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COVER :

The year 1992 marks the sesqui-centenary (150th anniversary) of the discovery of the Doppler
effect. Reproduced on the cover is the Wigner-Ville distribution of the acoustic energy received
by a microphone during the fiyover of a turbo-prop aircratt. This joint time-frequency distribution

WS the received energy as a function of both time (horizontal axis: 0 - 3- 5) and

(vertical axis: 50 - 200 Hz). The dominant feature in the source spectrum is the spectral line cor-
responding to the propeller blade rate, which is equal to the product of the shat rotation rate and
the number of blades of the propeller. The frequency of this line, when received by a stationary
abserver on the ground, changes with time due to the acoustical Doppler effect; thi is clearly
demonstrated in the photograph. From the variation with time of the Doppler-shifted blade rate,
the speed and altitude of the aircraft are estimated to be 150 kn and 700 f, with the source (or
rest) frequency of the blade rate being 117 Hz. The technique has also been applied 1o the pro-
cessing of underwater acoustic data from a hydrophone: The photograph was submitted by
Brian Ferguson, Gary Speechly and Lionel Criswick of the Australian Defence Science and
Technology Organisation.
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EDITORIAL

The response to our request for articles for a special issue on underwater acoustics
has been most enthusiastic, revealing a healthy state of activity throughout Australia in
this branch of acoustics. This issue contains 7 articles on a representative array of top-
ics with a continuation in the April 1993 issue when a number of current activities re-
ports will be printed. We are most grateful to Dr Marshall Hall of DSTO who was re-
sponsible for soliciting articles and arranging for referees.

We are now asking all contributors to Acoustics Australia to supply articles and other
material on 3.5 in disks (in either Macintosh or IBM format) in order to streamline the
editing-printing process. As well as an improvement in accuracy through the elimination
of traditional type-setting, this step has led to a major reduction in production costs. We
can accept formatted articles using any standard word-processor. If there is any doubt
about compatibility, it would be advisable to include a plain ASCII text version.

Additional copies of this special issue are available at A$10 for surface mail and A$14
for airmail. Orders should be placed with Mrs Wallbank (see p 80 for address, tel and
fax).

Howard Pollard, Chief Editor
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Underwater Acoustic Signal Processing -

A Review of Selected Topics

Ross Barrett

DSTO Materials Research Laboratory,
Maritime Operations Division,

PO Box 1750, Salisbury, S.A. 5108

are discussed, e.g., beamforming, towed
tracking, detection g Doppler analysis.

Abstract: This paper reviews the recent research carried out at the Defence Science and Technology Or-
ganisation in the arsa of undarwater acaustic signal procassing. Topkcs alevan t acousi survelianca
ray shape estimation,

frequency estimation, frequency line

1. INTRODUCTION
The Defence White Paper (Ref. 1) emphasises the im-
portance of surveillance in the air-sea gap around Australia
for the defence of the island continent, as well as the need
1o defend major focal areas and their approaches against
submarine aftack. It is difficult to foresee a time when un-
derwater acoustic systems will not have a major role in both
ro- and anti-submarine warfare for shipping surveillance
and intelligence gathering.

The last fifteen years have seen the development and op-
erational deployment of sophisticated sonar systems. The
BARRA sonobuoy, developed jointly by the Defence Sci-
ence and Technology Organisation (DSTO) and the U.K.
Ministry of Defence, consists of a planar array of 25 hy-
drophones. Towed arrays, similar to the Kariwara array
which is intended for the new Collins Class submarines, are
idely deployed by overseas navies for surveillance and
anti-submarine warfare (ASW) purposes. These passive
systems, unlike the more widely known active “pingers* fa-
miliar from World War Il movies, do not emit sound into the
water, but simply listen for noise generated by the "target".
The expected improvements in performance achieved by
the use of high gain, multi-sensor sonar systems, such as
those described above, have been largely countered by the
quietening of modem submarines. Better designed pro-
pellers and the mechanical isolation of vibrating machinery
from direct contact with the hull have reduced  the amount
of acoustic energy radiated into the ocean.

The development of sophisticated sonar sensor systems
has been paralleled by research into the signal processing
of the received data. Algorithms that assist in the detection,
localisation and classification of acoustic sources are of
rect relevance to the defence for

2.1 Beamforming

The aim of beam forming is to extract information about
the direction of a source from measurements of a prop-
agating field taken using an array of sensors. In the con-
ventional beamformer (CBF), the outputs from the individual
sensors are weighted (i.e., subjected to amplitude and time
delay adjustment consistent with an assumed source direc-
tion), and then summed coherently. The direction for which
this sum is a maximum is the presumed bearing of the
source.

The problem with the CBF is the existence of large sec-
ondary maxima (or sidelobes) in directions other than the
source direction. These sidelobes can easily be confused
with the main lobe from a weak secondary source. An
adaptive beamformer uses estimates of the noise field to
adapt the sensor weights to the changing environment,
and so maintain its performance. These algorithms have
been successful in reducing the effect of sidelobes  in the di-
rections of interfering sources and in resolving closely
spaced targets, but at the expense of an increased sensitiv-
ity of the beamformer to system errors (e.g., phase errors in
the outputs from the sensors, or any correlation of the noise
field).

Byme and Steele (Refs. 2,34) have shown that a high-
resolution bearing estimator can be constructed which is ro-
bust against perturbations such as system phase errors and
correlated arrivals. The new method accepts as data the
matrix of estimated single-frequency cross-sensor correla-
tions (i.e., the input cross-spectral matrix). When the noise
is correlated, the degrading effects of phase errors are
found to be concentrated in certain eigenvectors of the

and intelligence gathering, and have formed the focus of
signal processing research in the Maritime Operations Di-

Some of these algorithms are described in the
nod Socton,

2. SIGNAL PROCESSING TECHNIQUES
FOR UNDERWATER SOUND

Several areas in signal processing, such as beam forming,

array shape estimation, frequency estimation and  tracking,

detection and Doppler analysis are of particular relevance to

the acoustic surveillance task. Recent advances in these

topics are discussed below.

matrix. Stable bearing estimation can be
achieved by exploiing the stable eigenvectors, and ignoring
those which are sensitive to system errors.

Figures 1 and 2 display the relative responses plotted
against wavenumber obtained from a towed array of 25
omni-directional sensors with a sensor spacing of d = /10
(The wavenumber is equivalent to the sine of the bearing,)
Inthis_example, two signals were present at wavenumbers.
of 0.07 n/d and 0.13 r/d. Several different simulation results
are plotted together for the case when no phase errors are
present, and for the case when 5° random phase errors are
present.

Acoustics Australia

Vol 20 No. 3-71



Figure 1 shows the results obtained for the conventional
and adaptive (MLM) beamformers. The conventional
beamformer shows robustness to phase errors but is un-
able to resolve the two signals. The adaptive beamformer
clearly resolves the two signals when no phase errors are
present, but is extremely sensitive o the presence of phase
errors.

of the hydrophones are known, most of the performance
loss can be eliminated, even if the array is severely dis-
torted. Techniques to estimate the shape of a towed array
at any particular time are therefore important to optimise the
performance of the array for bearing estimation.

Two_different approaches can be applied to array shape
estimation. The first is to fit the amay with heading and
depth sensors at suitable positions along its length. From a
model for the propagation of shape perturbations down the
array, the hydrophone displacements at intermediate po-
sitions between these sensors can be inferred. The more
accurate the model used, the fewer heading and depth sen-
sors veqmrsd This approach assumes that most of the

ESTIMATOR RELATIVE RESPONSE (08)

L ,
=020 ~0.10 0.00 0.0 020
WAVE-NUMBER (UNITS OF 77/d)

Figure 1. Relative responses for conventional (CBF) and
adaptive (MLM) beamformers (from Ref. 4). The top
curve shows the conventional estimator response, with

and without phase errors (no discernible difference),
the next curve shows the response from the MLM for the
no-phase- error case, and the bottom five curves are the
MLM responses for independent simulations with 50
phase errors.

Figure 2 shows the results obtained using Byrme and
Steele's high resolution bearing estimator (SFS). Clearly
the signals are resolved and the technique is highly robust
1o phase errors. An added advantage of this technique is
that it is computationally much less demanding than the
adaptive technique.

ESTIMATOR RELATIVE RESPONSE (0B}

L T
-020 =010 0.00 0.10 0.2
WAVENUMBER (UNITS OF 77/d)

Figure 2. Response from sector focussing stability
(SFS) technique using eigenvectors 3-6 showing limited
spread of results from different simulations and robust-

ness to phase errors (from Re. 4).

50| L L

2.2 Array Shape Estimation

When beamforming is carried out on the sensor outputs
of an acoustic towed array which is not straight, a deg-
radation of performance occurs. However, if the positions

is tow-point induced, and does not arise
{rom envronmenta effece o g., shear currents. The latter
produce effects which do not propagate down the array in a
simple manner.

The dynamical behaviour of a towed array in response to
tow-point induced motion has been discussed extensively
by Kennedy (Ref. 5) and Dowiing (Ref. 6), and is governed
by a partial differential equation, known as the Paidoussis
equation (Ref. 7). Gray et al (Ref. 8) and Riley et al (Ref. 9)
have developed a discrete form of this equation, and es-
tablished a Kalman filter for the estimation of the sensor po-
sitions by relating these positions to the states of the sys-
tem. They have tested their algorithm using both simulated
data and real data obtained with an instrumented towed ar-
ray, with good results.

e second approach to array shape estimation requires
the presence of an acoustic source in the far field. Data from
the hydrophones themselves are used to estimate the
shape of the array, and non-acoustic sensors, such as
heading and depth sensors, are not required,

Ferguson (Ref. 10) and Ferguson et al (Ref. 11) describe
two techniques that use this approach. The first is an op-
timisation technique, where the *sharpness” is calculated by
integrating the product of the beam output power squared
and the sine of the beam steer angle over all beam steer
angles from forward endfire to aft endfire. The estimated
positions of the hydrophones are those for which the.
sharpness is a maximum. The other method uses the ei-
genvector corresponding 1o the largest eigenvalue of the
cross-spectral matrix to extract the phase of the signal at
each of the hydrophones and then, after assigning a direc-
tion o the source of the signal, uses the relative phase i
formation to estimate the positions of the hydrophones
along the array.

A comparison of the beam pattems obtained from these two
methods with that obtained assuming a linear array is
shown in Fig. 3 for real data. The improvement in per-
formance achieved by the use of an array shape estimation
algorithm is evident.

2.3 Frequency Estimation, Tracking and Detection
The traditional method of display of passive sonar data to
the operator is in the form of intensity modulated frequency-
versus- time plots, called variously spectrograms, lofar-
grams, etc. Detection is achieved when the operator no-
tices the appearance of a discrete frequency on the plot, fre-
quency estimation is carried out by determining which
frequency cell contains the signal, and tracking consists of
following the evolution of this frequency as a function of
time.

Vol 20 No. 3 - 72
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Figure 3. Variation of the output power with beamsteer an-
gle for an adaptive beamformer processing real data from
‘an experimental towed array: (a) assuming that the array
is straight, (b) using the array shape inferred from the
shamness optimisation technique, and (c) using the hydro-
phone positions estimated by the eigenvector technique.
The frequency of interest is close to the design frequency
(ie., d=A/2) of the array (from Ref. 11).

The signal processing algorithm underpinning the spectro-
gram is the Fast Fourier Transform (FFT). The spectral pow-
er in each frequency cell is calculated from the FFT of the
data time series and plotted in the spectrogram. However,
the FFT phase, which is obtained concurrently with the pow-
er for each cell, is ignored in the conventional display. Ina
series of papers, McMahon and Barrett (Refs. 12,13,14)
have shown that the hitherto discarded phase information
can be exploited to obtain a near optimal frequency es-
timator, called the Phase Interpolation Estimator (PIE). Re-
cently, Quinn (Ref. 15) has also developed a frequency es-
timator which exploits the FFT phases.

An example of the use of the PIE algorithm for real data is
shown in Fig. 4, where the estimates from the PIE algorithm
are plotted as a function of time. The frequency variations
displayed by the data in this figure are all well within a sin-
gle FFT lrsquency cell (0.46Hz), thereby revealing the im-
provement in accuracy of the PIE over conventional FFT
processing.

D
TIME(MINS)

L O )
TIMB(MINS)

Figure 4. Application of the PIE method to real passive
sonar data. The fundamental (first harmonic) and third
‘harmonic of a nominally 45 Hz acoustic projector are piot-
ted as a function of time. Sampling rate was 470.7 Hz and

the FFT resolution was 0.46 Hz.

The data displayed in Fig. 4 were obtained at a high signal-
to-noise ratio (SNR). As the SNR is decreased, “outlers"
(or estimates far removed from the true frequency) become
increasingly prevalent. A priori knowledge of the extent and
rapidity of the likely frequency changes can be incorporated
into an algorithm that rejects the highly improbable outliers
and produces smoothed frequency estimates as a function
of time. Such an algorithm is designated a “frequency
tracker. A number of standard tracking algorithms _(alpha-
beta, Kalman, Probabilistic Data Association) (see Ref. 16)
exist in the literature and can  be applied to the frequency
tracking problem.

An alterative  approach, due to Streit and Barrett (Ref.
17), makes use of the Hidden Markov Model (HMM), which
has recently found wide application in the field of speech
processing. In this method, the range of frequencies (or
gate) over which a track is allowed to wander is divided into
a finite number of frequency cells, and each cell is associat-
ed with a state of a Markov chain. In the original work of
Streit and Barrett, each cell coincided with a FFT frequency
cell, but this restriction is unnecessary. In addition, a zero
state s included to allow for the possibility of the track wan-
dering outside the allowed  frequency range, o terminating
altogether. Statistical information on- the likely extent of the
frequency fluctuations, and on the probability of the track in-
itiating or terminating are conveyed to the tracker by
means of matrix inputs to the Hidden Markov Model.

In the original formulation, the only spectral information
passed to the HMM was knowledge of which frequency cell
within the gate contained the maximum power. In a later ex-
tension to the method (Ref. 18), complete knowledge of
the phases and amplitudes in all FFT cells within the gate
was passed to the HMM. As a result, the performance of the
tracker was greatly enhanced, and tracking of frequency
fiuctuations less than the width of an FFT cell was now pos-
sible.
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Figure 5. (a) A hidden Markov state sequence; (b) the
intensity modulated spectrogram arising when the state
sequence is embedded in white Gaussian noise; (c) the
reconstructed state sequence obtained from the spectro-

gram using a Viterbi tracker. The vertical axes are marked
in frequency units of (a) 0.16 Hz; (b) 1 Hz; (c) 0.16 Hz.

The horizontal axes are marked into time units of 1 in

all cases.

In Fig. 5, an example is presented of a frequency track ob-
tained by using the HMM tracker with simulated data. The
upper plot shows the true computer-generated *hidden"
track. The vertical axis is subdivided in frequency units of
0.16Hz. White Gaussian noise (SNR = -21dB) is added to

target and _receiver, the relative speed, the rest frequency,
the time at closest approach, and the covariance matrix of
the estimators. The technique is automatic, and will work
even if only a section of the Doppler track is available, e.g.
if the closest point of approach has not yet been reached.
‘The method is currently being applied to-real sonar data.

