travel Times.

Finally, acoustic travel times for each point are derived by integrating the modal group velocities
along geodesic paths from each gridpoint to the receiver. The average seismic phase velocity for a
cluster of events may be estimated by comparing the length of the seismic travel path to time delays
between observed T-phase arrivals and computed acoustic travel times, as in the next section.

Several events south of the Fox Islands in the Aleutian chain excited both classes of T-phases which
were recorded at hydrophones near Wake Island and off the coast of California. A map relating
source and hydrophone locations is shown in Figure 17. A detailed map showing bathymetry and
estimated epicentral locations is shown in Figure 18. As indicated, ocean depths at the epicenters
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Figure 18. Bathymetry near the Fox Islands, in the Aleutian Chain. Epicenters
for earthquakes that excited both slope and abyssal T-phases are
indicated by squares; x’s show the source locations for the associ-
ated high amplitude T-phase arrivals. Bathymetries are derived
from satellite altimetry data (Smith and Sandwell, 1997).

range from 5 to 6km, far below the sound channel. Spectral ratio sonograms computed for the T-

phase recordings at WK30 and Pt Sur are shown in Figure 19. For the WK30 recordings, each J
sonogram exhibits at least two arrivals, with the high frequency abyssal phase preceeding the lower
frequency, longer duration, slope phase. A notable feature of the later arrivals is that their signal-to-

noise ratios are greater than those of the abyssal T-phase although they’ are generated further from a
the earthquake hypocenter. Also, the strength of the slope and abyssal T-phase arrivals near Wake

Island are comparable, but at Pt. Sur the abyssal T-phases generally have much lower amplitudes

than the slope phases, and are barely discernible for two of the events. This suggests that the abyssal
T-phase is more susceptible to transmission blockage by bathymetric obstacles than the slope phase,
consistent with our hypothesis that the abyssal phases are made up of higher order modes, which are
susceptible to mode-stripping by bathymetric obstacles along the travel path.

Integration of modal group velocities indicates that modal dispersion along the source-receiver path
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Figure 19. Spectral ratio sonograms for each recording at the Pt. Sur (left) and Wake
(right) hydrophones, formed by dividing the power spectrum for each time
slice by average noise powers computed for quiet intervals before the T-
phase arrivals. Events are shown from west (top) to east (bottom); epicentral
locations are given for each sonogram pair. Contours indicate signal to noise
ratios at intervals of 3,6,12,18,24,30. Depth estimates are between 30 and
40km for all events.
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is on the order of several seconds. This is negligible compared to the length of the T-phase
wavetrains, and suggests that T-phases are generated over a distributed region of the seafloor. How-
ever, we define the T-phase source location as that corresponding to the peak arrival time, and esti-
mate this for each phase. The total travel time for each phase is equal to the sum of the seismic
travel time through the crust and upper mantle, and the acoustic travel time for oceanic propagation.
The latter quantity is computed for a grid of points in the vicinity of the epicenter by integrating
SOFAR channel velocities, derived from the WOA database (Levitus and Boyer, 1994), along geo-
desic travel paths. Since the seismic velocity, and hence the seismic travel times, are unknown, T-
phase source regions are not uniquely identified. Therefore, given earthquake onset times and arrival
times for each phase at only two hydrophones, the T-phase source locations are defined along arcs,
which trend north-south for the given source-receiver geometry. Given additional reasonable as-
sumptions about the seismic velocity - we assume that it must be greater than the average SOFAR
velocity and less than 8km/sec- and given that observed T-phases cannot be generated where acous-
tic transmission is blocked along the source-receiver path, T-phase source locations can be pin-
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Figure 20. Hypocentral distance of the peak slope T-phase source location
versus the seismic travel time through the crust and upper mantle,
defined as time delay between the observed T-phase travel time and
the computed acoustic travel times for the T-phase source. Circles
indicate the seismic travel time derived for the Wake arrival, x’es
indicate the corresponding value for Pt.Sur. The seismic velocity is
given by the slope of the line, which is 2km/sec.
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pointed to within 0.1 degrees in both longitude and latitude.

