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LONG-TERM GOALS

Observations and theory for ocean basin-scale acoustic propagation are based on nearly two decades of
work in the North Pacific Ocean utilizing controlled sources and vertical and horizontal receiver
arrays. Broadband sources are considered with typical center frequencies of 250, 75, and 28 Hz.
Many aspects of observed long-range acoustic fields are statistical in nature because of scattering due
to ocean internal waves and density compensated fine structure. There are two distinct scattering
regimes observed in the broadband multipath arrival pattern (Figure 1)[Colosi, 2004]: one in which
scattering is relatively weak and clear time-resolved wavefronts are evident, and one in which a
complex interference pattern is seen. Associated with both regimes is significant in-filling of acoustic
energy into deterministic shadow zones, especially when the receivers are near the seabed or when the
sources are off the sound channel axis. The long-term goal of this project is to understand long-range
acoustic propagation in the ocean, and at the moment we do no understand the physical mechanisms
responsible for the leakage of coherent energy out of the sound channel.

APPROACH

Ocean bottom seismometer (OBS) instrumentation was "piggy-backed" on the NPAL/LOAPEX
controlled source cruise that began in September 2004 [Mercer, et al., 2005; Mercer and Howe,
2004]. The OBSs were recovered on the SPICEO4 recovery cruise Direct funding for the OBS's came
from WHOI-DOEI and NSF. ONR provided the additional ship time for the deployments and
recoveries. (We are particularly grateful to the Chief Scientists, Jim Mercer and Peter Worcester, for
helping to make this possible.) The OBSs were retrieved on the SPICEO4 recovery cruise in May 2005
[Worcester, 2005]. Our OBSs were each equipped with a hydrophone, so we have an important
acoustic data point at the water-seafloor interface, and a vertical component geophone, to measure the
seafloor response.

LOAPEX transmissions were made at seven stations at nominal ranges of 50, 250, 500, 1000, 1600,
2300 and 3200km from the VLAs. Water depths at the OBSs are about 5000m. Water depth along the
3200km path to the furthest transmission station varied between 4800 and 6000m with only three or
four locations where the depth was shallower than 5000m (see Figure 2 of Mercer and Howe, 2004).
From CTD casts at the seven stations the critical depth is everywhere shallower than 4600m. Since the



water wavelength at 75Hz is about 20m the seafloor is many wavelengths (about 20) below the critical
depth and sound levels at the seafloor should be quite low based on conventional analysis.

Figure 1 [Colosi, 2004] compares the observed acoustic field from a long-range controlled source (top)
to the predicted field assuming acoustic propagation in a laterally homogeneous oceanic waveguide
(bottom). Note that in the observed field there is considerable energy in the shadow zones between
wavefronts in the "early arriving region” and well-below the wavefronts in the "late arriving" or
"finale" region. This figure is only showing depths from about 900 to 1600m, well within the sound
channel. Using the vertical arrays on NPAL/LOAPEX/SPICEOQ4 figures like this can be generated for
water depths from 350 to 4270m covering most of the sound channel. The hydrophones on the OBSs
will provide data to quantify the energy at the seafloor (about 5000m) that leaks out of the sound
channel, the time histories of this energy (as in Figure 1) and the acoustic signal to noise ratios on the
seafloor. The coherence and phase shifts between the hydrophone and the vertical component
geophone data can be used to infer the role of rigidity and interface waves in the bottom interaction
process.

WORK COMPLETED

The geophone and hydrophone data from each of the four OBSs deployed on NPALO4 as well as the
transfer functions of the instruments have been made available to the community from the Scripps
OBSIP (Ocean Bottom Seismometer Instrument Pool) group. One of the four OBSs had a leak in a
cable or connector and no useful acoustic or seismic data was obtained. The data from this OBS can
however be used as a proxy for instrument noise. The VLA data and transfer functions are also
available from a data server at Scripps.

There are three classes of work that can be carried out on this data. First, since the receivers are
broadband, the data can be used to study ambient noise in the North Pacific and its relation to shipping,
storms, marine mammals, etc. This could be particularly interesting when combined with other long
time series data sets from the North Pacific such as at the Hawaii-2 Observatory. An understanding of
the naturally occurring ambient noise and system generated ambient noise is important in interpreting
the results of the experiment. Some preliminary work on ambient noise was done on this award to
check the fidelity of the data.

Second all of the sensors were recording during the LOAPEX controlled source transmissions and the
data, after time compression, can be used to quantify the propagation loss in, and leakage from, the
ocean sound channel. This is the focus of this grant. The controlled source transmissions are
summarized in the LOAPEX cruise report. We focused on the M-sequence transmissions. There were
two center frequencies (68.2 and 75Hz), two source depths (350 and 800m), and eight ranges (50, 250,
500, 1000, 1600, 2300, 3200km along a single track as well as Kauai). Sixteen permutations of these
parameters were deployed. For each of the sixteen we had geophone and hydrophone data on the three
functioning OBSs and the VLAs. Between 300 and 1500 individual transmissions were shot for each
permutation. As a summary of the results we stacked all of the time-compressed traces for each
permutation. On the geophone channels, arrivals were observed on the stacked traces for all
permutations except Kauai. On the OBS hydrophone channels, arrivals were only observed on the
stacked traces for ranges of 1000km and less.