3. FUTURE DIRECTIONS

Acoustic systems are likely to continue to play an important
role in helping to meet Australia's surveilance and in-
telligence gathering requirements. With the forthcoming op-
erational use of long towed arrays and projected sonobuoy
developments, signal processing must continue to form a
prominent part of any overall sonar system.

With the continuing quietening of modern submarines, the
conventional passive sonar system, relying as it does on
spectral lines emitted from on-board machinery, will en-
counter increasing difficulties unless new signal processing
techniques are developed to restore the effective signal-to-
noise ratio. In the future, we may expect the transient
sounds emitted during particular operations ~(e.g. flooding
the torpedo tubes, or trimming the diving planes) to be more
ully exploited than they are now. Essentially passive sys-
tems, such as towed arrays, may contain an active adjunct
which emits a ping, the echo of which is detected by the
towed array.

One technique being investigated at DSTO with an eye to
future applications is matched field processing. In this ap-
proach, a detailed knowledge of the environment in the
neighbourhood of the source and receiver is exploited to im-
prove target localisation. For example, because of its cy-
lindrical symmetry, no bearing information can be obtained
from a vertical line array with conventional processing.
However, this cylindrical symmelry can be broken by the

the signal shown in Fig. 5, and the resultant
is plotted in Fig. 5b. The frequency subdivisions on the ver-
tical axes correspond to the FFT bin size of 1Hz. Fig. 5¢
displays the track reconstruction (frequency subdivisions =
0.16Hz) produced by the HMM tracker with phase and am-
plitude_information included. Fig. 5¢ should be compared
with Fig. 5a to assess the tracker performance. The zero
state is shown under the gate cells in Fig. 5¢.

The inclusion of a zero state in the HMM allows for the pos-
sibility of track initiation and termination, and thus in-
corporates an implicit detection process into the HMM track-
er. The use of the HMM as a detector of unstable frequency
lines has been addressed by Barrett and Streit (Ref. 19)
and Barrett and Holdsworth (Ref. 18)

2.4 Doppler Analysis

One of the applications of frequency estimation techniques
is to obtain speed and range estimates of a “target' by
means of the well-known Doppler effect. The increased ac-
curacy available from frequency estimators such as the PIE
algorithm leads to observable Doppler shits on lines at low-
er frequencies than would otherwise be possible.

Quinn (Ref. 20) has derived from first principles a par-
ametric form for the *instantaneous frequency” as a function
of time for the cases of stationary target and stationary re-
ceiver when motion is in a straight line relative to the sta-
tionary target o receiver. He has developed an algorithm
which produces estimators of the closest distance between

presence of i around the
receiver. A botiom slope maans man multipath interference
is different in one direction compared with another. A care-
ful comparison of the spectral powers in different beams
steered in the vertical direction with the predictions from
propagation models can lead to an estimate of the target
bearing. Similar arguments can be used to obtain target
range estimates.

Another technique of the future is likely to be passive syn-
thetic aperture sonar. In this approach, a relatively short
towed array has its effective aperture increased by pro-
cessing the data as the array is towed through the ocean.
Data from different positions in the ocean and different times
are coherently combined to simulate the output of a phys-
ically larger array. The success of the method relies on the
signal in the ocean being coherent over distancesequal to
the length of the effective synthetic aperture, and temporal
coherences equal to this distance divided by the speed of
sound. Preliminary investigations overseas indicate co-
herences of this sort may be possible in some circum-
stances.

Itis difficult to anticipate which of these, or other, techniques
will be successful in improving the effective signal-to-noise
ratio in future processors. What we can be sure of is that fu-
ture sonar systems will be more sophisticated than they are
now, and the accompanying signal processing will fully ex-
ploit the burgeoning technology of the computer age.

Vol 20 No.3-74
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sients for some tens of kilometres.

Abstract: A major component of the ambient noise in oceans and seas near Australia is generated by bio-
logical sources. Invertebrates, fish and whales produce a wide variety of sounds that have a significant af-
fect on the performance of sonar and other uses of sound in the ocean. Choruses that result when large
numbers of individuals are calling commonly cause levels to rise by about 20 dB, and at times more than
30 dB, over different parts of the frequency range 50 Hz to 5 kHz. Their distribution and occurrence is
complex because they depend on the behaviour, habitats and migrations of the animals responsible, but
are intrinsically predictable. Some whale sounds are so intense that they are detectable as individual tran-

1. INTRODUCTION

Sound is used extensively to transmit information through
the ocean because it travels with far less loss of energy than
does electromagnetic radiation. However, the Vry prop-
erties that make sound so effective in this respect result in
high ambient noise levels, since sources at large distances
can contribute to local noise levels. The absorption of sound
in water is substantially less than i air. As a result, sources
contribute to the background noise from much larger dis-
tances than in air, and ambient sound pressure levels, even
in quieter parts of the ocean, are comparable to those of a
busy city street.

The high ambient noise levels provide a major limitation on
the effectiveness of passive sonar and other underwater lis-
tening devices, since the signals of interest must be de-
tected against this background noise. Moreover, noise lev-
els vary over a wide range as a result of variations in
weather conditions, shipping activity, or biological behaviour
and habitat. Such variation may be temporal, seasonal or
geographical and is commonly of the order of 20 dB, but
may at times exceed 30 dB. The effect of a variation of 20
4B in typical ocean conditions is to vary the distance over
which a signal is detectable by a factor of about 10. Ef-
fective use of sound in the ocean, therefore, requires an un-
derstanding of the ambient noise and the ability to predict
the levels and their variation

Early studies of ambient noise in the ocean [1,2] established
that it comprised three main components:

(a) that generated by fiuid motion in the vicinity of the sur-
face (wind dependent noise: that from wind/wave action, and
rain noise)

(b) the noise of distant shipping (known as traffic noise)

(c) biological noise.

Wind dependent noise is the prevailing component of the
ambient noise and extends over a frequency range from less
than 1 Hz to in excess of 30 kHz. Traffic noise is usually ev-
ident at frequencies below about 100 Hz in regions where
there is significant shipping and good sound propagation
Biological noise is a very variable component of the ambient

noise because of the diversity of animals responsible, in
terms of their behaviour, habitats and migrations. Their
sounds vary in frequency from below 20 Hz (fin whales (3],
blue whales [4]), to 200 kHz (dolphins (5], shrimps [6])

The oceans and seas around Australia are particularly rich
in biological sounds. Marine animals make extensive use of
sound because of the limitations the medium imposes on
the effectiveness of the other senses. Vision is fully effective
only in clear, shallow waters. The sense of smell is limited
because water currents are 100 slow to adequately disperse
the scent chemicals. The study of marine animal sounds is
therefore an important component of the study of their be-
haviour.

This paper discusses the more significant biological con-
tributions to ambient noise around Australia, and some of
our recent work in this area.

2. GENERAL CHARACTERISTICS OF
BIOLOGICAL NOISE IN AUSTRALIAN
WATERS

While a wide range of animals produce sounds, not all are
important in terms of the contribution to the ambient noise.
The most significant contributions are (a) the choruses,
which result when large numbers of animals are producing
sounds and (b) the intense transients of the higher source
level sounds. The choruses increase the general back-
ground noise level while the transients are evident as in-
dividual signals which need to be distinguished from our
own signals.

Biological noise is evident in all waters around Australia, but
is most pronounced in shallow tropical waters where, for
much of the time, it is the dominant component of the ambi-
ent noise. An example is shown in Figure 1 which summar-
ises conditions in the Timor Sea (7,8]. Low shipping den-
sities result in low levels of traffic noise, so that low
frequencies (say below 100 Hz) tend to be dominated by
wind dependent and biological noise. Above 100 Hz, the
noise is usually biological in origin, except during high winds
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Figure 1. Summary of the components of ambient noise in
shallow water in the Timor Sea. The shaded areas indicate
the prevailing noise at low wind speeds. The wind de-
pendent noise curves were determined from measure-
‘ments at many locations around Australia (ref. 22).

or heavy rain. High levels of wind dependent noise would
obscure the general background of biological noise but not
the diumnal choruses that result when large numbers of in-
dividual animals are calling. The general background of bio-
logical noise comprises sounds from fish and invertebrates.
These sounds are either short duration and broad band like
the stridulatory clicks of invertebrates and fish teeth sounds,
or are harmonic and drumming sounds of some seconds
duration characteristic of sounds generated by fish swim
bladders [9). Only the very high noise levels of heavy rain
ccan compete with the highest levels of biological noise.

3. SNAPPING SHRIMPS

The most ubiquitous biological component of the ambient
noise is that due to snapping shrimps, since it is evident
throughout the world in shallow, warm waters, usually in
depths of less than about 60 m and latitudes less than
about 40°. This was recognised in the eariiest studies of
ambient noise [1,10]. The shrimps responsible belong to the
genera Alpheus and Synalpheus. Each shrimp has one en-
larged claw (more than half the body length) which pro-
duces a sharp click when snapped closed. Large numbers
of shrimps clicking result in a crackling or sizzling sound
characteristic of shallow waters around mainland Australia.
Although shrimp noise has been measured for many years,
it is only recently that sufficiently broad band recordings
have been made to show the true width of the pulse as be-
tween 5 and 8 microseconds [6]. The energy extends to at
least 200 kHz. Figure 2 shows a spectrum representative of
Australian shallow waters where shrimp noise is high (fa-
vourable habitat) [6]. Lower levels occur where habitats are
less favourable, as in the example of Figure 1. The shrimps.
prefer conditions where they can hide in or under objects on
the bottom, such as rocks, shells and debris. Variation in
level, like that evident between Figures 1 and 2 may ocour
over short distances (e.g. hundreds of metres) as conditions
on the bottom change. Spectral shapes may also vary with

different locations.

L L 1 LN 1 L
3 s EJ
FREQUENCY (kHz)
Figure 2. The noise from snapping shrimps, typical of the
higher levels in favourable habitats, compared with surface
generated (wind dependent) noise.

4. BIOLOGICAL CHORUSES

The term biological chorus is used here to mean the con-
tinuous noise (averaging time 1 s) produced when large
numbers of individuals are producing sounds. So many
sounds overlap that the noise level is far higher than that of
an individual Sound. In some choruses, the individual
sounds may still be detectable, while in others they merge
together. Choruses are common in Australian waters, caus-
ing levels to vary by more than 20 dB over periods of a few
hours (more than 30 dB under some conditions). They occur
frequently (usually daily), and contribute over @ broad fre-
quency band. Different choruses have different diurnal, sea-
sonal, geographic and spectral characteristics. ~ Shrimp
noise is usually considered to be in a separate category,
since it does not show the pronounced diurnal and seasonal
variation of other choruses, having remarkable persistency.
It also covers a different frequency band.

A number of studies of ambient noise around Australia have
shown the presence of choruses from which the general na-
ture of their occurrence and spectral characteristics were
determined. These were reported some time ago [7]. Sta-
tistical analysis showed that choruses were widespread in
waters near Australia, contributing in the frequency band
from about 400 Hz to about 5 kHz. Most choruses lasted for
afew hours and the most consistent time of occurrence was
just after sunset, although choruses were aiso sometimes
observed just before sunrise and around midday. Examples
of chorus spectra in the Timor Sea are shown in Fig. 1,
while the rise and fall of evening choruses in three oceanic
areas are shown in Figure 3. Spectrally different choruses
were often observed at the same location, sometimes over-
lapping in their times of occurrence. The typical increase in
noise level during a chorus was about 20 dB. There was
some evidence of seasonal variation, but data were too lim-
ited to draw conclusions. These measurements were made
either in shallow water, or in deep water within 6 km of shal-
low water. More recently, Kelly, Kewley and Burgess [11]
have reported a chorus of similar spectral characteristics in
deep water north west of Australia.

While this work gave some idea of the general nature of
choruses near Australia, the data were insufficient to predict
the behaviour, distribution and occurrence of particular cho-
ruses, except for the expectation that choruses might be

Acoustics Australia

Vol 20 No. 377



T T T

s a 1kHZ OCTAVE
0} Sf
60

working with biologists from other institutions (James Cook
University, the Queensland Museum and the University of
Sydney in particular)

5. RECENT MEASUREMENTS OF
c RUSES
The in recent measurements has been twc
pronged 1a) itensive durna and sossonal mecsuremens
at a particular location to determine the characteristics of the

g s

NOISE SPECTRUM LEVEL (4B re 1u Pa?/ Hz)

choruses there and to identify the species re-
sponsible, and (b) "spot" measurements throughout the re-
gion of interest to extend the measurements and check the
predictions from the intensive measurements. The first set
of intensive measurements have been made using two hy-
drophones permanently moored in 20 m of water inside the
Great Barrier Reef, latitude about 17° S. The hydrophones
were linked by 2 km of cable to an island and data trans-
mitted from there to a small research establishment ashore.
This site has species represented in many areas near Aus-
tralia. Some preliminary work on the identification of sourc-
es and their sound production has been reported by McCau-
ley [12].