Source location estimates for the slope T-phases are also shown for each event in Figure 18. Abyssal
T-phase source locations are coincident with epicentral locations to within the accuracy of the loca-
tion estimates and time picks. The lower frequency slope T-phases are generated at greater distances
from the epicenter, in regions of shallow, sloping bathymetry, in agreement with previous studies
(Shurbet and Ewing, 1957; Johnson and Norris, 1968; Johnson et.al, 1968). The approximate linear-
ity between the seismic delay times (defined as the difference between the T-phase arrival time and
the acoustic travel time) and the distance between the epicenters and corresponding T-phase source
locations gives us confidence that the T-phase source locations are accurately estimated. These
values are plotted in Figure 20; from the slope we compute a velocity of 2.0 +_ 0.3 km/sec for the
seismic phase coupling to the slope arrivals. The slow seismic velocity suggests that T-phases
excited at large distances from the epicenter result from the conversion of shear waves to the ocean-
borne acoustic phase.

The corresponding velocity of the seismic phase that couples to the abyssal T-phase is poorly deter-
mined, given the accuracy of the picks and of the estimated source locations. Given that only P
waves can excite acoustic energy within the waveguide at normal incidence, the seismic velocity
associated with the abyssal phase is likely greater than 2km/sec. However, given the short distance
travelled by the seismic wave prior to conversion to an abyssal phase, this value is sufficiently
accurate for our computations.

3.2 Numerical Examples.

Here we model T-phase arrivals at the WK30 hydrophone for several events south of the Fox Is-
lands, using known variations in near-source bathymetry. Only arrivals at WK30 are synthesized,
since instrument corrections are not available for the Pt. Sur hydrophones. We assume that the
source rupture duration and area may be treated as a point source in both time and location. Further-
more, we assume that the source radiates seismic energy uniformly across the frequency band of
interest.

Synthesized source regions for T-phases excited by the event at 52.1755N, 165.2835W, with a depth
estimate of 37.5km are mapped in Figure 21 for several modes, at a frequency of 5 Hz. The pressure
at each point is given by

1 ezp(i [l (s)ds) rg=%**1 1
\/_|1,:‘——__,.,|‘I""("”2’) VEalre =14 [ d, ]}2° (@)

As shown, T-phase energy in the lowest modes is excited along the shallow regions at the edge of
the continental shelf. Areas to the western and northern ends of the source region are in an acoustic
shadow, blocked by the Emperor seamount chain and by the Aleutian Islands, respectively. With
increasing mode number, the T-phase excitation increases in the vicinity of the epicenter and de-
creases in the shallow areas. For yet higher acoustic modes, the acoustic energy observed at Wake
becomes negligible due to mode stripping by bathymetric obstacles along the source-receiver path.
Thus, the low modes, that are excited further from the epicenter, are associated with the slope T-
phase. Higher modes, excited nearest to the epicenter, are associated with the abyssal T-phase. At
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higher frequencies, the incident energy at the continental shelf decreases due to the frequency de-
pendent attenuation of the seismic phase, so the slope phases are only weakly excited.

The synthesized mode envelopes for this event, formed by summing arrivals within two second
bins, are plotted in Figure 22 as a function of time after event rupture for several frequencies. T-
phase energy excited in the shallow regions is concentrated in lower modes and has greater duration
than the T-phase energy excited in the epicentral regions. The abyssal phases appear in the hi gher
modes, and are nearly symmetric about the peak amplitudes. The separation of “slope-generated” T-
phases in the low modes, and the abyssal energy in the high modes, becomes more apparent with
increasing frequency. Note the decrease in amplitude of the slope T-phase compared to that of the
abyssal T-phase at the higher frequencies, due to the greater attenuation of seismic energy in the
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Figure 21 Acoustic source regions for T-phases observed at WK30, for several modes
at a frequency of 5 Hz. Dark areas indicate areas of greatest T-phase excita-
tion. All plots are shown to the same grayscale. The epicenter is marked by a
white circle. Superimposed contour lines show the T-phase travel time in
seconds after the earthquake.
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Figure 22. Computed acoustic T-phase envelopes for a range of modes at several frequencies for
an event at 52.1755N, 165.2835W, at a depth of 37.5km.

crust and upper mantle.

