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Abstract. Data from a 1000-km acoustic tomography experiment in the eastern North
Pacific are used to illustrate the effects of random internal-wave-induced sound-speed fluc-
tuations on basin-scale acoustic transmissions, and by extension to predict random media
effects for the Acoustic Thermometry of Ocean Climate (ATOC) transmissions. Monte Carlo
numerical simulations of acoustic propagation through random internal-wave sound-speed
variations obeying the Garrett-Munk internal-wave spectrum are compared to the data, and
they are used to predict internal wave effects for ATOC transmissions. For the 1000-km ex-
periment the simulations are used to infer the range-average internal-wave spectral energy as
a function of depth. Such an analysis on the ATOC data can provide useful measurements of
internal-wave variability in the eastern North Pacific. In terms of basin-scale acoustic ther-
mometry internal-waves place limitations on the vertical resolution that can be achieved in

measuring large-scale ocean heating or cooling.

1. Introduction

The starting point for random media studies in deep
ocean acoustics is generally the Helmholtz equation,
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where ¢ is the deterministic ocean sound channel and
dc is a stochastic perturbation. Internal waves change
the ocean sound-speed field primarily by their vertical

displacements,
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where dc(7) is the deviation of sound-speed from the
case with no internal waves, 7 is the position, ¢ is the
internal-wave displacement and (0¢/0z), is the poten-
tial gradient of sound speed. As a problem in wave
propagation in random media, long range acoustic prop-
agation in the ocean is distinctive in that the random
internal-wave medium is combined with the determin-
istic effect of the ocecan waveguide [Flatté, 1983b]. Fur-
thermore, sound speed fluctuations caused by internal
waves arc anisotropic and inhomogeneous [Flatté et al.,
1979].

The focus of this paper will be on describing pulsed
signals which propagate over thousands of kilometers
in the ocean, and particular emphasis will be placed on
the tomographically important quantity of travel time;
that is the focus will be primarily on the phase, not
on the magnitude, of . This emphasis naturally ne-
glects several very interesting wave propagation issues
(see Henyey and Macaskill, [1996] for a recent review).
The focus here is on how internal waves limit the ability
to usc acoustic travel times as a means of tomograph-
ically mapping the large scale heat content changes of
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the world oceans. Similarly there is an interest in us-
ing high-frequency acoustic fluctuations to learn about
internal waves themselves at basin scales.

It has been suggested by several investigators that
high-frequency acoustic fluctuations can be used to infer
properties of the internal-wave field (see Munk [1981],
Flatté {1983a], and Uscinski [1986]). Experimental trails
of these concepts however are few in number. Dushaw
et al. [1995] and Bracher and Flatté [1997] used tidal-
period wavefront fluctuations from different experiments
to measure the deterministic internal tide. Stoughton et
al. [1986] have provided the only analysis of wavefront
travel-time fluctuations to measure rms internal-wave
displacements and horizontal currents.

However, Stoughton’s analysis was limited by the fact
that the measured acoustic fluctuations were recorded
on a single hydrophone and therefore only one acous-
tic observable could be used, namely travel-time vari-
ance. In this paper several acoustic observables from
the SLICES89 experiment (which used a 3-km vertical
aperture) and from Monte Carlo simulations of acous-
tic propagation through random realizations of inter-
nal waves obeying the Garrett-Munk (GM) spectrum
[Munk, 1981] are used to estimate the average strength
of internal waves over a large depth region of the ocean.
Because several observables are used, the known inade-
quacy of the GM model for acoustic energy which sam-
ples the upper ocean is revealed.

In addition, internal-wave effects on basin-scale acous-
tic transmissions are very important to large scale ocean
acoustic tomography since internal waves impose the ul-
timate limitations on the measurement technique. This
situation is similar to the limitations imposed upon
ground based telescopes by atmospheric turbulence.
Currently data is being collected by the acoustic ther-
mometry of ocean climate (ATOC) network to provide
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a measure of large scale ocean heating or cooling. A
review of random media effects observed in the ATOC
data will be given to illustrate vertical resolution lim-
itations. An important issue relating to basin-scale
tomography which will not be addressed is the issue
of internal-wave induced travel-time bias. Finally, the
ATOC data can also be used to measure internal-wave
variability in the eastern North Pacific. A summary of
this effort will be given.