315kHz
3 OCTAVE
60

L L L
w16 18 20 2 % @
SOLAR TIME (hours)

Figure 3. Examples of the rise and fall of evening choruses
in tropical waters of (@) the Timor Sea (latitude about 11°5),
(b) the west Pacific Ocean (about 2°S) and (c) the east In-
dian Ocean (about 10°S). The spectrum level has been av-
eraged over the octave or 1/3 octave band containing the
spectral peak. "SS" gives the time of sunset,

widespread in the few hours following sunset. It was also
not clear that the full spectral range of choruses had been
observed. These results were obtained by measuring ambi-
ent noise 24 h per day for periods of 10 to 20 days at a
small number of locations. To adequately categorise the
choruses throughout the region for all times of year would
require this type of measurement to be repeated for all
months in a grid patter with spacing small enough to cover
the geographical variation, which would be expected to vary
with variations in habitat and migration patterns of the an-
imals. Such an extensive program of measurements would
be well beyond the resources that could reasonably be ex-
pected to be allocated to such a project

Instead, we have taken the approach of identifying the

of choruses, determining the acoustical character-
istics of their sounds, and relating this to their diural and
seasonal behaviour. This requires identification of the
source species and study of their behaviour in relation to
sound production. By identifying the preferred habitats of
the individual animals, and, where appropriate, their migra-
tion patterns, the results can be extrapolated throughout the
region. This research is interdisciplinary, requiring expertise
in marine biology as well as acoustics, so we have been

using the moored system have shown that
the frequency range of choruses extends to frequencies well
below that shown in the earlier series of measurements, and
that diumnal variation is more complicated. Some examples
of the spectra measured during the rise and fall of one type
of chorus observed at this location are shown in Figure 4.
These were recorded on the 12 August 1986 at the times of
day shown. The frequency range of this chorus extends
from about 50 Hz to about 2 kHz, with the highest levels, up
to 30 dB above background, being observed at lower fre-
quencies. Thus, in general, choruses cover the frequency
band from about 50 Hz to 5 kHz, rather than from about 400
Hz o 5 kHz as indicated by the earlier measurements. Fig-
ure 4 shows evidence of two broad spectral peaks possibly
representing two choruses, one peaking around 500 Hz, the
other between 50 and 200 Hz. The sounds responsible for
the lower frequency peak and other choruses of similar fre-
quency obearved e g location ard inthe gnerl raa are
typical of those made by fish drumming or strum

ovim bladdr with attached musdles. The peak froquencies
are related 1o the resonant frequencies of the fish swim
bladders. For soniferous fish, these frequencies are typically
of the order of 100 Hz [9). Significant seasonal variation in
chorus behaviour s evident at this site.

e e
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Figure 4. Examples of chorus spectra at the times of day
shown, at the recording site in the Coral Sea.
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The high level choruses recorded in earlier measurements
[7] were typical of impact or stridulatory sounds of fish and

their acoustical and spectra
peaked at frequencies from 700 Hz to 3 kHz. The significant
difference in the recent measurements is the obvious pres-
ence of lower frequency choruses produced by typical fish
swim bladder sounds. Such sounds were observed in ear-
lier measurements, often producing continuous low level
choruses, but they were not sufficiently numerous in their
occurrence to produce the high levels of the other choruses.
For example, the ‘predominantly biological’ background
noise in Figure 1 contains @ large proportion of sounds
which are typical of fish strumming and drumming the swim
bladder, whereas the high level choruses are typical of the
impact and stridulatory sounds. The absence of high level
choruses from fish swim bladder sounds in the eariier meas-
urements may have simply been the result of the limited
seasonal sampling, given the seasonal nature of such cho-
ruses. The deep water chorus reported by Kelly et al [11]
comprsad sounds charactrs of Hose genaratod by s
swim bladder

The diunal, seasonal, and geographical variation of the
choruses can be expected to depend on the behaviour of
the animals in relation to sound production. Where sound is
associated with feeding, perhaps incidental to it (such as
fish scraping teeth on coral) choruses will, of course, be re-
lated to times and conditions of feeding, and so exhibit diur-
nal regularity. Sound used for communication during spawn-
ing can be expected to produce choruses with strong
seasonal dependence. Seasonal dependence will also re-
sult from species migration, i.e., it will be determined by the
time the animals pass through a particular area. Animals
are to be found in the habitats that provide the most chance
for their survival, .. where the appropriate food is avail-
able, where they can find shelter from predators, etc. This in
tum depends on the nature of the sea floor (the presence of
corals, rocks vegetation, etc.), the presence of nutrients, the
water properties and the other species in the area. The di-
versity of habitats can be expected to provide significant ge-
ographical variation in choruses.

Some whales also produce choruses. The source strengths
of their individual sounds are significantly higher than those
of fish or invertebrates, so smaller numbers of individuals
are needed to produce a substantial chorus. Although the
popular conception is that whale numbers are very low, this
is true only for a few species, and some of these have
shown substantial recovery of stock numbers in the last 20
years. The most significant whale chorus is that from sperm
whales.These are toothed whales, and they often con-
gregate in large schools like the smaller toothed whales
(e.g. dolphins, killer whales). Schools of 10 to 50 sperm
whales are common [13], but there are reports of schools of
thousands of individuals [14]. Sperm whales generally keep
to deep water. Significant numbers are to be expected in
waters around Australia, as have been observed in the Tas-
man Sea [14]

‘Sperm whales produce intense clicking sounds which result
in high level choruses with most energy between 1 and 5
kHz and maximum levels comparable to the other choruses.
The occurrence of sperm whale choruses is more difficult to
predict than those of fish and invertebrates, because their
behaviour is more complex and less predictable. These
whales are nomadic and their migration patterns are ill de-
fined. Their choruses are well known to sonar operators
who refer to them as the “carpenter fish" since some con-
sider that they sound like many carpenters hammering.

Humpback whale sounds were responsible for a persistent
chorus observed near New Zealand in the late 1950 which
had almost disappeared by 1961 s a result of the decrease
in whale numbers through whaling [15]. The significant re-
covery of humpback whale stocks in Australian waters has
resuited in increasing chorus activity (though this has not
been observed in New Zealand waters). These are baleen
whales (i.e., they have baleen plates in place of teeth to fil-
ter food) and their sounds are distinctively ditferent to those
of the toothed whales.

6. INTENSE BIOLOGICAL TRANSIENTS
The sounds of some animals are so intense that individual
calls are audible for considerable distances, and thus de-
tectable by sonars as signals rather than as part of the back-
ground noise. Some calls sound remarkably mechanical.
These individual calls are transient in nature, having dura-
tions ranging from a fraction of a second to around 20's, and
in this respect contrast with the continuous sound of a chor-
us. The most intense sounds are those of the lager whales.
Source levels have been estimated from measurements in
the northern hemisphere to lie in the range 170-190 dB re 1
uPa2 at 1 m [4,16-18). Our measurements of received
sound levels in Australian waters are consistent with these
estimates, and such sounds would be audible for some tens
of kilometres, depending on conditions (discussed in more
detail in reference 19). While these source level estimates
are broadband, many of the sounds are harmonic, so have
high narrow band levels.

Perhaps the most difficult whale sounds to categorise are
those of the humpback whale, which produces a wide va-
riety of sounds in a well structured pattern or song
17,19,20]. Durations vary from about 0.1 to more than 4 s,
and most of the energy lies in the range 100 Hz to 4 kHz.
The rules of the song structure are complex. The character-
istics of the sounds, the song structure, and even the rules
themselves change with time. These whales migrate along
the east and west coastiines of Australia, and although num-
bers were depleted by whaling activities which ceased in the
early 1960s, there has been a significant recovery since
then. The rate of increase of around 10% per year has been
sustained for at least the last 10 years [21]. Our work on
humpback whale sounds in Australian waters is discussed
in reference 19.

7. UNIDENTIFIED SOUNDS

‘There still remain some sounds in the ocean which have yet
to identified, but in spite of the apparent mechanical nature
of some, all the evidence indicates that these are biological
in origin. The difficulty in identification relates to the difficulty
in finding and visually identifying the animal responsible.
While the sounds may be audible for several kilometres, the
source can be visually identified only at close range. It is
more effective to build up a catalogue of identified sounds
by seeking out animals of the species likely to be significant
sound producers and recording their sounds, and this is the
approach we have been taking.

8. CONCLUSIONS

Invertebrates, fish and whales produce sounds which con-
tribute to the general ambient noise in waters near Australia.
‘The most important contributions are the biological choruses
and the intense biological transients. From the available
data, we can say that choruses are wide spread in both
shallow and deep waters near Australia, especially in the
tropics. They regularly cause increases of between 20 and
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30 dB in ambient noise level over the frequency band from
about 50 Hz 10 5 kHz, and so have a substantial effect on
the performance of passive sonar or underwater listening
devices. These choruses are intrinsically predictable be-
cause they depend on predictable aspects of the behaviour
and habitat preference of the animals responsible. Tem-
poral variation in choruses is both diumal (e.q. related to
feeding activity) and seasonal (e.g. related to breeding and
spawning). Geographical variation depends on migration
patterns and preferred habitats. The most significant bio-
logical transients are those of the large whales since they
produce the most intense sounds. These are audible for
some tens of kilometres.

9 REFERENCES
V.0. Knudsen, R.S. Alford R.S. and J.W. Emiing “Underwater
‘ambient noise." Journal of Marine Research 7, 410429
(1948).

2. GM. Wenz "Acoustic ambient noise in the ocean." Journal of
the Acoustical Society of America 34, 1936-1956 (1962).

3. W.E. Schevill, W.A. Watkins and R H. Backus “The 20-cycle
signals and Balaenoptera (fin whales)." In Marine Bio-
acousticsecied by W.N. Tavoge, Pergamon, Now York
1964, pp 1

4. WC. Cummlngs and P.0. Thompson “U

8

2

B

F.A. Everest, RW. Young, and M.W. Johnson *Acoustical
characteristics of noise produced by snapping shrimp." Jour-
nal of the Acoustical Society of America, Vol. 20, 137-142,

(1948).
L.J. Kelly, D.J. Kewley and A.S. Burgess "A biological chorus
in deep water northwest of Australa. Journal of the Acoustical
Society of America, Vol. 77, 508-511 (1985)
R. McCauley "Aspects of marine biological sound production
in northern Australia." James Cook University, Townsville,

89.

19

DK Caldwell. MG, Cakdwallard D.W. o Behaviour of e
sperm whale, Physeter catodon L."In Whales, Dolphins and
Porpoises eston by K, Norris. Universty of Calfomia.
Berkeley, 1
RA. Paterson *An analysls of four large accumulations of
sperm whales observed in the modem whaling era." The Sci-
entific Reports of the Whales Research Institute 37, 167-172

(1986).
AC. Kibblewhite, R.N. Denham and D.J. Barnes "Unusual

in New * Jour-
nal of the Acoustical Society of America 1,065 (1967,
P.0. Thompson, W.C. Cummings and S.J. Ha *Sounds,
source levels and associated behaviour of numpnack whales,
Southeast Alaska." Journal of the Acoustical Society of Amer-
ica 80, 735-740 (1986).
HLE. Wi, .. Perins and T.C. Pouter Scunde of the

ffom the blus whale, Balaenoptera musculus® Joural of the
Booustca Socety of America, Vol 50, 1163-118 1571).

5. W.W.L.Au, RW. Floyd and J.E. Haun *Propagation of Atlantic
bottlenose dolphin conolocaon signals." Journal of the
Acoustical Society of America, Vol. 64, 411-422 (1978),

6. Cato, D.H. and Bell, M.J. *Ultrasonic ambient noise in Aus-
tralian shallow waters at frequencies p to 200 kHz.* Materials
Research Laboratory, DSTO, Melbourne, Technical Report
MRL-TR-91-23 (1992).

7. D.H. Cato "Marine biological choruses observed in tropical
waters near Australla’, Journal of the Acoustical Society of
America Vo 64, 736743 (1970

s

on Biologial Scnzr ) Soas e park: Saniod o
search nstitute (1971).

W.C. Cummings, J.F. Fish and P.O. Thompson "Sound pro-
duction and other behaviour of southern right whales, Eu-
balena glacialis. Transactions of the San Diego Society of Nat-
ural History, Vol. 17, 1-14 (1972)

D.H. Cato "Songs of humpback whales: the Ausiralian per-
spective.” Memoirs of the Queensland Museum, Vol. 30, no. 2,
277:290 (1991).

. Payne and S. McVay * Songs of humpback whales." Sci-
ence, Vol.173, 585-597 (1971).

R Paterson and P Patrson - The iz o therecoveri

8 . Cat I sounds of
1esponslb\e for sustained background noise in the Timor Sea’,
Jeumal of the Acoustical Society of America 68, 10561060
(198(

9. WN. Tavniga *Sonic characteristics and mechanisms in ma-
tine fishes.” In Marine Bioacoustics edited by W.N. Tavolga,
Pergamon, New York, 1964, pp 195-211

stock of in east
Aussten waters.* Bwolognca\ Corsensaton o 47, 3346
(1989)

{41 Gto “Review ofambient noise i he ocean: non

logical sources.” Bulletin of the Australian Acoustical Socmy
Vol. 6, 3136 (1976)

ACOUSTICS AUSTRALIA INFORMATION

GENERAL BUSINESS PRINTING, ARTWORK ADVERTISING RATES
* Advertising *A A Subscriptions Scott Wil
M's?_elgh s 16 Qonla Piaza Baw Nonmembers  Sus Mem
PO Box 579, CRONULLA 2230 CRONULLA 2230 1 Page 475 $450
Tel: (02) 528 4362 Tel: (02) 623 5054 1ip Pag 310 25
Fax: (02) 523 9637 Fax: (02) 523 9637 ge
— e g Page 240 25
ARTICLES & REPORTS AAA SUBSCRIPTION RATES 1993 /g Page. 200 190
Or Howard Pollard
PO Box 579, CRONULLA 2230 Aust Overseas | - Spot colour: $50 per colour
Fax. (02) 523 9637 Tyear Asi2 ASs4 | Preparedinset: 150
2year ASTI Ases | Column rate: $10 per cm (13 p wicth)
"Eﬁgﬁgggnz%{rlgws 3year AS95 AS131 | piscount rates: (3 consecutive ads in advance)
Ov N b 10%
Mrs Marion Burgess stai %
Dept Mech Eng, ADFA New Subscription 33% Discount Susteng mombers 2
, i Special rates avalable for d-colour printn
e ot o o ::a:::? A; enguiries to: Mrs ngr: waunamp ’
F 7 s discount 15% of (Aust) ra d
o (002588276 Hgents dscon ce A le | 7o (02 528 4362 Fax (02) 523 9637
Vol 20 No. 3-80 ‘Acoustics Australia



Acoustic Properties Of Marine Sediments

John I. Dunlop
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Abstract: A review is presented of the basic relationships describing the acoustic and other wave properties
of maine sediments i tarms of tho propertes of ther consiturts, As wate satrated secments aro tvo

phase mixtures , these

and more so by the
{uro of secimenis.  The chiel parameer of relevance fo wave propagation - sound speed and attenuation,
and shear wave properties - are discussed, and recent developments on the effects of non-uniformity of the
sediment, such as , for example, depth gradients, are examined.

and varied na-

1. MARINE SEDIMENTS

Acoustic propagation in the ocean, in particular the shallow
seas of the continental shelves, may be strongly affected by
the acoustic characteristics of the lower boundary, the sea
floor. The sea-bed beneath this boundary is usually com-
posed of unconsolidated sedimentary deposits sitting on bed
rock. These can vary in thickness from metres to kilo-
metres, but the range of interest for underwater acoustic
studies lies probably in the first few hundred metres.

The acoustic properties of these sediments depend largely
on their composition and mechanical properties. Sea bed
sediments may be considered as two phase composite ma-
terials consisting of granular solids and pore fluid. The chief
physical properties of sediments which show variations are
the sizes and distribution of sizes of the composing particles,
and the structure of the sediment as indicated by its poros-
ity. Particle sizes may range from several milimetres
(coarse gravel) to the submicron range (fine clays). Poros-
ities may span the entire range from high porosity suspen-
sions (90% for some clays)
(35%) to low porosity sandstones (below 30%).

The composition of the sea-bed sediments varies widely
throughout the oceans. Three different types of general en-
vironment have been distinguished - the continental shelf
and slope, the abyssal hill and the acyssar plane. For ex-
ample, the continental shelf b

through compacted sands®

effects of overburden pressures, mainly a consolidation, and
increasing hydrostatic pressure within the sediment.

2. ACOUSTIC PROPAGATION IN
SEDIMENTS

The mechanical and acoustic properties of sediments vary
because of the wide range of sediment compositions and
constraints. A large number of physical parameters are in-
volved, the more important being porosity, grain properties
including sizes, shapes and sorting, elasticity moduli and
density, and inter-granular_stresses involving grain inter-
locking and consolidation. The acoustic parameters of most
interest are the dilatational wave velocity (sound speed), at-
tenuation and characteristic acoustic impedance, as well as
shear wave velocity and attenuation. These parameters are
inter-related to many of the mechanical properties of the
sediment and several theories have been developed to ac-
count for these relationships as explicity as is possible.