Envelopes were formed at frequencies of 2,5,10, and 20Hz by summing intensities at each mode,
weighted by the mode functions at the receiver locations. Finally, the synthesized sonograms were
formed by linear interpolation between the envelopes; these are shown in the left column of Figure
23. The real, instrument corrected sonograms are shown to the right. Sonograms are shown only for
four of the events shown in Figure 19; the center one, at 52.2388N, 164.8763W was left out due to
its proximity, hence its similarity to the event at 52.1755N, 165.2835W.

Although not a perfect match, several characteristics of the synthetic sonograms agree with corre-
sponding features of the WK30 sonograms. Both real and synthetic slope phases, which trail the
abyssal phases, show a peak in energy at about SHz, and have longer duration than the abyssal
events. The synthetic sonograms also correctly predict that the abyssal T-phases have higher fre-
quency content than the slope phase, and are nearly symmetric about the peak amplitdes. Arrival
times for the abyssal phases agree, with the exception of the third event, which had a poorly
connstrained location. However, the computed abyssal phase has too low a dominant frequency, and
falls off too rapidly with incresing frequency. Discrepancies between real and computed sonograms
may be due to the simplifying assumptions made in the modeling, as discussed in the next section.
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Figure 23. Comparison of synthetic, left, and real sonograms, right, recorded at WK30.
Recorded waveforms, bandpassed from 2-20Hz are also shown. The epicentral
locations used in computing synthetics for each event are given.
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3.3 Discussion.

A number of simplifying assumptions were made in the synthesis of the T-phase envelopes in order
to isolate the effects of seafloor scattering from other geophysical effects. As a result, variations in
amplitude with frequency and the relative scale sizes of the abyssal and slope phases are poorly
constrained in this analysis. Factors which affect the frequency dependence of the observed T-phases
are the earthquake source spectrum and the scale size of the seafloor scatterers. We have make the
assumption that the characteristics of the seafloor near the Aleutian trench are similar to those of the
continental shelf region. Furthermore, our assumption that the earthquake source spectrum is flat
over the entire frequency range is true only if both the fault rupture surface and rupture duration are
infinitesimally small (Aki and Richards, 1980). For more realistic sources, the frequency spectrum
drops off approximately as 1/f for frequencies greater than about 1Hz; this makes the excitation of
higher frequencies even more problematic.

Factors which affect both the variation in T-phase amplitude with frequency and the relative ampli-
tudes of the slope and abyssal T-phases are the seismic attenuation coefficients (ot and f), the source
depth, and the bottom velocity profile. An increase in B, the seismic attenuation of the sedimentary
seafloor, results in a decrease in the abyssal T-phase amplitude relative to the slope phase since the
abyssal T-phase interacts with the seafloor along a much greater portion of its propagation path.
However, increasing o, the attenuation coefficient for the upper mantle and lower crust, decreases
the computed amplitudes of both the slope T-phase and the high frequency abyssal T-phase since the
loss is proportional to the number of wavelengths traveled by the seismic phase through the crust
and upper mantle. Unfortunately, although the frequency dependence and relative amplitudes of the
slope and abyssal phases are strongly dependent upon the value of the seismic attenuation coeffi-
cients, these values are only approximately known, so that only order of magnitude computations
can be done. Furthermore, shallow sources are predicted to be associated with high amplitude
abyssal phases with higher dominant frequencies than deep sources, given the shorter seismic travel
path through the attenuative crust and mantle. Finally, the velocity gradient within the seabottom
affects the mode functions, and hence the computed amplitudes. For a high velocity gradient, the
mode functions decrease rapidly with depth so the propagation loss due to seafloor interaction
decreases. The effects of decreasing the velocity gradient is thus similar to increasing the attenuation
coefficient B, i.e. it decreases the computed amplitude of the abyssal T-phase.

