Shallow-Water Acoustics

Extracting a signal from noise can be complicated,
especially along a coastline filled with marine life, shipping
lanes, undersea waves, shelves, and fronts that scatter

sound.

William A. Kuperman and James F. Lynch

During the two world wars, oceanographers studied both
shallow- and deep-water acoustics. But during the cold
war, the research emphasis shifted abruptly to deep water,
where the ballistic missile submarine threat lurked (see box
1). After the cold war, the onset of regional conflicts in coastal
countries shifted the focus again to shallow water. Those wa-
ters encompass about 5% of the world’s oceans on the conti-
nental shelves, roughly the region from the beach to the shelf
break, where water depths are about 200 meters.

To a significant extent, the problems of shallow-water
acoustics are the same as those encountered in non-
destructive testing, medical ultrasonics, multichannel
communications, seismic processing, adaptive optics, and
radio astronomy. In these fields, propagating waves carry
information, embedded within some sort of noise, to the
boundaries of a minimally accessible, poorly known, com-
plex medium, where it is detected.? Although submarine
detection has driven much of the acoustics research, other
important applications have emerged, such as undersea
communications, mapping of the ocean’s structure and to-
pography, locating mines or archaeological artifacts, and
the study of ocean biology.

Shallow water is usually a noisy environment because
shipping lanes exist along coastlines. Submarines typi-
cally radiate in the same frequency band as shipping noise,
less than 1 kilohertz. The proliferation of quiet submarine
technology has restimulated the development of active
sonar systems, which send out pulses and examine their
echoes, rather than the more stealthy, passive approach of
listening and exploiting the relevant physics. However, the
ultimate limits of passive acoustics in terms of signal-to-
noise ratio (SNR), acoustic aperture (or antenna) size, and
the ocean environment are ongoing research issues.

The sound speed in water is about 1500 m/s, so wave-
lengths of interest are on the order of a few meters. In shal-
low water, with boundaries framed by the surface and bot-
tom, the typical depth-to-wavelength ratio is about
10-100. That ratio makes the propagation of acoustic
waves there analogous to electromagnetic propagation in
a dielectric waveguide. But the shallow ocean is an ex-
ceedingly complicated place. The surface and the ocean’s
index of refraction have a spatial and time dependence,
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and the presence of ocean inhomo-
geneities and loud ships can fre-
quently scatter, jam, or mask the most
interesting sounds. So, whether using
active or passive techniques, scientists
are ultimately concerned with the
physics of extracting a signal that
propagates in a lossy, dynamic wave-
guide from noise influenced by that
same waveguide’s complexity. In that light, and consider-
ing our still imperfect understanding of coastal oceanog-
raphy, one can begin to appreciate shallow-water acoustics
as an interdisciplinary blend of physics, signal processing,
physical oceanography, marine geophysics, and even ma-
rine biology.

Ocean waveguides

Because the motions of ocean waves and water masses,
along with the sources and receivers of signals that pass
through them, are so small compared to the speed of sound
in seawater, the ocean, to first approximation, can be
treated as essentially a frozen medium. One can further
model the ocean and seabed as horizontally stratified, a
simplification that permits the basic waveguide descrip-
tion of signal propagation there. The vertical variation in
the layering is typically much greater than the horizontal
variation, a fact that minimizes out-of-plane refraction,
diffraction, and scattering (with some notable exceptions).
Moreover, temperature, 7' (in Celsius), provides an excel-
lent characterization of sound speed, ¢, because the depth
plays a minor role in shallow water:
¢~ 1449 + 4.6T + (1.34 — 0.017)(S — 35) + 0.016z,

where the depth z is in meters, S is salinity in parts per
thousand, and the last term embodies density and static
pressure effects. The seabed can often be approximated as
a fluid medium, with only sound speed, attenuation, and
density as acoustic variables.

Three simple profiles, illustrated in figure 1, of the
speed of sound in seawater have proven useful to re-
searchers modeling the shallow-water acoustics problem.
During World War II, Chaim Pekeris applied waveguide
theory to the task and treated the ocean as a static, con-
stant sound-speed medium. That approach addressed the
many boundary interactions in shallow water, but it un-
derestimated the medium’s complexity.