‘The acoustic behaviour of natural unconsolidated sediments
is essentially that of a suspension of particles in fluid, with
usually a small rigidity or shear modulus present. The first
generally useful attempt at relating the acoustic properties to
the composition of the medium was that due to Wood (1941)
[1] who noted that the bulk adiabatic compressibilty of a dis-
persion of one or more solids and fluids equals the sum of
the ibilities of the individual components multiplied

y
sediments originating from terigeneous sources and is com.
posed of sand, silt and clays whereas the deep sea abyssal
planes are usually covered with layers of sift-clays with thin-
ner intercalated layers of sand and silt which have been car-
ried along the bottom in turbidity currents and cover the orig-
inal rough topography. The abyssal hills are mostly covered
with relatively thin layers of pelagic and siiceous cozes with
thicker deposits of calcareous ooze around the equator and
on sea mounts where the sea fioor is above the calcium car-
bonate compensation level. [In sediment nomenclature, pe-
lagic clay is composed of less than 30% siliceous o calcare-
ous material, calcareous ooze contains more than 30% silica
in the form of Radiolaria or diatoms.]

The properties of sediments may also vary with depth into
the sediment. For example, there may be layering in their
composition, particularly on continental shelves due to the
depositing of different types of sediment at different periods
in time. There may also be a variation with depth due to the

by their proportional fractions of the total volume. A simple
equation, known as Wood's equation, viz

c=\Kip
where LB, A=B) ang p=pp +(1-P)p,.
KKK

yields values of sound speed in sediments (other than
sands) close to those measured. Here ¢ is sound sy

is porosity, and Ky, K, oy and p,are the bulk moduli and den-
sities of fluid and grains.

Because of discrepancies between measured and predicted
values of sound speed, further development of this theory
was made by Gassman (1951) [2] who determined that the
effective elastic modulus of the fluid saturated porous me-
dium may be affected by fluid-particle interactions and
should be calculated from the elastic moduli of the solid ma-
terial, of the fiuid and of the skeletal frame made up of the
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particles. This modification effects some reconciliation be-
tween predicted and experimental results but a more ac-
ceptable explanation and accounting for other acoustic
properties - attenuation and impedance - had to await the
development of a more general theory of wave propagation
in a porous elastic medium.

A. Wave propagation in a porous medium

The acoustic characteristics of porous elastic media were
extensively examined by Zwikker and Kosten (1949) (3] who
experimented with ai filed materials such s flexible foams
and other acoustic absorbers. The theories developed were
simplified, rotational or shear waves not being considered,
and it was the later work of Biot (1956) [4] which established
the basis for a more rigorous treatment of the topic. Biot
considered the same basic situation as Zwikker and Kosten,
that of a fluid filled elastic porous solid, but established a
more fundamental approach aimed at including al pertinent
physical mechanisms in a quantitative manner.

For a single phase isotropic medium the stress (G) strain
(u) relationship may be written as:

O =24ty + A8,

Where  and A are the Lamé constants, & is the Kronecker
delta function. (Use is made of the terminology and suffix
notation as in Landau and Lifshitz [5]). Wave equations
may be developed by equating body forces to the product of
density and body acceleration viz:
30, /dx, = Adu, | 3x, +24udu, | dx, =
substituting  «, :%(a.., /9x, +0u, /9x,) gives
pii, = A%, [ Fx, + (i + A)d'u, / dx,dx,
Considering one dimensional propagation in the x direction

yields the equation

H@u, 10 + 3w, 196 +0u, 106 1+ A+ ) u,

=p@u, 1 9C +u, 13+, ')

This may be separated mo twa equations viz:

2%, uy 1o =0

where ¢, =+(A+21)/p
and an equation related to the y or z axis such as
P sa? ot 107 =0
¥ z

where ¢, =yu/p , and these may be recognised as dilata-
tional and shear equations respectively.

For a two-phase medium such as water saturated sedi-
ments, Biot developed a series of constitutive equations to
describe their elastic properties in terms of their basic com-
ponents. He considered a unit cube of the sold fluid sys-
tem, the stresses, oj;, acting on the solid part and the pore
pressure, p on the fiuid part. Development of the body forc-
es acting on the solid and fluid parts leads to two coupled
differential equations involving motion of the solid (dis-
placement ,) and of the fluid (flow of fluid relative to the
solid wy). For one dimensional propagation in the x direc-
tion these equations are [6]:

Fu, 106+ (A + ), 136
~Cow, 19 = pi, = p, ¥,

and
Cou, 1 3x° - M

0% = pii, = (p, | By, = (n/ ki,

Here M is a measure of the pressure required to force  giv-
en volume of fluid into the aggregate whilst the total volume
remains constant. The coefficient C represents the coupling
between the volume change of the fluid and that of the solid.
Both C and M which are related to the terms developed by
Gassman may be expressed in terms of the bulk moduli of
the fid (K7, of the grins (K. ) and of the skeletal frame of
the sediment (K) as c=%:

where D= K(hﬁ[K/K,qH

This frame modulus K, is complex to account for visco-
elasticity of the frame which may contribute to the attenua-
tion of waves in the sediment.

The densities of the sediment and of the fluid are denoted

by p and p, respectively, but the fluid mass term (pyf) is
usually multiplied by a structure factor (g) because ot all of
the pore fluid moves in the direction of the pressure gradient
due to the multidirectional nature of the pores, As a result,
less fluid flows and hence there is effectively a greater in-
ertia.

The last term of the second equation (1)) takes into ac-
count the viscous drag of the fluid, of viscosity , through
the porous medium of permeability k. This assumes Pois-
seuille (laminar) flow of fluid through cylindrical pores.  Biot
incorporated corrections to this term to compensate for de-
viations from Poisseuille flow at *high frequencies and ir-
regularities of the pore structure. The coefficient of the term
¢+ becomes nF(ky/k where

Flx)=

7(x) is the Kelvin function and x is equal to a,/ap, /7 , a be-
ing a parameter with the dimensions of length and de-
pending on the size and shape of the pores.

Dilatational and shear wave equations can be separated as
before and then trial solutions substituted. The conditions
for solution are satisfied by three possible waves - two dil-
atational and a shear wave - and the velocities and attenua-
tion constants computed. (If 7 > 0 their wave numbers are
complex). One of the dilatational waves, the first kind wave,
gives a sound speed value near that of the fluid and is the
sediment wave usually detected. The other wave, the sec-
ond kind wave, is characterised by a lower speed (~100 m/s
in sediments) and has only been detected in a fused glass
bead medium (40].

The feature which distinguishes Biot theory from these pre-
vious formulae is the attempt to make use of fundamental
sediment properties to compute acoustic properties. How-
ever several of the parameters utilised such as the sediment
skeletal frame elastic properties and the parameters pore
size (a) and structure constant (g) are difficult if not im-
possible to specify. In addition, Biot theory applies only to a
uniform medium, which is clearly contravened in real sedi-
ments the properties of which exhibit strong depth de-
pendencies.
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3. MEASURED ACOUSTIC PROPERTIES
The acoustic properties of marine sediments depend on
many of the physical properties of the sediment tself. A re-
cent review of Bachman(9) presents many regressions on
the effects of different properties such as grain size, density,
porosity on acoustic properties, to support widely used em-
pirical equations published by Hamilton (8]

A. Sound speed

Sound speed data is available from both remote and in-situ
measurements. The most authoritative work in the latter
field is that of Hamilton (7] who reviewed measurements
and their relationships with the physical properties of sedi-
ments within the top 30 cm of the sea bed. In these layers
the sediment is in a loose non-consolidated state, hence
frame bulk modulus (Ky) and shear modulus would be ex-
pected to be low, and Wood's equation should hold. How-
ever, the measurements indicated that all sediments have
sound speeds greater than predicted by Wood's equation as
is indicated in Fig.1. Hamilton atiributes the greater than
expected values of sound speed to the existence of rigidity
and frame bulk modulus in the mineral structure of the sedi-
ment. He calculates a new sound speed by replacing the
bulk modulus of the sediment (K) used in Wood's equation,
by (K + 4u/3) where 1 is a shear modulus obtained from
shear velocity measurements on samples or in-situ on the
sea-floor. This will displace to higher sound speeds the
sound speed porosity curve of Wood in a similar manner to
Gassman's formula, but the agreement between theoretical
and experimental results is still far from satisfactory. (As b
is strongly dependent on depth within the sediment, these
modifications are of doubtful value in characterising sound
speeds at depths in sediments.) Figl. aiso shows a Biot
curve at 1000 Hz, with parameters appropriate for a sand
sediment chosen, the most influential being values assigned
to frame modulus. As different parameters should be sub-
stituted for the different sediments utiised in this figure, the
better fit for the Biot curve is more apparent than real.

1:25,

speed ratio (C/Co)

03 04 05 06
Porosity

07 08 09 10

Figure1. Measured values of sound speed ratio (c/c,) plotted
against sediment porosity (from Hamilton [7). Also shown
are the theorstical curves of Wood, Gassman using a
frame modulus of 400 MPa, and Biot using a frame
‘modulus of 40 MPa.

Two features are evident in the data presented in Fig.1
Firstly the sound speed increases with decreasing porosity
at a rate greater than allowed by all the theories employing
a constant frame modulus. This might imply that frame
modulus increased with decreasing porosity, a not un-

reasonable expectation. Secondly, there is considerable
scatter in the data points, there being a considerable range
of sound speed values observed at each porosity value - be-
tween 5 and 10%. Some of this variation can be attributed
to experimental error, in both porosity and sound speed de-
termination, but much of it must be due to differences in
sediment composition, for example, grain size and packing,
affecting frame modulus in particular.

Another factor which may contribute to the scatter is the
variations in frequencies at which the sound measurements
were made. It has been shown that there may be a velocity
dispersion at a frequency dependent on the sediment
permeability and effective pore radius [6]. To accommodate
these discrepancies, many authors [12-14] have introduced
empirical modifications to Woods equation to make it fit
sound speed data and therefore be more useful in predicting
‘sound speeds from porosity or estimated porosity values.

Both wave velocities ¢; and ¢ vary with depth in homo-
geneous sediments, and this characteristic is often included
in underwater propagation models - linear speed gradients
being usually assumed. The main causative effects for
these gradients are overburden pressures and possible
changes in composition of the sediment, and there have
been several studies on this. For example, both Dolmenico
(15] and Taylor-Smith [17] have measured the effects of in-
creasing static load on the sound speed, porosity and shear
wave velocity of laboratory samples of sediments. Their re-
lationships have been used by Ogushwitz (18] to compute
sound speed profiles using Biot theory which have agreed
with the measured data of Gardner et al (9] on Guif Coast
sands, and of Mulholland [20] on ooze from the Ontong-
Java plateau as indicated in Fig.2. Extensive work by Carl-
son et al [21] has also suggested that to a depth of 1.4 km
the physical state of sediments depends on overburden
pressure and temperature. It has also been recently noted

o
W

Depth (m)
g
S
T

1000 2000
Speed (m/s)
Figure 2. Relationship between sound speed and depth of
sediment for an ooze-chalk-limestone sequence - solid
curve from field data, dashed and dotted curves as pre-
dicted from Biot theory with different estimates of porosity
(trom Ogushwitz [18}).
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by Hall [35] that these gradients lead to a coupiing of the
shear and dilatational waves.

Marine sediments are also in general characterised by a
layered structure and may therefore exhibit anisotropy
about the z (depth) axis. This problem has been in-
vestigated most notably by Yamamoto (22), and important
feature being that only anisotropy of permeability seems to
have significant effects.

B. Attenuation constants
Damping of acoustic waves in the sediment can be attrio-
uted to two mechanisms, the visco-elasticity of the skeletal
frame and viscous damping due to relative motion of the
permeating fluid and the solid particles. ~Biot theory can be
used to predict the propagation attenuation, after appropri-
ate values have been substituted for relevant parameters,
such as the viscoelasticity of the frame modulus, perme-
ability and pore size.

Attenuation constants have been measured on many types
of sediment at different sites, many of the results being
summarised by Hamilton [7). Values of attenuation con-
stant () obtained from high frequency (> 10kHz) pulse tran-
sit methods range from .56 dB/m/kHz for very fine sands to
1066 dB/m/kHz for clay silt [24].  Particular attention has
been paid to the exponent n in the attenuation frequency ()
relationship

= bf

b being a constant. The value of n has been found fo vary
from 1.26 for fine sand to 1.0 for very fine sand, silt and
clays. These different values are consistent with Biot's the-
ory - n being greater for high permeability sediments which
may exhibit additional damping in particular frequency rang-
es due to the effects of viscosity.

In recent years there have been a number of low frequency
measurements [25-28,31] which indicated that attenuation
might be as much as two decades lower than the values ex-
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Figure 3. Laboratory and field data of sediment attenuation
constant plotted against frequency. Also shown are curves
of the calculated attenuations of two sand samples based
on Biot theory (from Stoll [29).

trapolated from Hamilton's high frequency data using the
above equation. These discrepancies have been resolved
to some extent by Stoll [29] who incorporated into Biot the-
ory his measured values of frame damping. This is illustrat-
ed in Fig.3. which shows measured attenuation data and the
prediction of Stoll's theory. Recent work at different fre-
quencies by Holland and Brunson [16], and Dunlop [30] are
in agreement with Stoll's predictions.

There is little published data on the variation of attenuation
constant with depth into the sediment, such available data
[10] indicating small changes in the top ten metres of the

4. OTHER ACOUSTIC PROPERTIES

Other acoustic properties might be considered, e.g. the
characteristic acoustic impedance and thus the reflectivity
properties of a sediment interface. A recent analysis (33] of
Biot theory has shown that another wave type - a second
kind rotational or shear wave - can propagate in a porous.
elastic solid such as fluid saturated sediments. However it
is uniikely that either this wave or the second kind dilata-
tional wave will be detected in marine sediments as their
characteristic impedances indicate very small amounts of
energy conversion, although their generation may have
slight effects on reflectivities [6] at interfaces. Analysis of
the reflectivity of the sea floor using Biot theory [34] has also
indicated significant discrepancies in the traditional treat-
ment of the sea-bed as a lossy fluid, some of which are il-
lustrated in Fig.4.

0
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s only —ef
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Angle of incidence
Figure 4. Relationships between the reflection coefficient
and angle of incidence of an acoustic wave incident on a
water sediment interface calculated by applying Biot theory
to a sand sediment, the sand sediment with frame damping
only, and a lossy fluid of the same approximate damping
‘constant (from Dunlop [6).