The presentation of this paper is as follows. Section
1 discusses the estimation of internal-wave spectral en-
ergies from the SLICE89 experiment. Section 2 exam-
ines the tomographic vertical resolution of the ATOC
transmissions and there is a discussion of internal-wave
climatology. Section 3 has discussion and conclusions.

2. SLICES89 Data

The SLICES9 experiment was conducted in the east-
ern North Pacific (Figure 1) over a 10-day period in
which narrow pulses were transmitted from a moored
250-Hz center frequency source, (source depth = 800
m), to a 3-km-long vertical array of 50 hydrophones
1000 km distant.

Pulses were sent once every hour except for a 21-
hour period on day 6 in which pulses were sent every
10 minutes. Data from the SLICE89 experiment and
the numerical simulations (Figure 2) are displayed by
plotting the acoustic intensity as a function of depth
and time. This is called a timefront. A timefront is
the signal measured as a wavefront propagates past a
vertical array of receivers at a fixed range.
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Figure 1. Geometry of the SLICE89 experiment.

The timefronts in Figure 2 show two distinct regions
in the arrival pattern. The energy which arrives at the
carlier travel times shows fronts that form a double ac-
cordion pattern. This is a ray-like region. The ray-like
region contains the data for a typical ocean acoustic to-
mography analysis because every point along the front
can be associated with a geometrical optics ray that
samples the occan in a specific way. The earliest ar-
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rivals are composed of rays that reflect from the ocean
surface and sample the deep ocean. Later fronts are
composed of rays that sample the upper 300 meters of
the ocean.

When ray-like fronts are no longer apparent at the
late arrival times this is called the mode-like region. The
mode-like region is composed of acoustic energy that is
trapped near the sound-channel axis, or is described by
low-order acoustic modes.

The upper panel of Figure 2 shows a timefront from
a numerical simulation with internal-wave sound-speed
perturbations obeying the GM internal-wave spectrum
but at half the reference energy; the center panel is
a measured pulse from the SLICE89 experiment; the
lower panel is a numerical simulation without internal-
wave sound-speed perturbations [Colosi et al., 1994].
For the carly ray-like region the three timefronts are
qualitatively the same: the data and the simulation
with internal waves have small time shifts due to in-
ternal waves and the intensity varies along the fronts.
However in the mode-like region, the data and the sim-
ulation with internal waves show significant broadening
of the energy in depth compared with the case of no
internal waves. It is in this region that the internal
waves show their largest effect; this can be understood
in terms of mode coupling [Colosi and Flatlé, 1996]
or ray refraction (sce Simmen et al. [1997] and Duda
and Bowlin [1994]). In the mode-like region the wave-
front envelope can be used as an acoustic observable
[Colosi et al., 1994], or mode arrival patterns can be
used as observables [Colosi and Flatté, 1996]. Due to
the sparse vertical array used in SLICE89, individual
acoustic modes could not be resolved so the wavefront
envelope is used. In the ray-like region two different
measures of wavefront timing fluctuations are used as
data for our estimate of internal-wave displacements.

2.1. Measurement of Internal Waves: The
Final Arrival

The effects of mesoscale sound-speed perturbations
on the wavefront envelope are treated first. Figure 3
shows the wavefront envelope for the SLICER9 data, a
simulation using a range-independent sound-speed pro-
file, and a simulation with the range-independent profile
plus mesoscale perturbations. The mesoscale perturba-
tion field was determined by from an objective mapping
of environmental data from CTDs, XBTs, and AXBTs
(see Worcester et al. [1994] and Cornuelle et al. [1993]).
The range-independent sound-speed profile was calcu-
lated from the average of 11 C'TD casts taken during the
experiment (10 CTD’s went to 2000-m depth and one
went to 4000-m depth). For the SLICES9 data and the
numerical simulations with internal waves the wavefront
envelope is defined to be the location in time/depth co-
ordinates of the intensity level which is 2% of the max-
imum intensity of the incoherent average of all of the







