

















signals are not repeatable and have poor “matched
filtering” (pulse compression) characteristics due to large
frequency sidelobes caused by bubble pulse oscillations in
which the cavity created by the explosion collapses and
reopens a few times. Such sidelobes are very undesirable
when one is trying to identify paths. One needs wideband
sources that generate repeatable signals and that can be
modulated appropriately for low sidelobes. The signals
from such sources can be matched filtered, this being the
basic processing procedure for almost all radar and sonar
systems.'* Matched filtering compresses the coded energy
transmitted over a long time into a single resolution cell
whose width is the reciprocal of the signal bandwidth.
Such coded sources are less powerful than explosives, and
estimates of their detection and travel time depend on
phase-coherent processing.

Real-ocean processes. The Heard Island feasibility
test was designed to test the characteristics of the sorar
waveguide over very long propagation distances. Long-
range, low-frequency propagation in the sorFar waveguide
can be described in terms of either rays or modes. In the
ray path description, the signals refract toward the sorar
axis, forming “cycles” with a typical length of 60 km. The
steeper rays, or higher modes, have higher group speeds
and arrive first. These are followed by the axial rays, or
low modes, which are very densely spaced. Our past ocean
acoustic tomography experiments exploited the steep,
early arriving ray paths for purposes of inverting the data
to obtain the temperature. For the feasibility test we
expected the propagation primarily to be axial, in which
case the signal can be well represented by just the lowest
few eigenmodes.

The feasibility test signals propagated in two acoustic
environments: polar and temperate. Signals were
launched near Heard Island into a polar sound channel,
but most of the propagation took place in a temperate
sound channel. These environments govern the structure
of the rays and modes.

In a real ocean several processes modify the ray and

mode model:
> absorptive losses within the ocean
P> attenuation and scattering at the ocean’s surface and
bottom boundaries
> scattering in both the vertical and horizontal directions
within the ocean.
Because the feasibility test involved such great ranges, it
magnified effects that one usually ignores at shorter
ranges. The absorptive losses were kept small by the
choice of the 57-Hz carrier frequency.'® At this frequency
absorption is very low—in fact so low that it is difficult to
measure. A current estimate is 0.5 10" % dB/km, or a @
of 5% 10% this leads to a total of 9 dB over the 18 000-km
paths of the Heard Island test.

Because we purposely sited the sources in a high
latitude to couple efficiently to the sorar channel, the first
5000 km of most paths were subject to surface interac-
tions. The high seas at 50° S latitude led to large surface
scattering losses. A preliminary examination of the
feasibility test results suggests that the surface attenu-
ation was less than expected. Bottom interaction leads to
large losses because the attenuation of sound is much
greater in the seabed than in the ocean, even at 57 Hz.
Typical @ values for the seabed run from 100 to 600;
clearly any significant bottom interaction would attenu-
ate the signal to unacceptably low levels. We believe this
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did in fact occur in the Tasman Sea.

Interior scattering in both the vertical and horizontal
directions leads to multipath, or modal, structures that
can be difficult to identify. Oceanographers have long
been aware of internal waves that scatter energy vertical-
ly from rays and modes. Other potential scattering
mechanisms for the feasibility test paths include the
abrupt changes in the sound channel across the Antaretic
convergence, which is an oceanographic feature that can
be traced around the globe, and in the eddy-rich region at
the tip of South Africa. The concern is that significant
coupling to such features complicates path identification
and introduces ambiguity into the interpretation of the
travel time. Horizontal refraction results from lateral
changes in the ocean or seabed. Ocean acousticians have
mostly ignored it; however, the very large distances
involved in global propagation lead to some very sensitive
dependencies on the horizontal structure of the sorar
channel."*'® Tt takes but a small angular deflection to
modify a path of 18 000 km!

Preliminary results

We transmitted on a schedule of “one hour on, two hours
off.” By choosing the exact carrier frequency of 57 Hz we
avoided the 60-Hz and 50-Hz power-line frequencies used
at the various receiver sites. The signals were phase
modulated by + 45°, which put at least 50% of the power
into the carrier. We used three modulations designed by
Birdsall and Metzger:

D> 57 Hz, continuous tone. This provided the simplest way
for the receivers to search for a signal—by narrowband
spectral analysis.