Box 2 summarizes the solution to the wave equation
for the canonical shallow-water acoustic waveguide. To ap-
preciate its application to a realistic case, consider the pan-
els in figure 2, which show the behavior of a sound wave
excited by a point source in a waveguide. The propagating
normal modes have different frequency-dependent group
speeds, so a finite-bandwidth pulse disperses as it propa-
gates down the waveguide and passes an array of detec-
tors. The lower modes become trapped toward the bottom
of the waveguide because sound paths bend toward regions
of lower sound speeds. The lowest mode has the most di-
rect path down the waveguide and arrives at the detectors
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bility of an array of detectors de-
pends on the highest spatial fre-
quency component of the acoustic
field on the array. And that spa-
tial dependence, in turn, is re-
lated to the critical angle associ-
ated with the waveguide (see box
2) and attenuation of the signal.
By time reversing the signal re-
ceived at the detector back
through the noisy waveguide, ef-
fectively retransmitting the last
arrivals first and the first ar-
rivals last, it’s possible to recon-
struct and focus the original
sound back to its original loca-
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Figure 1. Three models of the speed of sound c(2) in seawater encompass a wide va-
riety of shallow-water oceanography. (a) An ocean with a constant sound speed rep-
resents fully mixed temperature conditions found during the winter in Earth’s mid lati-
tudes and in water shallower than about 30 meters. (b) The common three-layer
model consists of two separate mixed layers, both of constant temperature and sound
speed, with a thermocline gradient sandwiched in between. (c) In a coastal front
model, two water masses with differing temperature profiles meet at a vertical wall
(green). Note that the ocean bottom has a higher sound speed and density, indicated
by its shift to the right, than the water layer.

tion, thereby demonstrating high
resolution (see the article by
Mathias Fink in PHYSICS TODAY,
March 1997, page 34). Matched-field processing, discussed
below, can achieve the same resolution.?

To send and receive

Sonar, as illustrated in figure 3, is classified as either active
or passive.* In both cases, the proximity and complexity of
the boundaries, and the oceanography in shallow water, in-
fluence the sonar’s performance. Passive sonar, which only
receives a signal, is used mainly for antisubmarine warfare
(ASW) and to study ocean biology. The upper panel in the
figure shows a submarine that detects a complicated mix-
ture of sounds using a passive sonar array, which, in this

Box 1. Ocean Acoustics During the Cold War

The speed of sound in the ocean decreases as the water
cools but increases with depth. In 1943, Maurice Ewing
and Joe Worzel discovered the deep sound channel (DSC), an
acoustic waveguide that forms by virtue of a minimum in that
temperature-dependent sound speed. That minimum (plotted

case, is simply a long antenna towed behind the submarine.

The lower panel illustrates the case of active sonar,
which transmits pulses and extracts information from
their echoes. Monostatic sonar locates the transmitter and
receiver together, as pictured; in bistatic sonar, those
pieces are remote from each other. In addition to ASW, ac-
tive sonars are useful in, for example, communications,
mine hunting, archaeological research, imaging of ocean
and seabed features, and finding fish. One non-ASW ap-
plication is to image internal-wave fields in the ocean
using sound scattered from zooplankton that drift with the

below as a dotted line) typically follows a path that varies

from the cold surface at the poles to a depth of about 1300

meters at the equator. Because sound refracts toward lower

sound speeds, ocean noises that enter the DSC oscillate about

the sound-speed minimum and can propagate thousands of
kilometers.
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In the 1950s, the US Navy exploited that
property when it created the multibillion-
dollar SOSUS (Sound Ocean Surveillance
System) network to monitor Soviet ballistic-
missile nuclear submarines. The network
consisted of acoustic antennas placed on
ocean mountains or continental rises whose
height extended into the DSC. Those anten-
nas were hardwired to land stations using
undersea telephone cables. Submarines typi-
cally go down to depths of a few hundred
meters, and during the cold war, many were
loitering in polar waters, where their telltale
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Typical noises coupled to the shallower regions of the

northern DSC. Those noises usually came from poorly
Typical mid latitude sound-speed machined parts, such as the propeller.
sound-speed profile profile Used successfully for many decades,