Third naturally occurring earthquake T-phase arrivals can be observed on the OBSs and VLAs.
Analysis of these events will help to understand the physics of T-phase excitation and propagation.
We are seeking funding for this from the NSF.

RESULTS

Power spectra have been used to confirm that the geophone and hydrophone channels are correctly
labeled. After applying the appropriate transfer functions and sensitivities the hydrophone channel
agrees with seafloor pressure data acquired at the Hawaii-2 Observatory site (Figure 2) which is in
comparable water depth to, and not far from, the NPAL site. Similarly the vertical acceleration data
fall within the range of expected values based on land models (Figure 3).

The OBS with shorted inputs provides data that can be used as a proxy for system noise. Figure 2
shows that the NPAL hydrophone channel is noisier than H20 levels from about 3Hz to at least 30Hz.
The similarity in slope between the functioning OBS's and the shorted OBS in this band suggests that
the noise here is "system noise". Even though this spectra was computed for a time period when the
M-sequence source was active at 50km range there is very little indication of the LOAPEX source in
the hydrophone spectra. This contrasts with the geophone results in Figure 3 where the SNR for the
LOAPEX signal is about 20dB. Since the spectra for the functioning OBSs and the shorted OBS
overlay from about 8 to 200Hz (except for the LOAPEX source band) it appears that the geophone
noise floor around the LOAPEX band is also system noise limited.

The stacks of the time compressed traces are remarkable (Figure 4). Even though the OBS
hydrophone and geophone channels are on the seafloor about 20 wavelengths below the bottom of the
sound channel, coherent arrivals can still be detected on the hydrophone out to 1000km and on the
geophone out to 3200km. It is interesting that the relative levels for the hydrophone and geophone
channels differ with time along the trace (see the top panel in Figure 4). Since we are in the shadow
zone we cannot use an angle of incidence argument to explain this. The hydrophone and geophone
must be sensitive in different ways to whatever scattering or mode effect is operating here.

By studying the coherence and the relative amplitude between the hydrophone and geophone channels
we will be able to constrain the possible mechanisms for the noise (acoustic plane waves, Stoneley or
Rayleigh interface waves, shear modes, etc). Also by studying the time dependence on the arrival time
and amplitude of the events on the individual time-compressed traces we will be able to infer whether
these are associated with transitory features in the water column or permanent features of the
waveguide or on the seafloor. By studying the time history of the background ambient noise we will
be able to identify time windows with predicted optimal SNR.
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Vertical Array, Range 3200-km, Frequency 75 Hz

Observations:

Ill ||”“|||I

-“i g. gty W ik

l

Ei OBl ’j k -“ "“ m | m ,d |
1520 I.'lﬁi | " FJ ! }ll \th ll] | " 1 1| M( I
1600‘“11" ' | l !‘ |1Hf |Ih |1.h

2191 2192 2193 2194 2195 2196 2197
o e Travel Time (s)
Deterministic Model:

1000
1100
1200

1300

Depth (m)

1400
1500

i
1600 i |
2191 2192 2193 2194 2195 2196 2197

Travel Time (s)

Power (dB)

Two Co-existing and Distinct Regimes are Observed

1. Early Arriving Wavefront Region: Travel Time < 2195 (s)
(a) Weak Scattering ST < 1

2. Late Arriving Wavefront Region: 2195 < Travel Time < 2197 (s)
(a) Stronger Scattering SI ~ 1

Figure 1: This figure [Colosi, 2004] compares the observed acoustic field from a long-range controlled
source (top) to the predicted field assuming acoustic propagation in a laterally homogeneous oceanic
waveguide (bottom). Note that in the observed field there is considerable energy in the shadow zones
between wavefronts in the "early arriving region™ and well-below the wavefronts in the "late arriving"
or "finale" region. This figure is only showing depths from about 900 to 1600m, well within the sound
channel.



Pressure Spectra - NPAL - 2004-259-06-55-00
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Figure 2: NPAL seafloor pressure spectra (red, cyan, magenta) have similar characteristics to other
sites such as the Hawaii-2 Observatory (black). The red spectra corresponds to the OBS with shorted
inputs which can be used as a proxy for system noise.



Vertical Spectra - NPAL OBS - 2004-259-06-55-00
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Figure 3: NPAL seafloor vertical acceleration spectra (blue, cyan, magenta) fall within the bounds of
quiet and noisy sites on land (black-dash). The red spectra corresponds to the OBS with shorted
inputs which can be used as a proxy for system noise. The LOAPEX signal appears quite clearly in
this time window which corresponds to 75Hz M-sequence transmissions from 50km range.



OBS SNE3, 68.2Hz, 350m source depth, 497/3m receiver depth
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Figure 4: The time compressed geophone and hydrophone traces (stacked) for transmissions over

20

three ranges: 50km, 1600km and 3200km. Both sensors are on the seafloor at a depth of about
5000m. Since the bottom of the sound channel is about 4600m, these sensors are deep (about 20

wavelengths) into the shadow zone. It is quite impressive that even over 3200m (the distance from
Boston to Albuquerque) the geophone still detects coherent arrivals. All traces have been normalized

to a maximum amplitude of 1 and they have been offset for easy viewing.