There have been extensive measurements of shear mod-
ulus and shear waves in sediments [36]. The significance of
the shear modulus gradient in describing the acoustic re-
flectivity of the sea floor has been discussed recently by Hall
35]. The relation between shear modulus and the genera-
tion of other types of waves at the interface, notably Scholte
and Love waves, has also been investigated [37] and this to- .
gether with the connection between low frequency acoustic
waves and seismic activity established by Kibblewhite (38]
has been followed by Stoll's [39] investigation of seismic in-
duced shear waves.
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ence and Technology, Ross Free, in making the announcement said :

1993 Australia Prize

The 1993 Australia Prize for scintifc excellence will bo awarded in the fiel of “Sensory Perception”. The Minister for Sci-

“Sensory perception covers scientific enquiry Ino perosptual and sensory mechenisms and processes associated with sight,
‘sound and other senses in humans and animal
Italso covers ways that this knowledge can be applled to mimic, extend or replace parts of such sensory systems”.

The Australia Prize is an international award of $250,000 for an outstanding achievement in a selected area of science and
technology promoting human welfare.
it was first awarded by the Federal Government in 1990.

Mr Free said the Australia Prize showed th

ellence in science and technology,

and recognised the significance of applying the resuits of coniic resoaren n (oday ‘s world.
Nominations for the Prize had already been sought worldwide and the winners will be announced in January 1993.

(Laboratory News Aug '92)
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Ocean Acoustic Thermometry
- The Heard Island Feasibility Test, 1991

A. M. G. Forbes
CSIRO Division of Oceanography,
Hobart, Tasmania

temperature of the interior of the ocea

Abstract: In January, 1991, a feasibility test of a new method of measuring global ocean temperature was
conducted off remote Heard Island in the southern Indian Ocean. For five days, low frequency acoustic sig-
nals were transmitted from an underwater source to a number of hydrophone receivers around the world. A
varisty of coded signals were broadcast and travel-times measured to establish whether a future global net-

work could use the observed varibilly of such acoustic travehtines to dodica very smal change in the

1. INTRODUCTION

In 1989, Munk and Forbes proposed a novel solution to the
problem of observing long-period changes in global ocean
climate. They hypothesised that long-range acoustic trans-
missions (of order 10 Megametres) could be used to meas-
ure path-averaged temperature in the interior of the ocean
simultaneously along many different paths . With an ap-
propriate number of sources and receivers, such measure-
ments would yield valuable information about the response
of the ocean to atmospheric warming brought upon by, for
example, increases in CO, and other "greenhouse" gasses.

Munk and Forbes' suggestion that an experiment be con-
ducted to test the feasibility of the idea resulted in the Heard
Island Feasibility Test (HIFT) of January, 1991. An outine
o the experimental design, its conduct and preliminary re-
sults follow.

2. BACKGROUND

The idea that low-frequency long-range acoustics might be
used to measure path-averaged temperature in the ocean
sprang from Munk, O'Reilly & Reid's [1988] re-examination
of a 1960 experiment by Shockley et al. [1982] in which 300
Ibs of explosives were detonated near the sound axis off
Perth, Wester Australia. Signals from this event were re-
corded on axial-depth hydrophones cabled to shore in Ber-
muda, 18 Mm distant, 3.7 hours later. The success of such
transmissions depends on both source and receivers being
at or near the axis of the sound (SOFAR) channel. The SO-
FAR channel constrains (by refraction) acoustic rays from
spreading vertically, so provides a low propagation-loss
waveguide. Its axis is typically 1500 m deep in equatorial
waters, 1000 m in temperate waters and rises close to the
surface at high latitudes. Sound speed is a minimum at ax-
ial depth (Figure 1), so although acoustic energy which
propagates axially is the last arrival in ray terms, over near-
antipodal distances, these shallow rays may be the only
ones to survive.

Accurate timing of the arrivals of acoustic signals over such
ranges is essential to mapping temperature changes at ax-
ial depth. A warming trend of 5 m°Clyear at 1 km depth (@
typical result of doubling CO, in numerical models of cou-

pled ocean-atmosphere circulation) would reduce travel

Sound Speed (m/s)

1480 190 1500 1510

Surface duct

—== Mid latitudes

2000-]

Depth (m)

4000

Figure 1. Generalised vertical profile of sound speed in the
ocean. Acoustic thermometry takes advantage of the deep
‘sound (SOFAR) channel axis.

time along a 15 Mm path by 150 ms. Techniques for de-
termining arrivals to within an accuracy of 1 ms over 1 Mm
range have been established for a decade in acoustic to-
mography [Spindel & Spiesberger, 1981, Munk & Wunsch,
1982). Although 1ms pulses spread to 10 ms after 1 Mm
travel in the ocean, tomographers depend on signal to noise
ratios of about 20 dB to measure travel times of individual
arrivals to about 10% of their width or 1 ms. At 15 Mm
range, 1 ms pulses are expected to have spread to 150 ms,
so with similar 20 dB SnR, our travel time resolution should
again be 10% or 15 ms. This should be sufficient to detect
a CO, -induced reduction in travel time of 150 ms in the
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presence of meso- and gyre-scale mms fluctuations (with
time scales of months) which models show are of order 1 s.

Explosives are clearly not the acoustic source of choice but
electrically driven acoustic sources are now available which
will project phase- and amplitude-controlled low frequency
energy (57 Hz, 208 dB re 14Pa) over reasonable bandwidth
(+11.4 Hz). How did we use such sources in HI

3. CONDUCT

The first and most critical decision was to select a trans-
mission site which would provide the maximum number of
independent acoustic paths 1o existing receivers, supple-
mented by a number of ‘receivers of opportunity". Re-
fracted geodesic ray paths from a number of potential
source sites were computed, allowing for horizontal re-
fraction due to the poleward decrease of sound speed at ax-
ial depth. The source's operational depth limit was nominal-
Iy 300 m, 50 a site where the sound channel axis was also
shallow, and which permitted unimpeded  transmission
paths into the Atlantic, Indian and Pacific Oceans was cho-
sen at latitude 53° 25' S, longitude 74° 30' E, 70 km south-
east of Heard Island

Communication between the source ship and 16 receiver
sites (many of which were also ships) could not be guar-
anteed, 50 a firm transmission schedule was agreed upon
and adhered to irrespective of delays or interruptions due to
adverse weather or equipment failure. Table 1 lists the dai-
Iy transmission schedule and signal characteristics. The
signal characteristics were designed in detail by T.G. Bird-
sall and K. Metzger at the University of Michigan [Birdsall &
Metzger, 1986).

Table 1. HIFT Signal characteristics and transmission schedule
Start Times (GMT)  Signal Type  #zDf(Hz)  Digits/Q

0000 , 1200 ow

0300 , 1500 Pentaline 57/57 310
0600 , 1800 M-Sequence  57/11.4  255/5
0900 , 2100 LongM-Seq.  57/11.4  511-2047/5

CW (single frequency) signals were sent continuously for
one hour periods so although they could not be used for
precise timing of arrivals they were the most robust indicator
of the presence or absence of signal at extreme range.
Two types of phase-modulated (+ 45°) coded signals, Pen-
taline and M-sequence, were used. These codes leave half
the power in the carrier. The Pentaline contained five major
spectral lines easily identifiable with simple FFT processing
at any receiver site. The M-sequences were designed spe-
cifically for coherent processing which has the potential for
resolving ray-like arrivals, collapsing time-dispersed mode
arrivals and measuring their amplitudes and stabiliies in-
dividually.

‘The duration of each transmission was one hour, with a two
hour period of silence between each transmission. This al-
lowed the receivers to be certain of when they should and
should not be receiving HIFT signals.

The above schedule was planned to operate for ten days,
but equipment failure and bad weather forced an inter-
ruption after two days and a complete halt after five days.
Figure 2 shows the time line and intensity of each trans-
mission.

The source was actually a vertical array of five transducers
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Figure 2. Timing and intensity of the HIFT transmissions.
There was a 39 hour period of silence centred on January
28 while repairs were made to the acoustic source array.

each separated by about 8 m, centred at the axial depth of

. They were driven in phase but due to their less-
than-ideal separation (1/2 1 at 57 Hz is 13 m), did not form a
particularly well-behaved horizontal beam. The general de-
crease in total intensity from start o finish is the result of
steady attrition of sources from five on Jan 26 to one on Jan
31. Nevertheless, sufficient energy entered the sound chan-
nel to propagate halfway round the world, westward to Ber-
muda (and even to Nova Scotia) and eastward to California,
even with only one source operating.

4. RESULTS

A map of the successful paths is shown in Figure 3. At most
of the receiving stations the answer to the first question (is it
loud enough?) was emphatically, yes (measured signal to
noise ratios were in the range 5-35 dB). An exception was
the Japanese receiving ship operating near Samoa. Al-
though the New Zealanders in the Tasman Sea had good
receptions, the signals apparently did not reach Samoa.
Further evidence came from the west coast of the USA,
where receivers with beam-forming capability showed that
the received energy came from around the south of New
Zealand, and not through the Tasman,

The second, and more important question was - can we re-
solve the signals well enough to achieve the required ac-
curacy of 15 ms in travel time? The answer to that question
is more complex. The sources were moving, suspended
from a ship, 5o that horizontal accelerations in the ship's mo-
tion induced non-linear doppler shifts in frequency at the re-
ceivers. Processing the received M-sequence signals was
as follows: complex demodulation, doppler identification and
compensation then sequence removal. After perfoming
these analyses on the Ascension Island receptions, the re-
sulting time-resolution is about 100 ms. Removal of the ef-
fects of modal dispersion holds the key to reducing this clos-
erto 15 ms. This s siill curently being pursued.

Three examples of receptions at Ascension lsland are
shown in Figure 4, one for each of the three signal types, to-
gether with the spectrum of the transmitted signals. Note
the onset of arrivals at 13 minutes after the start of re-
cording, and the equally sharp cutoff after one hour of trans-
mission (at least for the M-sequence). At carrier frequency,
an “afterglow" persists which masks the cutoff for the CW
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Figure 3. Successtul transmission paths from Heard Island to receivers i the Atlantic, Indian and Pacific Oceans.
The dashed portion of the Heard Whidbey path is in doubt.

Heard-Ascension

Figure 4. An hour-long example of each type of signal as re-
ceived at Ascension Island. To the right s the spectum of
each transmitted signal.

and Pentaline, but its amplitude is markedly reduced, as
shown in Figure 5. This low amplitude, late arriving energy
is probably from a number of diffuse reflectors along the
path, not a single point reflection, so t's path remains un-
identified.

If we look in the time-domain at “dot plots* which represent
the persistence of individual arrivals, we see that coherent
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Figure 5. Detail of a one hour's reception of an M-sequence
signal at Ascension Island. The bin shift (1 unit = 0.0139 Hz)
ts the Doppler shift due to source-ship motion.

op—

integration should be possible for periods of 10 to 20 min-
utes at a typical station such as Ascension Island (Figure
62) and for nearly an hour at Christmas Island (Figure 6b).
The difference in the coherency time scales is almost cer-
tainly due to the undisturbed path from Heard to Christmas,
while the Heard to Ascension path must pass through the
eddy-rich region spawned by the Agulhas Retroflection,
south of the Cape of Good Hope.
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Figure 6. Arrival time dot plots for one hour's reception at Ascen-
sion (a) and Christmas Islands (b). Note the longer persistence
of individual arrivals at Christmas than at Ascension Island. Del-
tatau is the time delay (in seconds) of arrivals relative o a refer-
ence time which has been corrected for source-ship motion.

Two vertical hydrophone arrays were deployed during HIFT,
one off Southern California and the other off Bermuda,
which were designed to allow the separation of vertical
modes (if any survived further than 10 Mm). The one off
Bermuda was recovered after some months and un-
fortunately did not contain any data, but the one off Cal-
ifornia did contain some useful records. They show that

some higher order modes appear to have survived the
trans-Pacific path, although precise modal identification is
difficult

5. CONCLUSIONS

The feasibilty test has shown several key points:

. Near-antipodal transmissions are possible with electri-
cally-driven sources

Future sources could be as quiet as 195-200 dB re
1uPa, but must be more reliable than anything currently
on the market

Single-hydrophone receivers are adequate, but mode-
resolving vertical arrays are needed at some strategic
points to improve travel time resolution to that needed
to detect climate change in the ocean

A small number of widely distributed sources are re-
quired to obtain adequate coverage of the large shadow
zones left by HIFT
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Reflectivity Of Sand Seabeds At A Frequency

Of 10 Hz

Marshall V. Hall
DSTO Maritime Operations Division
Jones Bay Road, Pyrmont, NSW 2009

Abstract: Acoustic transmission loss in shallow water is sensitive to the plane-wave reflection coefficient
(R) of the sea-floor, which can be affected by the shear modulus profile. For the purpose of demonstrating
this effect, marine sand is modelled as a visco-elastic, one-phase medium in which density is constant, the
first Lame modulus (3) is constant, and the shear modulus (G) is isotropic and increases with depth in ac-

cordance with the results of relevant Such a medium is s0 the shear (S)
and compressional (F) displacement potentials do not in general satisfy separate wave equations. De-
termination of R therefore requires a fundamental analysis of the equations of elastic motion, which has
been achieved using Richards’ method of weakly-coupled potentials. The resulting model, called SAMEC,
is applied to a geoacoustic profile for coarse sand (36% porosity), at a frequency of 10 Hz. The profile was
derived using the Iwaski-Tatsuoka model for Real (G), and the Biot-Stoll model for A and Imag (G). The ra-
tio /Ry, where Ry is reflectivity calculated by modelling the seabed as a liquid, is always less than unity.

This ratio is a minimum at grazing angles of about half the critical grazing angle, and at these angles its val-

ue (at 10 Hz) is -0.2 dB. For transmission of 10 Hz sounds in water 200 m deep, over a coarse-sand
seabed, the corresponding effect is to increase the Transmission Loss at 100 km range by 13 dB.

1. INTRODUCTION

Sound transmission in the ocean is affected by the re-
flectivity (R) of the seabed, especially in shallow water. This
paper considers a sand seabed and the depth dependence
of its shear modulus, and addresses the effect of coupling
between compressional and shear waves on its reflectivity
It will be shown that long-range Transmission Loss is sen-
sitive o this effect. Attention will be focussed on the lower
boundary of the audio-frequency band, namely 10 Hz. The
effects of roughness of the sea-floor will be neglected, since
only extremely rough sea-floors would cause significant
scattering at a frequency of 10 Hz

Only one type of seabed will be addressed, namely a half-
space of unconsolidated uniform coarse sand grains. Shal-
low reflecting layers (presumably of consolidated grains) of-
ten occur in continental shelves, but their effects are beyond
the scope of this paper.

The acoustic properties of the seabed are the terms that are
substituted into the wave equation and the boundary condi-
tions in order to determine its reflectivity. In general, these
properties are the profiles of the density and the elastic
moduli. The density py of unconsolidated seabed is either
measured or calculated by averaging the densities of the
granular material, pr, and the pore water, py, taking into ac-
count the porosity f of the seabed:

Pb=Bpw+(1-B)pr (O]

Under the assumption that the elasticity at any point is iso-
tropic, only two elastic moduli are required, and of those
available the bulk (B) and shear (G) moduli wil be dis-
cussed. A third parameter, the Lame modulus (hp), will
sometimes be refrred o, Thia modus i relsled to B and
G by [Pollard, 1977, p. 1

B=Ap+23G

2. ELASTIC PROPERTIES

The resuits of many measurements have indicated that the

shear modulus of an unconsolidated granular medium de-

pends on P, the average of the three orthogonal inter-grain

pressures, or “confining pressure" [Stoll 1989, p. 89):
G=LPS, @

where the coefficient L is independent of Pc. Typical results

for the exponent p have lain between 0.4 and 0.6. According

to Contact theory [Stoll 1989, p. 54], p = 1/3. For their lowest

strain of 10%, Iwasaki and Tatsuoka [1977] concluded from

msu measuremems that

p=

and mm (converted to S.1. units),

L=900 2

-e) (10406, 0.61<e<086, (3)
T+e

where ¢, the void ratio, s related to porosity by e = /(1 - ).
[The corresponding range of porosities for Eq. (3) is 0.38 <
<0.46].