SOSUS became, in effect, a major cold war
victory. The system was eventually compro-
mised by the Walker spy episode, which
v prompted the Soviets to introduce better-ma-
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chined components and hence build a qui-
eter fleet of submarines. Nowadays, the basic
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antisubmarine warfare challenge is to detect
quiet diesel-electric submarines in noisy,
coastal waters.
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Figure 2. Shallow-water waveguide. (a) A point source launches a 2-millisecond acoustic pulse that excites a series of nor-
mal modes that propagate in an ocean with a summer sound-speed profile (the purple line). The lower modes are trapped
below the thermocline. (b) Because of modal dispersion, the signal arrives at the source-receiver array (SRA)—8 km from
where it started—with more than a 40 ms spread. (c) Time reversal of the pulse at the SRA (retransmitting the last arrival first,
and so on, back through the waveguide) produces a recompressed focus at the original point source position. The pulse’s
focal size is commensurate with the shortest wavelength of the highest surviving mode. (Adapted from ref. 15.)

water. Based on the Doppler shift of the returned echo, the
water velocity can be mapped as a function of its position.

Currently, plane-wave beamforming* is the workhorse
of both types of sonar. Just as in electromagnetics, a
phased array of antennas directs a signal to interfere con-
structively in a particular “look” direction. To resolve as
much information from the signal as possible, researchers
have also created synthetic apertures.® The idea is to send
a series of brief pulses from a ship that moves through

Box 2. Normal Modes in Shallow Water

The canonical (Pekeris) shallow-water acoustic waveguide?
has a constant sound speed, mirror reflection at the surface,
and a grazing-angle-dependent reflectivity at the ocean bot-
tom. The classic plane-wave Rayleigh-reflection coefficient,
used to describe electromagnetic waves at a dielectric inter-
face, can similarly describe reflection from the bottom inter-
face. That interface has a critical angle 6 —typically about
15°, depending on the material there. As shown in the upper
panel of the figure, a source in such a waveguide produces a
sound field that propagates at angles confined to a cone

some distance in time, and then, based on the signals sent
and received, construct a large, high-resolution aperture.
In active sonar systems, this method is allowing oceanog-
raphers to accurately map the ocean floor.

Passive synthetic aperture sonar is more challenging:
Source frequencies are typically unknown, and the
space—frequency ambiguity affects the performance of the
aperture. Moreover, even the ability to construct a syn-
thetic aperture is not assured. It depends strongly on the

ary. Because they are evanescent (or nonpropagating) there,
the modes are “trapped” in the water column. The attenuation
of sound in the bottom is the major loss mechanism in shallow
water and is proportional to the shaded area of the decaying
mode. For a simple sinusoid, each modal term in the pressure
sum describes propagating waves with wavenumber magni-
tude k and angles to the horizontal given by cos 60, = k /k
within the critical angle cone cos™'(k,/k) < 6. Each mode has
its own phase and group speed.

of 26. Within that cone, constructive interference
selects discrete propagation angles; outside the cone,
waves disappear into the bottom after a few reflections.

Separation of variables—range and depth, assuming
azimuthal symmetry about z—produces solutions to
the Helmholtz equation, which describes waveguide
propagation. The depth equation is an eigenvalue
problem that yields a set of normal modes satisfying the
preceding boundary conditions. When combined with
the range solution, the modes propagate along the
waveguide and spread cylindrically. The pressure field
from a point source located at a particular range and
depth (0,z) is given by the normal-mode sum solution
to the Helmholtz equation (for r > A),

V2 plr,z) + k?plr,z) = 8(z — z,)8(r), which yields

ik,r
p(r2) ~ 3 W, (z)¥,(2) £ .
" Vk,r

In the solution, k = w/c, where w is angular fre-
quency and c the sound speed. The normal modes
W (2) and horizontal wavenumbers k, are obtained from
the eigenvalue problem. The normal modes of the
Pekeris waveguide, shown in the figure’s bottom panel,
are sine waves that vanish at the surface and abruptly
change to decaying exponentials at the bottom bound-

c(2) k1 k2 o En
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a Passive

Figure 3. Sonar detection. (a) In this passive sonar scheme, the submarine on the
right uses a towed array of detectors to distinguish sounds that originate from the
one to the left. The towed array provides a large aperture to discriminate the de-

sired signal (blue) that is distorted by the shallow-water environment and embed-
ded in ocean surface noise (green) and shipping noise (red). (b) In active sonar,

the ship sends out a pulse (red). Its echo (blue), distorted by the shallow-water en-

vironment, returns to the ship’s receiver, which tries to distinguish it from
backscattered reverberation (yellow) and ocean noise (green).