An unexpected result of our analysis is that, although shear wave velocities in the sediments are so
low that the seafloor may be treated as a fluid in computing the mode functions, the velocity of the
seismic phase coupling to slope T-phases is consistent with shear waves. A mechanism to resolve
this apparent incongruity is that S-waves convert to compressional waves at the interface between
the elastic, oceanic crust and the seafloor sediments; this is supported by observations (Spudich and
Orcutt, 1980) that shear waves are converted at the sediment-rock interface and not at the sediment-
seawater interface. Computations of S- and P- energy flux densities at the crust-sediment contact
indicate that, at high angles of incidence, crustal shear waves impinging on the sediments are mainly
refracted into the sediments as acoustic energy. At low angles of incidence, the shear waves are
mainly reflected back into the crust. Compressional waves are mainly reflected back into the crust at
high incidence angles, with a smaller portion refracted into the sediments. In this case, the abyssal
phase is more likely to result from the conversion of P-waves and the slope phase from the transfor-
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Section 4
Seismoacoustic Detection of Events in the Norwegian Sea

The U.S. Navy North Atlantic hydrophone arrays were installed during the cold war for tracking
submarines. The decline of the Soviet Union and budgetary considerations led the U.S. Navy in the
early 1990’s to allow limited access to the acoustic data for scientific studies (Fox et al., 1994;
Nishimura and Conlon, 1994). In 1995, NRL established a system to archive data from North
Atlantic arrays that recorded 16 channels of beamformed data. The beamforming was accomplished
by Navy hardware using an adaptive approach tuned for arrivals traveling at the speed of sound in
seawater. We archived data from more than one array and chose the beams recorded on the 16
channels to emphasize acoustic arrivals from the Mohns Ridge and its intersection with the Jan
Mayen transform fault. This was known to be an active portion of the plate boundary in the
Norwegian Sea (Vogt, 1986; Figure 24). The most useful data in our archive covers the period from
mid November, 1995, through September, 1996. This portion of the archive now resides at Scripps
Institution of Oceanography in a classified facility at the Marine Physical Laboratory on Point
Loma. The rest of the archive is at the Naval Research Laboratory in Washington DC and Clyde
Nishimura was our main contact there throughout the study.

Our original intent to develop a publically available seismic and hydroacoustic waveform database
for the project turned out not to be feasible since the hydrophone array data has not been cleared for
large-scale release. During this project, only specific few-minute sections of the data were cleared,
in non-digital form, for publication/presentation. The data would be available for future research but
only to individuals with security clearance. The archive is on tape media so the lifetime is limited if
no subsequent re-recording is done (none is currently planned).

The most commonly observed phase in the hydrophone data is the T-wave. Body waves are also
recorded by the hydrophone arrays although these phases are less common than the T phase. Both
P-waves and S-waves converted to an acoustic phase at the seafloor are seen for some regional
events in the Norwegian Sea. For large teleseismic earthquakes P-waves were also recorded.

The most exciting outcome of the study was that we observed an episode of spreading on the Mohns
Ridge in 1995. This was the first time that fairly detailed recordings of such activity had been ob-
tained at an ultra-slow spreading center. Thousands of events ranging in magnitude from less than
1.0 to 4.8 mb occurred throughout a region about 20 km by 60 km in size. Below we highlight the
character of these events and our ability to constrain their location. More detailed presentation is
available in Blackman et al. (2000).