The confining pressure within a granular medium is calculat-
ed as follows. For a medium under its own weight only, and
for constant pp, the vertical inter-grain (effective) pressure at
depth z s given by 1:

Pe(z)=(Pb ~Pw)8 2. “@
where g is gravitational acceleration. In terms of the Lame
modulus A and shear modulus G, Hooke's law for stress aik
in an isotropic medium may be written [Pollard, 1977, p. 14]:

Oik =Ap (€11 + €22+ €33) Bik + 2 G i,

where e are the strains. Since there is no horizontal normal
strain (e11 = 0 and €22 = 0), the resulting vertical normal strain
£33 is given by

-Pe(2) =033 =y +2G) €33,
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and the horizontal pressures are each given by
-Ph(@)=011=022=2pe33
The average of the three pressures is therefore:
Pe(2) =~ (hp + 23 G) €33
M +2G/3 Pe(2). ©®)
% +2G

‘The numerator and denominator in Eq. (5) are the bulk and
plane-wave elastic moduli respectively.

From Egs. (2) and (5), it can be seen that G depends on Pc,
which in turn depends on G. Obtaining the G(z) profile is
therefore not a straightforward process. Near the sea-floor
however, G << Ap, and Pc in Eq. (2) may be replaced by Pe,
which is given by Eq. (4).

At the sea-floor (z = 0), the inter-grain confining pressure is
zero and the shear modulus there, denoted by G(0), is also
zero. Since seabeds are two-phase coupled media (com-
prising water and solid grains), there are two bulk (or com-
pressional) waves, called the first and second kind waves.
The corresponding bulk moduli wil be denoted by Bj and
B2 respectively. Since G(0) = 0, the bulk modulus of the first
kind of wave at the sea-floor, By(z=0), is obtained by aver-
aging the compressibiies of the granular material (By 1) 2
and the pore water (By!), to give the Wood (1941) equa-
tion:

1/B1(0) = B /By + (1) /By .

At depth z beneath the sea floor, By(z), which is quasi-real
(Imag By << Real By), is given approximately by

B1(2) = B1(0) + AB(2) ,

where AB(z) is the Bulk modulus of the granular structure if
it were in a vacuum but subjected to the same confining
pressure. AB is proportional to G (which is unaffected by the
presence of liquid), and the coefficient of proportionality de-
pends on the grain packing and the elastic Poisson ratio of
the granular materiald. Data cited by Hamilton [1976] for the
compressional and shear speeds in unconsolidated sea-
beds indicate that these speeds vary with confining pres-
sure in such a way that Ay is slowly varying, at least for
depths up to the order of 100 m.

The dispersion in the three elastic moduli (B, B, and G)
and the corresponding Kramers-Kronig causality peaks

the spectra of their imaginary parts are calculated from the
seabed’s geophysical properties using the Biot (1956] por-
ous medium theory as developed largely by Stoll [1989].
From examples presented by Yamamoto [1983], it can be
seen that the bulk modulus of the second kind of wave (B2)
is proportional to G and increases with frequency, but
whereas G is quasi-real, By at low frequencies is quasi-
imaginary (Real B; << Imag By). Since [B2 | = 0 atz =0, its ef-
fect on water-bore sound should be small: as frequency
decreases the longer waves sense the value of B; at great-
er depth, but this is offset by the frequency-dependent de-
crease in B)

A useful list of the 13 geophysical inputs required for the
Biot theory has been presented by Holland and Brunson
[1988). Some of these properties, such as structure factor
(e porosity, permeailty, and poresiz (), aro corclaled
with The Biot/Stoll theory gives plausible pre-
dictons for & siucturo of unform spheres, but its extension
to a wide variation in grain sizes or grain shapes is not yet

on a firm footing. Porosity may be estimated from the mean
grain-size using the scatter-diagram published by Hamilton
and Bachman (19825, but in actual seabeds there is a
spread in grain-size and grain-shapes.

3. THE REFLECTIVITY COEFFICIENT

Since the seabed is a solid, both vertically polarized shear
(8V) and compressional (P) wave motions are excited in it by
an incident compressional wave. In a heterogeneous solid
medium the SV and P displacement potentials do not in gen-
eral satisfy separate wave equations [Richards, 1974). Gra-
dients in the G(z) profile cause continuous coupling between
the P and SV vibrations, the significance of which increases
as frequency decreases (longer wavelengths will sense a
larger value for G) &

Determination of R therefore requires either: () that the
seabed i

layers and the separate wave equations solved using the
‘Thomson-Haskell method - e.g. Fryer (1981]; or (i) that a
fundamental analysis of the equations of elastic motion be
undertaken. The latter has been achieved [Hall, 1990] using
Richards' [1974] method of weakly-coupled potentials. In
Hall's reflectivity model, py is assumed to be independent of
depth, and Ay is given by

Ab(2) = Ao + mG(z)

where m is a constant’. For the G(z) profile as given by Eq.
(2). the derivative G'(0) does not exist (since the exponent p
<1)8.In order to obtain an analytic function for G, and one
for which the second derivative at the sea-floor is zero, as is
required to keep the analysis tractable, G is modelled by:

Gz)= — Tz (©)
(1 +k2z2/D2P3 |

where D is the grain diameter, and k is around 4 9 . The in-
itial gradient I" is chosen so that Eq. (6) will be consistent
with Egs. (2) and (5) at z >> D. In the mathemalical analysis,
the depth component (2) of the P displacement potential in
the seabed satisfies a second order linear differential equa-
tion whose coefficients are functions of G and its derivatives
up to third-order!0. An expression for R is obtained by re-
quiring the fields to satisfy the boundary conditions (continu-
ity of normal particle displacement and normal stress) at the
sea-floor.

Since the real part of G increases without bound as depth
becomes infinite, there is no loss of either compressional or
shear energy to infinite depth 11.

The geophysical properties for the case of a uniform coarse
quartz sand (Mean grain diameter = 0.7 mm [0.5 ¢-uits],
standard deviation = 0), underlying a water medium whose
density and sound-speed are 1024 kg/m> and 1520 m/s re-
spectively, were calculated as: porosity, = 0.36 [Hamilton and
Bachinan, 1982); density = 2065 kg/m? [Eq. (1)); and static
permeability = 3.2 x 10-10 m2 [Holland and Brunson, 1988].
By solving the resulting (quadratic) compressional frequency
equation (Stoll, 1989, p. 15) at 10 Hz, the compressional
sound-speed cp at the sea-floor has been found to be cy(0)
= 1693 +i 9 mis. The shear frequency equation [Stoll, 1
p. 19] is solved for shear-speed cq at an aitrary large
depth. The corresponding value of G is pp cs2, which when
substituted into Eq. (2) yields L = (1.47 + i 0.018) x 106 SI
units.
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The corresponding result calculated from the reflectivity
model is shown in Figure 1 as a function of grazing angle.
The solid curve shows the reflectivity obtained when
coupling between the P and SV waves is included, while the
dashed curve shows the approximate result obtained if the
coupling is neglected. It can be seen that neglecting the
coupling over-estimates |R|, particularly at about half the
critical grazing angle, where the difference is 0.2 dB. At high-
er frequencies the effect of the coupling would be less, be-
cause as the wavelength decreases the wave senses a low-
ervalue of G.

0 —
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o o o

Reflection coefficient
222 =

2

°

5 10 15 20 25 30
Grazing angle (deg)

3’ W0

Figure 1. Reflectvity vs Grazing angle of a coarse quartz

sand at frequency 10 Hz. Key: —_ Cou prmg
between P and SV waves included;
Coupling neglected.

An interesting feature of the reflectivity results is the differ-
ence between the calculated critical angle at the sea-floor
and the apparent critical angle from the curve. The reason
for this is that at low-frequency, the absorption is small and
the waves refracted at significant depths make a significant
contribution to the reflection. Thus at 10 Hz the apparent crit-
ical angle is about 32°, whereas the sea-floor critical angle

On running the normal-mode program STOKES [Hall, 1992]
with a water depth of 200 m, Mode 1 at 10 Hz was found to
have a damping rate of 0.213 dB/Km, whereas the no-
coupling approximation resulted in a value of 0.086 dB/Km.
Over a range of 100 K, the difference in TL should there-
fore be 13 dB. This is borne out by the example calculation
of TL shown in Fig. 2 (for which the source and receiver are
both at a depth of 50 m). At 100 K, the correct TL s 102 dB
and the no-coupling approximation predicts a TL of 89 dB.
Figure 2 can also be used to examine the impact that ne-
glect of coupling has on detection ranges. If the threshold
TL for detection were, for example, 85 dB, then the cor-
responding detection ranges would be 67 and 40 Km re-
spectively. Neglect of coupling in the seabed can therefore
result in a significant over-estimation of the detection range.

50

48)

8

Transmission Loss

120

0

0 20 30

8 %0 100

6
Horizontal range (Km)

Figure 2. Transmission Loss at frequency
10 Hz in water of depth 200 m over a coarse quartz sand
seabed. Key: as for Fig. 1

5. CONCLUSIONS
(a) An intrinsic property of an unconsclldated seabed is that

is arcos (1520 /1693) = 26°. At higher , with high-
er absorption, sub-bottom refraction will be negligible and
the apparent critical angle will merge with the sea-floor val-
ve.

4. TRANSMISSION LOSS IN THE WATER
CcOoLUMI
Although an error in reflectivity of 0.2 B over a limited range
of angles does not appear to be significant, it can be im-
portant for long range Transmission Loss (TL) in shallow
water because the number of reflections will be large. Most
normal-mode TL models require the geo-acoustic pa-
rametsrs of the half-space to be specified as constants with-
in a small number of layers. In order to replicate the re-
ﬂectmty curves shown in  Fig.1, geo-acoustic
parameters for cases with and without coupling were given
values as follows 12 :

Coupling Included ~ Coupling Neglected
Compressional Speed (mis) 1792 419 179241
‘Shoar Speed (mis) 32402 0+i0

clastic moduh. There & therefore mupllng between the
shear and compressional waves.

(b) For coarse sand at a frequency of 10 Hz, omission of this
coupling can increase the predicted seabed reflectivity by
0.2 dB, and cause long-range Transmission Loss to be sig-
nificantly under-estimated.
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FOOTNOTES

1 the hydrostatic pressure is subtracted from the total pressure
since it does not contribute 10 the inter-grain stress (ifthe grain den-
sy yore ‘equal to the water density, the inter-grain stress would be

2is of morest m i conke o compare the properies of calcla
and quartz edominant minerag i marine sand). Therden-
Sies v simiar (5170 and 4 respecively), whereas their
Bk modu are qute dferent (77 and 36 GPa)
portant to also know the mineralogy of a seabed.

fence it is im-

3 For face-centred cubic packing of uniform spheres (B =
AB= 2/3 G (independent of the grain Poisson ratio V) and the
depth-variation in Lame Modulus (&%) beneath the sea-floor is zero.
For simple cubic packing (=

(2.v1 Gand Ak =
EETRY

.260),

- G (For quanz, V=0.15)

4 The Kramers-Kronig relations between the real and imaginary
parts of a coeffcient of proportionality between a cause and an ef-

fect, such as a modulus of elasticity, are derived from the conditions
that the cause and effect are both real functions, and that the effect
cannot precede the cause.

5 Care must be taken not to apply their regression equation 10 a
seabed whose mean grain-size is coarser than 2 ¢, for which it will
predict 100 low a porosity (as can be seen from the scatter-
diagram).

8 Conventional analyses (Stoll, 1989) treat the sediment as homo-
geneous and therefore predict no coupling between the fast bulk
wave and the shear wave.

7 For simple cubic packing of grains, m =
(for quartz grains, m = 0.177)

8 A simple way to handle this singularity would be to represent G(z)
by a Heaviside step function at the sea-floor (2=0), but there is no
bvious choice for the constant value to be ascribed to G.

v

9 On the basis that, for simple cubic packing, the grains in the first
layor ouch 516 3s many gain as those n tho undering yors. so
e shear modulus at depth D/2 should be reduced by that factor (in
addmm o lhe variation in confining pressure), it can be shown th:
=4(9-9) ,in which d = (6/5)'/03 (giving k = 3.8
6.1

10 Quasi P and S potentials in the seabed satisfy (coupled) second
order linear differential equations. By requiring displacement and
stress to satisfy boundary conditions at the sea-floor, an expression
is derived for R that includes, amongst other things, gradient G'(0)
and ratio Z(0) /2/(0), where Z(z) is the quasi P potential function.
Providing G* (0) = 0,R s independent of the quasi S potential. In the
Born approximation, Z(0) /Z'(0) is unaffected by coupling 10 or from
the quasi S wave. The inital value of Z(2) /2)2) at a large depth is
obtained by converting the second-order d.e. to a Helmholtz equa-
tion (the coeficient of which depends on G and it derivatives
through to fourth order) and solving this using the WKB method
The ratio Z(2) /2(2) is given by a Riccati expression that is in-
tegrated numerically from the large dept to the sea-fioor.

111 G and A,, @ both real, there is no loss of sound energy to
heat, and |R| = 1 at any grazing angle.

12 The sound-speed in the water column was set to a constant
1520m/s. ¢, = 1520/cos 32°, imag (cs) was obtained from the Biot/
Stoll model. and real (c.) was determined so as to match the ro-
flectivity curve in Fig. 1. at the angle where the difference between
the two curves is the greatest (namely around 15°).

The Ultimate Limits of Lithography

In 1959 the celebrated physxcs Nobel Iaureale Richard Feynman first posed the question: “Why can't we write the En-

cyclopaedia Brittanica on a

ron beam could be focused to a spot only one atom in diameter, he rea-

soned, then it might interact Vi mdividual aloms on a surface and writing on an atomic scale would be possible.

Recent advances in electron optics have now made this feat possible. A group at Cambridge University have used a focus

electron beam (diameter of beam 0.5 nm) to write a portion of the Encyclopaedia Brittar

nica sufficiently small to demonstrate

that the entire Encyclopaedia could indeed be put on a pinhead. The same technique has been used to write the Institute of
Physics logo by cutting dots through a piece of amorphous aluminium oxide 50 nm thick. Each dot has a diameter of 5 nm
which is 50 times smaller than currently possible with conventional optical lithography.