B> pentaline code. This was generated by phase modulat-
ing the carrier to generate five dominant subcarriers at
1.9-Hz separations. Each digit consisted of nine carrier
cycles, so each three-digit word was about 0.5-sec long.
Figure 4 illustrates the signal and spectra at the source
and at a receiver at Ascension Island, at a range of 9000
km.

> pseudorandom M, or maximal length shift register,
codes densely covering a 10-Hz bandwidth. (Reference 14
and references therein describe maximal length shift
register codes.) We repeated the code for one full hour to
test the stability of the channel. We used M codes of
length 255 (22.5 sec), 511 (45 sec), 1023 (90 sec) and 2047
(180 sec). One of the big unknowns prior to the test was
how long one could integrate the signals coherently; as it
turned out, the 2047-length sequences lasting three
minutes were very effective.

Figure 4 indicates the remarkable signal-to-noise
ratio and stability of a signal that has propagated over
9000 km. One can hear the signal on analog recordings
without any signal processing enhancement. The modula-
tion is discernible in the time domain, but with some
distortion resulting from the interference of the multiple
paths described earlier. Figure 5 shows a sonogram and
spectra for each of the three signal types as received at As-
cension Island. One can clearly discern the tonal compo-
nents of the continuous and pentaline signals as well as of
the broadband M code. Note also the persistence for
several minutes of the tonal components in the continuous
and pentaline signals and the 57-Hz carrier of the M code.
This large a duration can only be attributed to scattered
arrivals of horizontal multipath signals.

A crucial test for acoustic monitoring of ocean
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Christmas Island data. Plotted are 90 successive outputs of the matched filter for an M-sequence
code 255 digits long repeated every 45 seconds. A dozen or so output sequences before and after

the transmissions are also included. Peaks mark arrivals via multiple paths.

temperature is the ability to resolve and identify stable
transmission paths. Figure 6 shows the linear magnitude
of the matched filter output at Christmas Island. The
“output index” axis labels responses for 90 repeated
transmissions of an M code over an hour. The horizontal
axis shows the signal intensity to be spread over an
interval of 8 sec, which is consistent with the expected
dispersion of the lowest eight acoustic modes. Higher
modes interact with the sea bottom and are presumably
attenuated. The arrival of so many modes was unexpect-
ed; we had predicted that only the very lowest modes
would survive the scattering along the 5000-km path. The
survival of relatively higher modes is also suggested by the
data from the vertical array off Monterey, more than
17 000 km away. If the higher modes are stable, they can
give important information about temperature well away
from the soFar axis.

One of the most remarkable aspects of the data has
been the high phase stability of the channel. During the
one-hour transmission the Cory headed into the wind and
swell at about 3 knots to assure the stability and safety of
the ship in high seas. The course and speed were kept as
steady as possible and a Global Positioning System fix was
logged every ten seconds. The fixes were exceptionally
accurate because the usual intentional degradation of the
GPS was suspended during the Persian Gulf war. The
Doppler shift for 3 knots is roughly 10~ of the carrier.
The phase of the tonal data, including the carrier of the M
sequences, was exceptionally stable and could be tracked
very well. Figure 7 illustrates the detected phase of a
continuous signal at Ascension after removal of a linear
phase ramp for the mean Doppler shift. Also illustrated is
the phase predicted by projecting the GPS navigation
along the geodesic to Ascension. The agreement is to
within 10 meters!

The Doppler measurements have also proven useful
in identifying the paths taken by the sound. The geodesic
to Oregon and Washington goes through the Tasman Sea
passing west of New Zealand; the geodesic to California
passes east of New Zealand over the Chatham Rise. The
Canadian towed array off California measured an arrival
azimuth angle consistent with the computed geodesic (see
figure 1). However, the horizontal arrays off Washington
showed arrival angles 20° to the left of the geodesic
through the Tasman Sea, consistent with a passage east of

Figure 6

New Zealand. The measured Doppler shift at the Wash-
ington station, together with the precise GPS measure-
ments of the speed of the Cory Chouest, also indicates that
the transmission to Washington passed east of New
Zealand. We must conclude that the Tasman passage is
blocked by the rough and relatively shallow bottom
terrain beyond New Zealand. This is consistent with the
lack of reception by the Japanese vessel off Samoa.