The level of background noise varies considerably throughout the study period. Whales intermit-
tently contribute signals in the 17-22 Hz range and occasionally these are quite loud suggesting the
mammal is close to a given array. More disruptive, though, are the seismic refraction/reflection
shots that occur for longer duration and over many days throughout the period. In other parts of the
ocean, these signals might not be guided as well by the sound channel but, particularly during the
Winter months, the near-surface nature of the low velocity guide results in the shots being quite
energetic even a fair distance from the source. Earthquake arrivals can be detected during these

41




- 23 0 ) B I meters

Figure 24. Regional map of the Norwegian Sea. Shading shows the topography with lighter
shade for shallow depths and land. The three spreading centers are labeled and the
Norwegian seismic arrays are indicated by triangles and bold labels. Earthquake
epicenters listed in the REB for 1995-1998 are shown by +'s and most seismicity
occurs along the plate boundary.
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shooting intervals but arrival time picks have greater uncertainty and for very small events they
cannot be made. Another source of noise is the swarm of earthquakes generated during the spread-
ing episode as multiple events put significant energy into the water column and it reverberates for a

finite time.

The early part of the spreading episode was marked by seven earthquakes of magnitude 3-4 and
reported in the REB to occur on the Mohns Ridge 72°-72°30’N, 3°-6°E (Figure 24) over a period of
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Figure 25. Hydrophone array recordings of a 3.5 mb event that
occurred on the Mohns ridge in Nov95. Unfiltered time
sections from single beams formed at Arr3, the closest array,
and a representative more-distant array, labeled Arr2. The
section is several minutes long. Corresponding spectra are
shown for the same time sections. The arrivals from the first
event are clipped at Arr3 but the body-waves for this event
are visible in the spectrogram for Arr2. The T-waves are
clipped for both of these larger events but 2 subsequent,
smaller events show P, S and T arrivals at Arr3 and T-waves
at Arr2. The consistent ~20 Hz signal on Arr2 is a whale.
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five days in late November, 1995. A total of two dozen events were located by CMR in the same
area for the period July, 1995, - January, 1996, with 19 of them occurring between November 27,
Julian Day (jd) 331 and December 15 (jd 349). Ten events, including the largest (4.8 mb), were
reported by CMR on jd 341-342 and activity detected by the onshore seismic arrays dropped off
sharply after this time. The hydrophone data contain almost three orders of magnitude more record-
ings of events during the swarm period than are listed in the REB, which represents only reasonably
well-constrained seismic event locations. Most of these acoustic events are quite small judging from
the relative amplitudes of the 2.8 ML - 4.8 mb events recorded onshore (and often clipped on the
hydrophone array data) and the bulk of the arrivals from other events (Figure 25). P- and/or con-
verted S-waves are recorded by at least one array for about 25% of the swarm events.

For sources in the Norwegian Sea, the seismic arrays NORESS, ARCESS and SPITS record Pn, Sn
and an occasional T-wave that converts from an acoustic to a seismic phase at the continental slope
and propagates to the station. Pn and Sn have the greatest energy in the 1-8 Hz range whereas the
converted T-wave has lower amplitudes in mainly the 1-3 Hz range. In general, the SPITS array
records shear wave arrivals from central Mohns Ridge events with very low SNR, and energy
mainly below 2 Hz. Vertical component records from ARCESS stations, on the other hand, show Sn
amplitude and frequencies similar to Pn for the same events. It is not clear where such shear-wave
attenuation occurs but the most likely candidate would be beneath the Knipovich Ridge. When a
spreading episode event was large enough to be reported in the seismic bulletin the hydrophone data
usually showed a series of distinct events that occur over a few-minute period (Figure 26).

ARR2 u*-, S—

ARR3

1995342 06:45 time --->

Figure 26. Example of occasional ‘rumble’ that occurs around the time of
the most intense activity, jd 341-342. Several small ‘pop’ events
are shown as are 2 earthquakes just large enough for the body-
waves to clip. A single beam from Arr2 is shown for a few-
minute period and the same period is shown for a beam from
Arr3.