ternal waves, such as solitons, provide
strong, discrete scattering events® due
to their generally higher amplitude
and shorter wavelength. Because non-
linear internal waves are more direc-
tional than the random, isotropic lin-
ear internal waves, they can produce a
strong azimuthal dependence in the
scattering.

Some interesting phenomena can
occur when an acoustic signal encoun-
ters a nonlinear wave. When the signal
path happens to run parallel to the
propagation direction of the nonlinear
internal waves (perpendicular to the
internal wave wavefronts), for in-
stance, the acoustic normal modes
(with wavenumbers %, %, , . . .) couple
strongly, particularly when there is a
Bragg resonance condition, given by
A = 27/(k, — k,,), between the internal
soliton spacing A and the spatial inter-
ference distance between two modes.
Jixun Zhou and Peter Rogers of Geor-
gia Tech, working with scientists from
China, first observed such effects in the
Yellow Sea.” The mode coupling pro-
duced strong frequency-dependent
nulls in the acoustic field; those nulls
differed by as much as 40 dB between
scattering and nonscattering condi-
tions. Signal amplification has shown
up in other experiments due to the

temporal coherence of the source and the coherence prop-
erties of the acoustic field—itself related to the complex-
ity of a dynamic ocean.

The dynamic ocean

Dynamical phenomena in the ocean introduce challenges
beyond those encountered when acoustic fields propagate
through a complex but static medium. The presence of in-
ternal waves (see box 3) and coastal fronts, for example,
adds frequency- and time-dependent complexity to
acoustic propagation in shallow water.

The nearly ubiquitous linear internal waves provide a
continuous scattering mechanism for redistributing
acoustic energy in the oceans. In contrast, nonlinear in-
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same scattering mechanism.

As the angle between the propa-
gation direction of the internal waves and the acoustic
path increases, the mode coupling decreases. Just above
90°, the acoustic propagation actually becomes horizon-
tally confined between the internal wave solitons, as
shown in figure 4. The sound that reflects between the
soliton waves produces a three-dimensional propagation
effect—unusual for ocean acoustics. The sound focuses
and defocuses along the duct, with the details dictated by
modal dispersion.®

Coastal fronts in shallow water interact similarly with
sound. A sound wave that propagates directly across an
ocean thermal front encounters a sharp sound-speed gra-
dient, and strong mode coupling occurs. For acoustic prop-
agation at small grazing angles to the front, the effect pro-
duces total internal reflection.

Signal processing

Here we discuss recent research efforts
to extract signals from noise while cop-
ing with, and even exploiting, the wave-
guide properties of the shallow-water
environment. A large aperture, that is,
a detector array filled with many ele-
ments, provides high resolution or fo-
cusing capability because of the
wavenumber (or angle) spread that it
can efficiently sample. Complexity can
be thought of as the wavenumber di-
versity in a waveguide or scattering

Figure 4. Geometry for the ducting of sound between nonlinear internal

waves. The internal waves produce alternating high- and low-temperature (and
thus sound-speed) regions in the water as they move through the ocean. Snell’s

law pushes the sound toward the low-speed region (blue) between the high-
speed internal-wave wavefronts (green), thus confining it there.
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medium. Paradoxically, it’s possible to
focus an acoustic signal more accurately
when that signal travels through a com-
plicated medium than when it doesn’t.
Various research groups have combined
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Figure 5. Matched-field processing (MFP). Imagine that a whale sings somewhere in the ocean and you’d like to know
where. If your model of waveguide propagation in the ocean is sufficiently reliable, then comparing the recorded sounds—
the whale’s data vector—one frequency at a time, for example, with replica data based on best guesses of the location

(F, z) that the model provides, will eventually find it. The red peak in the data indicates the location of highest correlation.
The small, circled x represents a bad guess, which thus doesn’t compare well with the measured data. The feedback loop
suggests a way to optimize the model: By fine-tuning the focus—the peak resolution in the plot—one can readjust the
model’s bases (the sound-speed profile, say). That feedback describes a signal-processing version of adaptive optics.