Advances in lithography have enabled dramatic progress to be made in microelectronics. In 1960 there was one device

silicon chip - now there can be over 50 million. The potential to produce structures ten times smaller than currently avallable

will greatly increase the power of semiconductor technology. If structures 100 or 1000 times smaller can be produced a new

breed of quantum device may be possible. Nanometre-scale lithography will also be increasingly used to develop nano-
structures for biological and medical apphca ions.

(Extracted from ‘Ultimate limits of lithography’ by C Morgan, G S Chen, C Boothroyd, S Bailey and C Humphreys in Physics
World, November 1992).
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Acoustic Bottom Backscatter Measurements At

High Frequencies

M.W. Lawrence, J.L. Thompson, M.J. Bell
Materials Research Laboratory,

Defence Science and Technology Organization,

Pyrmont, NSW, Australia

acoustic frequencies of 100 kHz

scribed.

Abstract: The backscatter of acoustic energy from the sea floor has been measured in shallow water, at
and 200 kHz. Measurements are reported for a location off Cairns with a
‘muddy-sand bottom with extensive bioturbation. Measurements were made as a function of acoustic graz-
ing angle and azimuth. Site environmental measurements were also made, to characterize in detail the
area of the acoustic measurements. The equipment developed for these measurements is briefly de-

1. INTRODUCTION

The backscatter of acoustic energy from the sea floor is of
significance to the performance of active sonar systems.
The backscattered energy gives a background signal
against which a sonar must work. Experimentally de-
termined bottom backscattering strength has been reported
by a number of authors, including Mckinney and Anderson,
[1] Boehme et al [2] and Stannic et al. [3] Since the basic
processes involved in high-frequency bottom backscattering
are not completely understood, direct measurements of this
parameter are required in order to help in the development
and verification of models. The measurements reported
here are the first measurements in the Australian region of
bottom backscatter at such high frequencies.

This paper briefly describes the equipment used to make the
backscatter measurements, the measurements themselves
and the supporting environmental measurements. The
acoustic measurements were performed over a range of
grezing englesfom 2"t 0", Azimuthal dopendancs of e

report the attitude of the structure, and with a compass to re-
port the orientation of the structure.

backscatter was also
aassramerta. ouded sca semm  soner” survey,
Spesd prfis, sediment sampies &nd stereo photagraphy.

2. EQUIPMENT

Two distinct sets of apparatus were used to collect data on
botiom backscattering. In both cases the apparatus was
mounted on the sea floor and used a mechanism for moving
directional transducers so as to ensonify the sea floor at dif-
ferent angles. The electronic package used for controling
the experiment and collecting the data was the same for
each case.

The first set of apparatus, known as the tower, was based
on a structure consisting of a metal frame-work tower mount-
ed on a steel reinforced concrete base (Figure 1). The
transducers were located at the very top of the tower on a
pan and tiit mechanism which allowed the transducers to be
trained in elevation and azimuth. The underwater elec-
tronics package was mounted within the metal structure.
The centre of the transducers was 4.84 m above the sea
floor, the concrete base was 1.55 m wide, and the tower ta-
pered to a width of 0.40 m at the base of the pan and tilt
mechanism. The tower was instrumented with tilt sensors to

Figure 1.

of tower on sea floor, showing
umbilical to surtace.

The tower allows measurement of bottom backscattering
strength as a function of grazing angle, with measurements
able to be made at grazing angles from 50° o 25°. Itis in-
herent in this technique that the region of the sea floor being
ensonified is not identical for each grazing angle. The ability
1o sweep the transducers in azimuth allows the variation of
backscatter with azimuth to be investigated.

The second set of apparatus, known as the frame, was
based on a structure of a metal frame-work cube of ap-
proximately 3 m on each side (Figure 2). Attached (o the
base of the cube was an Arame which could be rotated
about an axis close to the sea floor. The transducers were
mounted at the tip of the A-frame with the acoustic axis of
the transducers aligned with the direction of the A-frame.
Thus as the A-frame was rotated, the grazing angle of the
acoustic energy at the sea floor also changed. The distance
from the face of the transducers to the axis of rotation was
2.22'm. The frame was also instrumented with tit sensors
and a compass. It also had a video camera and flood light-
ing. A stereo camera pair was mounted so s to obtain ster-
o photographs o the region of acoustic backscater.

Acoustics Australia
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Figure 2. Arrangement of frame on sea floor, showing
umbilical to surface.

The frame allows measurement of bottom backscattering
strength as a function of grazing angle, with measurements
able to be made at grazing angles from 90° to 2.5°. The ad-
vantage of this apparatus is that the region of the sea floor
being ensonified remains approximately the same for each
grazing angle. A disadvantage is that the short range of
acoustic transmission results in only a small patch of the
sea floor being ensonified; this means that the results may
be less representative than resuls obtained from relatively
large ensonified patches. The frame has no capability of
sweeping the transducers in azimuth.

Separate, adjacent transducers were used to transmit and
recive the acoustic energy. Each transducer had a single
circular slab of piezoelectric ceramic as the driving element.
Two transmit/receive pairs were used, one at a frequency of
100 kHz and the other at a frequency of 204 kHz. The
beamwidth of the 100 kHz transducers was 14° and of the
200 kHz transducers was 8° on the tower and 12° on the
frame. The beamwidths at the two frequencies, for the
frame, were deliberately chosen to be similar in order to
measure the bottom backscatter from essentially the same
patch of sea floor.

The apparatus on the sea floor was controled by a set of
electronics mounted in a pressure tight housing. At the core
of this electronics was a PC-compatible computer. This
computer directly controlled such items as the transducer
transmit signal, the pan and tilt mechanism, the A-frame
mechanism, and the stereo camera. It also monitored the
readings of the inclinometers, the compass, and the position
of the moving items.

The acoustic transmit signal was sent out as a short pulse
of energy. The mode of the transmitted pulse could be se-
lected between continuous wave or frequency-modulated.
The transducer transmit signal was entirely generated in
this sea-bed apparatus, with the centre frequency, puise
length, mode type, and mode characteristics (such as
length of FM sweep) all being set via the wet-end computer.

The wet-end electronics was connected to the ship by an
umbilical cable. This cable served to directly relay the
acoustic retumns to the dry-end electronics on the ship, and
also served to pass control and monitoring messages be-
tween the dry-end and the wet-end. At the dry-end, there
was one computer for control and monitoring of the experi-
ment, as well as a second computer for digiizing and log-
ging of the returned acoustic data. The acoustic signal was
rectified and low pass fitered to 20 kHz before being di-

gitized at 10° samples per second and stored on optical disk
for later analysis.

Calibration of the acoustic measuring system was per-
formed in a configuration with the transducers facing each
other, separated by approximately 3 m (which is well be-
yond the near-field distance for these transducers). By
passing a signal through the entire system, the calibration
directly included all elements. The remaining effects to be
allowed for in the actual backscatter measurement are the
acoustic path (spreading and absorption effects) and the en-
sonified area on the sea floor.

3. EXPERIMENTS

The experiments were carried out using the vessel HMAS
Protector in three locations off Cairns (latitude 16°S) in north
Queensland. This region is tropical and has a muddy-sand
sea fioor showing evidence of considerable bioturbation.
There are no discernable ripples or other periodc features,
but many burrow-holes and mounds are evident, the size of
which varies from a few millimetres up to 0.5 m or more in
length.

Measurement of sediment samples from the sites of the ex-
periments showed the sediment to be mostly mud, with the
peak value of ¢ varying from 3 at the shallowest site to 5 at
the deepest site (¢ is a logarithmic measure of grain di-
ameter, with ¢ values of 3 and 5 corresponding to grain di-
ameters of 0.12 mm and 0.03 mm respectively). The water
depths were between 22 and 56 m at the various sites.

Prior 10 the bottom backscatter measurements, a side-scan
sonar survey was made of each area. Mosaics were con-
structed from the side-scan paper records and the sites for
detailed measurements were selected by referring to these
mosaics. Sites were chosen on the basis of being repre-
sentative of the area and being uniform over the region en-
sonified during the backscattering measurements.

Measurements of bottom backscattering strength were
made while sweeping the grazing angle and also (using the
tower) while sweeping the azimuthal angle. Measurements
were made at a number of locations in each region.

Grazing angle was varied by setting the transducer titt to the
desired elevation. Between 0° and 15° the grazing angle
was incremented by 2.5° steps. Above 15° grazing, the in-
terval was 5°. The actual grazing angle of transmissions
was calculated by taking into account the transducer tiit and
the structure inclination in X and Y directions (orthogonal in
horizontal plane)

The length of sample recorded was varied with grazing an-
gle, ensuring that it always extended beyond the time inter-
val of the retum. At each grazing angle, acoustic retumns
from 50 pings (acoustic pulses) were recorded.

Stereo photographs of the sea floor were taken from the
frame, during the backscattering measurements. The sound
speed profile was measured during each acoustic measure-
ment either by direct measurement of sound speed or by
calculation from measured temperature and salinity.

4. RESULTS
The bottom backscattering strength Sy, is calculated from
Sp = RLp-SL + 40 log r+2ar - 10 log A

where SL is source level, RLy, is reverberation level, r is
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range, a is absorption coefficient (Francois and Garrison
[4]), and Ais the area of sea bottom ensonified. The area
ensonified depends on both the transducer beam pattern
and the acoustic pulse length. At the high frequencies and
warm temperatures occurring during these measurements,
the choice of absorption model is important.

For each acoustic pulse, or ping, the mean level of the
backscatter return was calculated by taking RMS average of
data points corresponding to a narrow spread of angles cen-
tered about the grazing angle. Thus time discrimination is
used to select a narrow angular aperture, which was chosen
o vary with the secant of the grazing angle from =1° at 60°
grazing, to +0.5° at 2.5° grazing.

The linear average and standard deviation of the RMS val-
ues were then computed from 50 pings. Pings whose aver-
age level was more than 3 standard deviations from the
mean were rejected from the data set. The mean of the fil-
tered data set was recalculated to give the average bottom
return.

The beam patterns of the transmit and receive transducers
were circularly symmetric, and the ensonified area of the
bottom was taken to be the projection on the bottom of the
circular beam at the -3 dB points of the beam. At most an-
gles the area was further limited by the pulse length, re-
suling in the ensonified area being given by

A= 1B (ct/2c0s0g)

where  is the beamwidth of the transducer, ¢ is the speed
of sound, T s the pulse length, and 0 is the grazing angle.

Some typical results are presented here. Figures 3 and 4
show results, at frequencies of 100 and 200 kHz re-
spectively, for the deepest site (water depth 58 m and ¢
5). These results were obtained with the tower, used over
five different azimuths each separated by 45°. In these fig-
ures, the_different point shapes represent different az-
imuths. Figure 5 shows results, at frequency of 100 kHz,
obtained with the frame at the shallowest site.

The continuous curve shown on each of these figures is a
least squares fit proportional o the square of the sine of the
grazing angle. It is evident that this curve underestimates
the backscatter at small grazing angles and overestimates
at large angles.

As is evident in these figures, little azimuthal dependence of
backscater was observed. By comparing Figures 3 and 4,
the diference between 100 kHz and 200 kHz can be ex-
amined. The 2 dB excess of the backscatter at 100 kHz
compared to 200 kHz is typical for the results obtained. By
comparing Figure 5 with Figures 3 and 4, it is evident that
the scatter in resuits for the frame is considerably larger
than the scatter for the tower. This is probably caused by
the averaging of backscatter over a larger ensonified area
for the tower measurements.

Although not illustrated here, we can report that the mean
backscatter results from the tower and the frame were quite
close to each other. Also, backscatter results comparing
frequency-modulated and continuous pings also were quite
close to one another.

5. CONCLUSION

The techniques developed have permitted accurate meas-
urements of bottom backscattering strength. ~ Measure-
ments have shown consistent results. It is noteworthy that

the backscatter at 200 kHz is measured 1o be slightly less
than at 100 kHz, contrary to the prediction of most models.

It is intended to report in  later publication a more detailed
account of the backscatter resuits obtained and of the an-
cillary environmental measurements. Fitting of the data with
sophisticated bottom backscattering models will also be in-
vestigated.
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Figure 3. Bottom backscattering strength, frequency
100 kHz, shallow site N1, tower measurement.
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Figure 5. Bottom backscattering strength, frequency
100 kHz, shallow site W1, frame measurement.

Acoustics Australia

Vol 20 No. 3-97



HEFERENCES
1. CM. McKinney and C.D. Anderson,

3 s Stanwic, KB, Bigos, . Fleacher, A, Ray.and WL, Saw-

back:
scattering of sound from the ocean bottom,", J. Mous( Soc.
Am. 36, 158-163 (1964)

scattering off Pan-
ama Gy, . Acoust S0 A, 83, 2134 2144 (1960)

2 1 oonms NP, o, L., Rl S, AL G, 4 R Francos and . R, Gamison, “Sound bsorpton based on
T.G. Goldsberry, and RA. Lam! e e e jon and equation
low arzing anles fom the ocea bl Part 1. Botlor back

¢ y for total absorption,” J. Acoust. Soc. Am., 72, 896-907 and
scaer strength,” J. Acoust. Soc. Am. 77, 962-974 (1985) 1879-1890 (1883),
R RS
. %

ABSORPTION MATERIALS

Flexible fire retardant PU foam with controlled flow resistance
for maximum sound absorption. Full range of protective and
decorative facings and PSA backings. Low smoke emission
products for buildings and construction, aircraft and marine
appiications.

BARRIER MATERIALS

Flexible loaded vinyl noise barriers up o 15kg/m”. Decorative
facings available. Low smoke emission products for building
and construction, aircraft and marine applications.

DAMPING MATERIALS

Water based trowel or spray-on compounds. Sophisti-

cated extensional and constrained damping materials.
CCOMPOSITE MATERIALS

Combining the properties of absorption, barrier

‘and/or damping into one material.

33
s

DECIBAR™ ISODAMP™ and ISOLOSS ™

NOISE, VIBRATION, SHOCK AND
MOTION CONTROL MATERIALS

SHOCK ABSORPTION MATERIALS

High energy absorption materials for shock & impact ab-
sorption. Provide motion control by eliminating rebound.
CUTTING, MOULDING and FABRICATION

Die-cut custom parts are our specialty. Moulded and fab-
ricated parts also available.

CUSTOM MANUFACTURE

Australia’s most comprehensive lamination and coating fa-
cilties give us the ability to manufacture custom products
o your requirements.

CATALOGUE  Fax., write or phone now for full details.

N 22 Cleeland Road, Oakleigh South,

< -— Victora 3167
]

— Tel. (03) 543 2800

INC CORPORATION PTY.LTD, . In Vic. Fax. (03) 543 8108

ARL NOISE LOGGERS

The way to know short term hire rates !
V v
The way to go
R EL-015 Features
- © Type 2 Performance Tape Aacordr binice
i © AorLinear Weightings [
in ©  Fastor Slow Response SolorPowmed Ut
é' © Lelylpliolololylylyandl, N Toggeirg
- ©  Operates Continuously for 3 Weeks e
i ©  Fully Modem Compatible
" ©  Upgrade Path to EL025 Octave Logger
ety ©  Standard and Custom Optons
Graph of Statistical Noise Levels As used by Government Authorities

Industry and Consulting Professionals

Also available at

A

Acoustic Research Laboratories Pty Ltd  169a Pactic Highway, Homsby, NS W. 2077, Australa. Tek: (02) 4822868 Fax: (02) 476 4198

Vol 20 No. 3 - 98

Acoustics Australia



Acoustic Scattering from the Sea Surface
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a two-dimensional surface is briefly outlined.