Two means of locating the swarm events were used with the hydrophone data. Many more events
were recorded only on a close array than were recorded with high SNR on multiple arrays. For
these events, relative event location were determined from changes in arrival time differences
between T-, converted S- and P-waves. Since no additional constraint is available for these locations,
we simply chose a reference point on the arc from the receiver that corresponds with a morphologic
feature that is a likely locus of spreading activity: one of the axial volcanic highs. One of the CMR
epicenters could be used as the master event for these relative location determinations but it appears
that prior to 1997 (when SPITS data began to be routinely included in the analysis) there was a
systematic bias towards the southeast in CMR locations in the central Norwegian Basin so we prefer
a ‘master event’ within the rift valley. When T-waves are also pickable at more distant arrays we
triangulate to a position with uncertainty on the order of 10-20 km depending on the T waveform.
The T picks are made at the time of highest amplitude and frequency content within the broader
arrival. None of the multiply-detected events can reasonably be located more than a couple tens of
kms down the southeast flank of the ridge and they could all be within the rift valley (or perhaps
somewhat to the northwest).
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Section 5
Conclusions

Deveiopment of an Accurate Ocean Model.

Seasonal variations in modal group velocity can reach up to 4mm/sec, which could translate to a
time difference of 9 sec. over a 5000km path. This is only a small source of error compared to the
large errors routinely made in picking T-phase arrivals from earthquakes.

Comparison of global scale transmission losses at f=5Hz indicates that, overall, the higher resolution
Smith and Sandwell bathymetric data yield wider and deeper shadow zones behind islands than the
more coarsely gridded ETOPO5 data. Further results show that the differences in transmission losses
increase with increasing mode number. This is to be expected since bottom interaction increases
with increasing mode number, thus greater accuracy in the bathymetric database is required for
higher mode numbers.

Excitation of T-phases by Seafloor Scattering.

We demonstrated that scattering of seismic to acoustic energy at a rough seafloor yields the approxi-
mate time-frequency characteristics of T-phases excited both at shallow regions within the SOFAR
channel, as well as at depths far below the sound channel. This is consistent with the results derived
by Park and Odom (1999) using a scattering formulation. The modeling predicts that, although T-
phases are generated most efficiently at shallow depths, significant T-phase energy can be excited at
depths of several kilometres. The abyssal phases consist of high order acoustic modes that interact
weakly with the sediment layer along all, or almost all, of the transmission path but can have signifi-
cant amplitude for paths with few bathymetric obstacles along the transmission path. For T-phase
excitation distant from the epicenter, shear wave energy transforms to low order acoustic modes at
bathymetric promontories. The abyssal phase results from direct conversion of P-waves to higher
order acoustic modes. For both the slope and abyssal phases, the scattered energy correspond to rays
that initially have grazing incidence on the seafloor; as depth increases, the slope “rays” become
entrained within the sound channel minimum. The model predictions agree with the observations
(D’Spain et.al, 1999) that sources within the sofar sound channel excite low mode energy, whereas
sources far below the channel excite higher acoustic modes.

Seismoacoustic Detection in the Norwegian Sea.

It is clear that offshore hydrophones, even in subpolar regions where the sound channel is not well
defined, have lower recording thresholds for small to moderate oceanic events than do onshore
seismic stations in the region surrounding an oceanic basin. Therefore, the potential for improving
locations of oceanic events, either in water or at the seafloor, is obvious. The actual decrease in
location uncertainty depends directly on the number and distribution of offshore receivers that can
be included in a location inversion. For the Norwegian Sea study, we detected 2-3 orders of
magnitude more events than were located by onshore seismic arrays. We located about 20% of the
acoustically detected events to within 10-20km when only T-wave arrivals from a small number of
regional receivers were used in the analysis.
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