(Data from ref. 16.)

multisensor apertures with a complex medium to enhance
signal processing in areas such as communications, med-
ical ultrasonics, seismology, and matched-field acoustics.!

Matched-field processing (MFP)? is a recent general-
ization of the commonly used plane-wave beamforming
techniques.® The idea is to correlate measurement data on
an array with replica data taken from a well-known, reli-
able acoustic model. One then uses the sound-speed and
ocean waveguide properties as input into that model to
predict something about the original data—for instance,
deciphering where a whale might be located by comparing
the sounds it makes with the sounds a reliable model
would predict during a search over possible locations (see
figure 5). The central problem with MFP is specifying the
coefficients and boundary conditions of the acoustic-wave
equation in the first place—that is, knowing the ocean en-
vironment in order to generate the replicas.

An alternative to performing this model-based pro-
cessing is to use phase conjugation (PC) or its Fourier
transform, time reversal (TR), to reconstruct the original
waveform after it has passed through a noisy medium.
Typically, one takes the complex conjugated or time-
reversed data from a signal that strikes a detector array
to be the source excitations that are retransmitted through
the same medium (figure 2c). The PC/TR process is then
equivalent to correlating the measured data with a trans-
fer function from the array to locate the original source.
Both MFP and PC are thus signal-processing analogs to
the guide-star and mechanical-lens-adjustment feedback
technique used in adaptive optics:®* MFP uses data to-

http://www.physicstoday.org

gether with a model to fine-tune that model, whereas
PC/TR is an active form of adaptive optics. PC/TR requires
large transmission arrays to do the job. Currently, that
technique serves only as an ocean acoustic tool to help re-
searchers understand the ocean’s capacity to support co-
herent wave information in an assortment of complicated
environments.

Future directions

Acoustics. The complicated nature of the ocean—its un-
even bottom, internal waves, solitons and fronts, and
source and receiver motion, for example—requires signal-
processing methods that can account for motion and
medium uncertainty. The same problem exists in fields
such as medical ultrasonic imaging, for which placing the
focus of an object in a complex, moving region is essential.
But most signal-processing research has emphasized free-
space propagation in static or near-static conditions. And
theoreticians have not adequately developed a foundation
for using dynamic complexity to enhance the processing
results.

The challenge is to develop methods that use the data
themselves and the physics of signal propagation through
complex media as the mainstays of adaptive processing or
inversion methods to determine medium properties. This
approach is particularly appropriate in shallow water, be-
cause the ocean modulates the complexity of the acoustic
field that interacts with an inhomogeneous, porous, and
elastic ocean bottom. Adaptive processing algorithms use
the data to construct a modified (plane-wave or waveguide)
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replica vector to enhance resolution and minimize side-
lobes, the (ordinarily) small peaks found in beamforming.
When evaluating a candidate position, the so-called min-
imum variance distortionless processor minimizes or
nulls contributions from other positions.?® The nulling
out of interferers, such as loud ships on the surface, is
important because their sounds coming through the side-
lobes are typically louder than the signals of interest.
Adaptive processors are, however, very sensitive to data
sample size, noise, dynamics, and mismatch between
replicas and the actual ocean acoustic environment. Be-

Box 3. Internal Waves

Because of the density stratification of the water column, the coastal
oceans support a variety of waves in their interior.'” One particularly
important type of wave is the internal gravity wave (IW), a small, hori-
zontal-scale disturbance produced by (among other mechanisms) tidal
currents flowing over a sloping sea floor. Two flavors of IWs are found in
stratified coastal waters. Linear waves, found virtually everywhere, obey
a standard wave equation for the displacement of the surfaces of con-
stant density. Nonlinear IWs, generated under somewhat more special-
ized circumstances, obey some member of a class of nonlinear equa-
tions, the most well known being the Korteweg-de Vries equation. Both
types of IWs can be nicely illustrated by a simple two-layer model, like

the standard “oil-on-water” toy.