Future plans

We have not demonstrated that the complex arrival
structure can be tracked from day to day. We attribute
the variability to movement of the source and the differing
headings for each transmission. An extrapolation of our
measurements and those of others at shorter ranges
suggests there is remarkable phase stability at these low
frequencies and that we can expect stable and identifiable
features for transmissions between fixed sources and
receivers. Our first priority now is to transmit over a path
from California to New Zealand for one year. We plan to
compare seasonal variation in travel time with that
inferred from oceanographic measurements taken along
the same path.

Given successful transmissions to New Zealand, the
problem before us will then be to establish an affordable
global network of acoustic sources and receivers that can
resolve the spatial modes of greenhouse warming and of
natural ambient variability. To do this, the acoustic
system must be able to identify and track the propagation
paths over very long periods. The criteria for the source
and receiver sites include steep bottom slopes at accessible
coastal locations so that the sorar channel is not too far
away. Current plans include 5000- and 10 000-km paths.
The experiment will differ from the Heard Island feasibil-
ity test in two important ways: Sources and receivers will
be fixed, so that we do not confuse ambient variability with
that induced by a changing path geometry, and they will
run for years.

Heard Island will not be among the stations. It is
remote, and the logistics of operating there, not to mention
the harsh weather, are formidable. It was a unique site
that served us well as a benchmark for global transmis-
sions into the world’s ocean basins. We exploited the
shallow polar sound channel because of the depth limita-
tion of available sources, but this necessitated injecting
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Observed and GPS phases. The black line shows the R/V Cory Chouest’s departure from uniform motion
along a course of 267° toward Ascension Island on 26 January 1991, as determined by the Global Positioning
System. The colored line is the detected phase of the signal at Ascension Island. The source-receiver
separation is approximately 9000 km, vet the relative distance between them is tracked to within

10m. Figure?7

the sound into the biologically important upper ocean
layers. North of the Antarctic convergence, the sound
channel is deep. With a source at the channel axis the
sound levels at the surface are reduced significantly. We
expect that the potential impact upon marine mammals
can be reduced to an acceptable level for the permanent
system.

The criteria for the source technology are challeng-
ing:
> low center frequency (70 Hz or less) with a 20-Hz
bandwidth
> moderately high intensity: 195-205 dB re 1 uPa at 1 m
> depth capability to 1500 m
> reliable performance for ten years.

The last is especially important because source deploy-
ment and recovery are expensive.

The receivers also pose challenges. Ultimately we
want to make them as simple as possible but still meet the
objective of unambiguous path identification. The conven-
tional wisdom is that it is easier to obtain gain at the
receiver than at the source because increasing the number
of hydrophones is less expensive than increasing source
power. This is a bit misleading, because the transmission
of the data back to shore dominates the cost of a receiver.
We are considering both horizontal and vertical arrays.
Horizontal arrays are useful because they provide more
gain per element. They perform better in environments of
low signal-to-noise ratio, but they cannot identify vertical
structure. Initially we will probably deploy vertical
arrays to provide mode resolution and processing gain.
The mode resolution is highly desirable because it gives
some measure of the vertical structure of the greenhouse
warming and of the ambient variability.

The most intellectually challenging problem is to
understand what it takes to separate greenhouse trends
from natural ambient variability. Our knowledge about
processes in the ocean with extremely long time scales is
very limited. We now have to depend upon model studies
to estimate the magnitude and spatial structure of both
the greenhouse signal and ambient variability (see figure
3). There is considerable skepticism within the oceano-
graphic community about the validity of the existing
computer models. Assimilating the acoustic measure-
ments into the climate models could enhance their validity
and their role in the interpretation of such measurements.

30  PHYSICS TODAY  SEPTEMBER 1992

Countries other than the US participating in the feasibility test
(and the principal scientists) were Canada (N. R. Chapman),
France (B. Olivier), South Africa {G. Bundritt) the USSR (N.
Dubrovsky), India (B. N. Desai and W. Morawitz), Australia (A.
Forbes), New Zealand (G. Bold) and Japan (I. Nakamo).

The principal members of the Heard Island experiment team
acknowledge the support and encouragement of Fred Saalfeld
(ONR), John Knauss and Ned Ostenso (NOAA) Ari Patrinos
(DOE), Craig Dorman (Woods Hole Oceanographic Institution),
Rear Admiral (retired) Richard Pittenger (Woods Hole) and others
mentioned in the text.
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