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Abstract. The Mid-Ocean Acoustic Transmission Experiment, MATE, carried out 20 years ago, consisted
of coordinated oceanographic and acoustic transmission experiments as well as theoretical and signal
processing research elements. In the transmission experiment, accurate measurements were made of a
sequence of pulses sent via wholly refracted, single Fermat paths from fixed sources to fixed receivers.
Extensive oceanographic measurements determined that four oceanographic processes produced the
observed variability in the acoustic transmissions: internal waves, finestructure, tides and microstructure.
Much has been learned from using the results of that experiment to verify theoretical predictions and models.
The measurements, however, were largely temporal. Here we will show that the lack of a large vertical
aperture in that experiment significantly reduced the scope of verification. Numerical experiments of wave
propagation in random media produce simulated acoustic fields over the vertical aperture of the computation
domain, and demonstrate clearly what we have missed in not having such field experiments. The phase and

amplitude statistics of the acoustic field allow one to obtain an integral measure of the statistics of the
oceanographic processes through stochastic inverse methodology. Again the lack of vertical aperture
seriously reduces that capability. The intensity spectra and the probability distributions of the complex
amplitude are discussed in this same context. Finally, a technique will be discussed that has the capability of
providing the precise measure of the complex field obtained in MATE over much larger vertical apertures.

Introduction

Examples of research in wave propagation in random
media are used here to show that our lack of knowledge
of the field transverse to the propagation (usually depth
for ocean acoustic propagation) has hindered our ability
to understand the physics of the propagation. An attempt
will be made in this work to demonstrate that serious
consideration should be given by the scientific
community to support an experimental program to
measure the complex acoustic field in the ocean over a
significant vertical aperture. In deep water, on the order
of 1 km apertures would be needed, in shallow water,
apertures spanning a large portion of the water column
would be used. This will require a concerted effort by
oceanographers, acousticians, signal processors, and
theorists to design and carry out such an experiment.
Much of what we say here is based on the results of the
Mid-Ocean Acoustic Transmission Experiment, MATE,
(see Ewart and Reynolds, 1984, and Macaskill and Ewart,
1996) and on the results of numerical experiments where
a random ocean is generated in a computer and sound
propagation is carried out using parabolic equation
marching codes.

The Field Experiments

The MATE measurements were designed to test then
current wave propagation in random media (WPRM)

theories for acoustic intensity and phase fluctuations. The
transmission experiment consisted of a sequence of pulses
sent via wholly refracted 18 km Fermat paths from fixed
sources to fixed receivers. The site was at Cobb Seamount
located in the Northeast Pacific off the Washington coast.
A previous experiment known as the “Cobb” experiment
(Ewart, 1976) was carried out on the same site six years
earlier. The Cobb measurements ruled out the
applicability of Rytov theory to predict the observed log
intensity fluctuations caused by ocean internal waves.
However, it was shown that predictions for fluctuations in
acoustic phase using Rytov theory were very accurate
(Desaubies, 1976; Ewart and Reynolds, 1984 ). The
MATE pulse transmissions at 2-13 kHz were recorded for
22 inertial periods at four receivers located at the corners
of a rectangular plane transverse to the path. This
rectangle was of limited size (3 m vertical and 235 m
horizontal) and hence the data set is predominately
temporal. Simultaneously, an extensive suite of
oceanographic measurements were made, designed to
determine a large number of projections of the 3-D plus
time spectrum of the acoustic index of refraction. These
measurements included three temperature and current
meter moorings, repeated conductivity, temperature, and
pressure profiles, and several runs of a self propelled
research vehicle, SPURV, at several depths, along several
horizontal  trajectories, = measuring  temperature,
conductivity and pressure. From that oceanographic data
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set, a model for the internal tides, finestructure and
internal waves was developed (Levine and Irish, 1981,
Levine et al., 1986). The reader is directed to the listed
papers and Ewart and Reynolds, 1984, for detailed
discussion of the technology and the science.

The Numerical Experiments

Early WPRM work compared simulated random wave
propagation fields with theories predicting the fourth
moment of the complex field (intensity correlations). This
work used 2-D fields of index of refraction fluctuations
having specific spectra (e.g., Gaussian or 4th-order power
law). The random fields were generated using filtered
white noise. The parabolic equation (PE) method was
used to march the acoustic field through the medium
yielding the complex field as a function of range (see e.g.,
Macaskill and Ewart 1984). The fourth-moments
(correlation of intensity) of those fields were compared
with excellent agreement to the correlations from the
modeled data. Later, a numerical model simulating ocean
internal waves by Winters and D’ Asaro (1997) was used
to test fourth-moment theories. In that model a
computational box is initialized with modes for a specific
buoyancy frequency profile that have spectral amplitudes
given by the Garrett-Munk (GM) internal wave model.
The model can then be advected in time using the linear
internal wave dispersion relation or numerical solution of

the non-linear Navier-Stokes equations. PE marching °

methods applied to 2-D sections from the box then
provide the complex field as a function of range and time,
thus simulating ocean propagation. The important thing
about this research is that it provides the correlations of
the simulated acoustic field as a 2-D function of vertical
and time separations.

Comparison of Theory and Experiment

We now turn to research comparing theory with
experiments (numerical and field). In order to make our
case for the conduct of an experiment with a large vertical
aperture, we present four diverse results that support this
thesis. These are the comparison of fourth moment theory
with data, stochastic inverse methodology, probability
distribution function, pdf, of intensity for WPRM, and
quadrature component pdf’s for WPRM.

Fourth Moment Theory

Uscinski, Macaskill, and Ewart have published a series
of papers from 1979 to the present comparing numerical
experiment and field experiment data with theory. In the
latest of these (Macaskill and Ewart, 1996) comparison is
made between the temporal intensity correlations from
the MATE data with predictions made by a rescaled grid
solution of the fourth-moment equation. The ocean model
used for the internal wave and finestructure spectra at the
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MATE site is a modification of the original model from
Levine and Irish (1981). Figure 1 compares the MATE
intensity spectra with theoretical predictions. The details
of the internal wave and finestructure model and the
theory evaluation are found in Macaskill and Ewart
(1996). The agreements are truly remarkable for
geophysical research where there are no free parameters
in the oceanographic model or the theoretical predictions.
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Figure 1. MATE observations of the spectra of intensity (finer
lines) compared with predictions obtained using a PDE solver
(see Macaskill and Ewart, 1996 ).

Measured and predicted spectra agree within a factor of
two from the unit frequency to above the buoyancy
frequency. In Figure 2 we have plotted the real and
imaginary parts of the fourth-moment as a function of the
two separation coordinate variables at the top of the
Figure, and the same quantities as a function of rescaled
index variables at the bottom (showing the need for the
rescaled grid to properly carry out the PDE solution).

The important issue relative to this work is that the
theory evaluations obtain the intensity correlations as a
function of vertical wavenumber for a specific time lag.
To obtain the temporal spectra to compare with the
experimental results, a PDE solver is used to obtain the
fourth-moment My (£, 1) , where £ and T are the vertical
spatial and temporal lags, respectively. For purely
temporal spectra, the fourth-moment is evaluated at £ = 0
and Fourier transformed to obtain the time frequency
spectrum of intensity