Shown here are actual temperature sensor data from a typical coastal-
wave system off the south coast of Martha’s Vineyard, Massachusetts, on
7 and 8 July 1996.'® The dramatic high-frequency fluctuations in tem-
perature between water layers display the characteristics of a nonlinear
internal wave train. Coined a solibore, the wave train is a combination
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of an internal tidal bore—the jump in the thermocline at the onset of the
wave train—and solitons, the high-frequency spikes at the boundary of
the layers. That is, the IWs exhibit both wave and bore properties. The
6pm and 9am data points, for instance, indicate a dramatic change in

the vertical profile of temperature in the ocean.

The sharpness of the leading-wave spikes, a measure of the horizon-
tal temperature (or sound speed) gradient, is especially important to
acoustics because the horizontal coupling of acoustic normal modes
along a propagation track is roughly proportional to that gradient. The
nonlinear IWs in shallow water display the strongest gradients of any
ocean object except a water-mass front. These nonlinear wave trains also
can duct acoustic energy between the solitons (figure 4 shows a
schematic), an effect that Mohsen Badiey from the University of

Delaware and his collaborators have recently shown.®
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cause of the sensitivity, it is critical to accurately model
features such as the complex ocean bottom.

The complexity of the bottom interaction is of special
interest in very shallow regions (tens of meters or less),
in which acoustic detection of mines from a safe distance
is important. Shallow-water noise and reverberation, con-
ventionally thought to be nuisances, are now becoming
useful information as new inversion methods are being
developed.®

High-frequency acoustics is another, albeit unex-
pected, emerging research topic'’; based on deep-water
acoustics, researchers had previously thought
that ray solutions in the high-frequency regime
were adequate.

Active sonar. Signal design poses an inter-
esting challenge. A Heisenberg uncertainty re-
lation that exists between range and Doppler
(velocity) resolution is further complicated by
the presence of a time-varying, reverberant
channel. The research problem is to design sig-
nals that use various modulation schemes for a
specific sonar task, such as determining posi-
tion and motion or coherently communicating
information.! Research is just beginning in the
field of multichannel (multiple-input multiple-
output, or MIMO) undersea communications,
in which the total information capacity of the
channel is a fundamental issue. Multiple sig-
nals are sent between multiantenna arrays (see
the article by Steve Simon, Aris Moustakas,
Marin Stoytchev, and Hugo Safar in PHYSICS
ToDAY, September 2001, page 38). Similarly,
dealing with resonances in, or even below, a
waveguide when sound scatters from elastic
targets poses theoretical and measurement
challenges.

Dynamics and signal processing. In shal-
low water, to cancel out noise from a loud, mov-
ing surface ship requires dealing with its mo-
tion using resolution cells over the time it takes
to construct a data correlation matrix. That
time may be from seconds to minutes, a delay
that can confuse the cancellation process.?
Consequently, very high resolution can some-
times be bad for a system. On the other hand,
there exists a transition range beyond which
resolution cells are large enough to accommo-
date source motion, but the dynamic ocean still
blurs the signal.

One way to deal with blurring—at least in
mild cases—is to create an ensemble of replica
vectors from our knowledge of the ocean dy-
namics.!® For more extreme oceanographic dis-
tortion, nonlinear optimization methods, such
as simulated annealing or genetic algorithms,
might be relevant and extendable to practical
cases. Another potential advantage of such
methods is their flexibility: Data from diverse
sensors such as satellite measurements of sea
conditions can be integrated. Finally, the
emerging development and use of unmanned
underwater vehicles (UUVs) provide new op-
portunities and challenges for almost all the
topics in shallow-water acoustics mentioned in
this article.

Clearly, the research challenges of shal-
low-water acoustics exist in many other fields;
complexity is not limited to ocean phenomena.
The hope, therefore, is that the wave propa-
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gation and signal-processing advances that ocean 7.

acousticians are making will find applications in other

fields, and vice versa. 8.
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