Abstract: This paper gives a brief summary of current theoretical and numerical work on the problem of
scattering from the sea surface. The surtace is treated as a random process. The Kirchhoff and per-
turbation theories for this problem are summarised. The direct numerical treatment of the problem for a
model surface varying in one dimension only is discussed and a summary of som:
Finally the extension of these techniques to deal with the fully three-dimensional problem of scattering from

e recent results is given.

1. INTRODUCTION

When sound propagates through the ocean scattering oc-
curs in the vicinity of the sea surface due to a number of
mechanisms. These include volume scattering caused by
changes in sound speed in the upper ocean, interaction with
bubble plumes near the sea surface and surface scattering
at the rough interface between the sea and the at-
mosphere. All three processes are significant and all three
are usually present in practice. Volume scattering in the
ocean has been studied extensively both analytically and
experimentally in the last twenty years, and significant ad-
vances have been made (Ewart and Reynolds (1), Flatté et
al [2], Uscinski [3)). Bubbles are present near the sea sur-
face for a number of reasons, but in particular they are
formed by plunging breakers. Indeed by studying the acous-
tic backscattering from the bubble distributions near the sea
surface using relatively simple sonar apparatus, Farmer
and co-workers have been able to infer much about the
two-dimensional distribution of breaking surface waves, a
problem that has defied analysis by more conventional
oceanographic measurement techniques. Such work has
been at the forefront of the new field of acoustic ocean-
ography (see for example Farmer and Vagle [4]). Henyey
[5] gives a theoretical treatment of scattering from these
near-surface bubble plumes. The third process, scattering
of sound at the tetaca of the ocean and the atmosphere,
is discussed bel

2. FORMULATION OF THE SCATTERING
PROBLEM
It is reasonable to model the ocean surface as a random
process, where the one-point probabilty density function of
wave amplitude is approximately normal (Phillips (6]). The
process is then completely specified by its auto-correlation
function, or equivalently the fourier transform of this quan-
tity, the power spectrum. Recent work has done much to
elucidate the precise form of this spectrum in two dimen-
sions (see Banner (7]). The scattering problem is solved for
each of a number of statistically independent realizations of
the surface, and then an ensemble average over re-
alizations is taken. For each such surface it is assumed that
one can model the scattering as a frozen problem, where
the surface is time-independent. Implicitin such modelling is

an ergodic assumption, in that time averages are supposed
10 be equivalent to ensemble averages.

The formulation of this scattering problem, which is linear,
but inherently stochastic, is well-understood, and we can ob-
tain a Fredholm integral equation of the second kind for the
normal derivative of the pressure field. If the pressure field is
written p(x,y,2) , then the normal derivative of the pressure
on the surface z =  (v) satisfies the integral equation

19p(x) _ i) 1 3G() pAX) 4o
o e O

where the notation .;i represents the normal derivative.
v

This result is derived from the Helmholtz integral formula
(see, e.g. Holford [8]). The mean location of the surface is at
where cartesian coordinates (x,.2) are chosen with the
x- and y- axis parallel to the mean level of the surface and
the z-axis normal to it. The rough § Surface is given by
z = { (x.y), where { (x,y) has Gaussian statistics and has the
appropriate correlation function. The rms surface height is h.

For the three-dimensional scattering problem, for example,
where the surface varies in two dimensions, the Green's
function, G(r) = % explikr), where r =[x - X'|, X = (x.y,{(xy))
r

and x'=(x'y* {(x",y")). For a two-dimensional approximation
where one assumes a corrugated surface, ie. varying in
cne dmension oy the appropite Green's function is a
Hankel funct

The above (mmulauon is valid for an arbitrary incoming
pressure field p,, and acoustic wave number , and as-
sumes a Dirichlet boundary condition at the ocean surface,
which arises as the pressure is essentially zero there (a

“pressure release’ boundary condition). Note that the normal
pressure gradient dp(x’.)’) which is to be determined,

o
appears inside the integral operator, so that inversion of (1)
is required to find it. Once the pressure gradient on the sur-
face has been found by some means, an expression can be
written down for the evaluation of the scattered wave at any
point away from the suﬂace'
px)=p, lXH

I er) Jn( ) g (@
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9. ANALY 1IC SOLUTION PROCEDURES
The difficulty in solving equation (1) arises from several
sources. First, the surface z = { (xy), is a stochastic quan-
tity, which appears explicitly in the kemel of the integral
equation through the Green's function evaluated on the sur-
face. Secondly, for realistic models of the sea surface (i.e.
realistic correlation functions) there is a wide range of
scales present. In addition the two-dimensional nature of
the surface presents difficulies in any numerical procedure
where a large number of surface features, and hence mesh
points, must be considered.

There are two major strategies that may be tried in order to
make progress. The 0 look for an analytical ap-
proximation to the sotion of the integral equation (1). The
second is to attempt a direct numerical attack on the prob-
fem. There is a long history of analytical treatments of this
problem. The simplest, and also a method that is surpris-
ingly successful, is the Kirchhoff approximation. In terms of
the formulation given here this corresponds to neglecting
the integral term in equation (1) and approximating

Eﬂﬁ 9,,.(x) . One can then evaluate the wavefield

2%
a"any point away from the surface using equation (2)
above. Indeed, the integrals involved may be manipulated
tofind the ensemble average angular distribution of energy
gcatiere trom the sufece. The crucal point s thet by wl:

)g down an explicit but approximate form for the unknown
(uncllon -MX) the normal pressure gradient is decoupled

from the kemsl of the integral equation, so making the prob-
lem tractable.

An alternative approach is to expand the unknown pressure
gradient in a power series in terms of the product of the
acoustic wavenumber and the rms surface height, kh, and to
do the same with the kernel function. By collecting terms of
like order and solving recursively, a series expression can
be developed for the pressure gradient on the surface. This
perturbation theory becomes more laborious as higher order
terms are calculated and is clearly inadequate for large k.

Both perturbation theory and the Kirchhoff method will be in-
appropriate when both the rms surface height and the rms.
surface slope are large, but it would appear that in practice
such large values are not typically found in the ocean.
These two basic procedures have recently been supple-
mented by various new approximations that seek to take
into account the best features of the two theoretical ap-
proaches (Dashen, Henysy and Wurmser (9], Voronovich

10]). the composite roughness approximation
(McDanlel and Gorman [11]) decomposes the surface into
two parts, a large scale and a small scale surface. The
Kirchhoff approximation is applied to the large scale surface
and perturbation theory to the small scale part of the sur-
face. The difficulty with such approximations is that it is dif-
ficult to estimate the conditions under which they are ac-
curate, without resorting to direct numerical simulation. In
addition, all these techniques become more inaccurate as
the grazing angle, i.e. the incident angle measured from the
horizontal, approaches zero.

4. NUMERICAL SIMULATION

The other major line of attack that has been pursued in the
past_ten years is that of direct numerical simula-
tion. Following earlier work in optics (Axiine and Fung [12],
Fung and Chen [13]), numerical formulations were set up in-
dependently by Kachoyan and Macaskill (14, 15]‘and Thor-

s0s [16]. Although these two approaches differ in detail, the
basic ideas are much the same. A number of realizations of
a Gaussian random surface with the appropriate correlation
function (Gaussian in the earlier work and then Pierson-
Moskowitz in Thorsos [17]) are generated using for example
a spectral method, where a numerical approximation 1o a
white noise signal is generated and then filtered using the
desired spectrum. For one ﬂimensional surfaces the number
of surface points treated, say , typically varies between
256 and 1024, For each realizaiion of the surface the in-
tegral in (1) is approximated using for example the trap-
ezoidal rule. This leads to a system of N linear equations in-
volving the unknown pressure gradient at the N points on
the surface. This system can be inverted directly to find the
pressure gradient on the surface and once this is known the
scattered pressure can be found. This process is repeated
for somewhere between 50 and 500 realizations and then
the results are averaged to give an estimate of the en-
semble average angular distribution of the scattered pres-
sure.

The results obtained using these techniques are then es-
sentially exact, and they can be used over the full range of
physical parameters. Numerical imitations are found at very
low grazing angle, and when the wavenumber is either very
large, as then It is difficult to deal with the oscillatory in-
tegrand in the integral equation, or when the wavenumber is
very small, as then very large surface lengths are required
to adequately sample a sufficient number of acoustic wave-
lengths.

Using this approach, Thorsos [7) has been able to assess
the adequacy of the approximate theories for an acoustic
frequency of 200 Hz, for a Pierson-Moskowitz model sea
spectrum in two-dimensional simulations. He shows that for
moderate incident angles, if all other parameters are held
constant, there is a transition from essentially specular re-
flection at very low wind speeds, i.e. low surface roughness,
through to scattering over a wide range of angles at larger
wind speeds, when the surface becomes rougher. In par-
ticular, the backscattering increases with surface roughness.
Thorsos has also shown that the Kirchhoff technique is es-
pecially accurate for forward scattering in the specular direc-
tion, but is inadequate for backscattering. First order per-
turbation theory on the other hand is uniformly accurate
except in the specular or forward scattering direction. How-
ever, by including higher order terms in the perturbation
approximation, these deficiencies can be made negligible.
Interestingly, the perturbation theory is far more successful
with this more realistic power-law spectrum than itis with the
Gaussian single-scale spectrum (see Thorsos and Jackson
[18)). In summary Thorsos finds that analytical techniques
work reasonably well in practice (¢.g. accuracy to within 2-
3B for an acoustic frequency of 200 Hz) so long as the in-
cident angle measured from the horizontal is greater than
about 10°

5. THE THREE-DIMENSIONAL PROBLEM

The above discussion indicates that one might conjecture
that existing analytical theories will be adequate in practice
for the full three-dimensional problem of acoustic scattering
from a rough ocean surface. However, the numerical tech-
niques to confirm this supposition are still under develop-
ment and, at this stage, only preliminary resuits have been
obtained. The difficulty is that for a surface of dimension
N x N one arrives at a linear system of dimension N 2, so
that direct inversion, with the number of operations pro-
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portional to N & is not really feasible. However, Macaskill
and Kachoyan [19], have shown that iterative techniques
n be employed, giving rise to an operation count pro-
portional to N 4. Using this technique they have been able to
simulate scattering from a surface with a Gaussian correla-
tion function with 64 mesh points in each coordinate direc-
tion, giving rise to a system of dimension 4096. A single re-
alization of such a surface was treated in under 2 hours cpu
time on an Apollo 10000. It is expected that if a super-
compuier were o be usad, he exscasin time fo & singe
alization would be reduced to a few minutes. Using 100
reallzalmns, good agreement was found with data collected
m a small-scale optical experiment conducted by O'Don-
nell and Méndes 20], even though the numerical treatment
was a scalar one, whereas polarisation effects were evident
in the experiments.

6. CONCLUSION

Itis expected that future work will concentrate on further de-
velopment of fully three dimensional scattering models and
comparison of these with data from forthcoming experi-
ments such as that proposed by Ewart et al [21]. For prop-
agation studies it will be important to include scattering ef-
fects in parabolic propagation codes, so that the effects of
volume and surface scattering can be treated together. To
this end, parabolic approximations to the surface scattering
treatments discussed above have been developed, using
the full solutions as benchmarks (Thorsos [22], Spivack [23,
24), McDaniel (25 ). Work along these fines is continuing,
and many of the theoretical ideas discussed above will be
incorporated in parabolic propagation codes in the next few
years.
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e Ground Vibration Loggers
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Battery operated loggers i
software to down-load data into-your computer.
Completely weather-proof and rugged

Contact us for information
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SUPPLIERS OF EQUIPMENT FOR:
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CLIENT: GOUGH & GILMOUR
CCONSULTANT: ROBERT FITZELL ACOUSTICS

Phone: (02) 755 1077
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CHIPPING NORTON, N.S.W. 2170

.

Acoustics Australia

Vol 20 No. 3- 102



ABHS.. VIS PEOPEE

STANDARDS

1SO Working Groups

Perhaps it is not well known in the
acoustics community that - Standards
Australia_policy is to adopt, without
modification if possible, 1SO and IEC
Standards as Australian standards.
These ISO and IEC standards are draft-
ed by Working Groups of the various
Technical Committees. It is at the draft-
ing stage that the different member bod-
ies, as represented by their technical
experts, have their most important in-
put. Anyone who is willing to take an
active role in a Working Group should
contact Mark Potocki of Standards Aus-
tralia on (02) 963 4111.

and Simulation will be held 610 Dec
1993 in Perth. The Modelling and Sim-
ulation Society of Aust (MSSA) is an in-
terdisciplinary society which aims to pro-
mote, develop and assist the study and
practice of all areas of modelling and
simulation in Australia. In keeping with
the environmental theme of this confer-
ence, acoustic modelling is one of the
specific topics for the Congress. Mem-
bers of the AAS are encouraged to at-
tend and to submit papers for this Con-
gress.

Further information: Anthony Jakeman,
CRES, ANU, GPO Box 4 Canberra ACT
2601 ; Tel (06) 249 4742,

Fax (06) 249 0757

Hearing

ST, -
A new technical ‘standard on Acoustic
Output Measurement and _Labelling
Standard for Diagnostic _ Ultrasound
Equipment has been published by the
American Institute of Ultrasound in Med-

trasound equipment is measured in a
uniform manner such that the reported
labelling_requirements will mean the
same _thing among all manufacturers.
The Standard is USS24 (US$12 for
AIUM Members) and can be paid by
credit card.

A Standard for Real Time Display of
Thermal and Mechanical Acoustic Out-
put Indices on Diagnostic Ultrasound
Equipment_focuses on the potential for
thermal and mechanical bioeffects re-
lated to acoustic output of diagnostic ul-
trasound equipment. The Standard is
US$19 (US$10 for AIUM Members) and
can be paid by credit card.

AIUM Publications, 11200 Rockville
Pike, Suite 205, Rockville, MD 20852-
3139, USA; fax (301) 881 7303.

FASTS

The Federation of Australian Scientific
and Technological Societies (FASTS) is
developing its strategy to gain wider
support for Science and Technalogy
based policy. A prospectus, to

titled "Investment in the Future”, le
show the kind of S&T policy that is re-
quired to achieve the economic per-
formance, responsible management of
the environment and better quality of
life that the two major parties are prom-
ising - but not delivering.

Modelling And Simulation
Congress
The International Congress on Modelling

Conference

The International Conference on Hearing
Rehabilitation will be held in Sydney, 14-
18 July 1993. The conference pro-
gramme will be for speech pathologists,
specialist medical practitioners, occuna-
tional health workers and the
sumers. (hard. of earing people, thel
families and friends). Abstracts of pa-
pers should be submitted by 1 Jan
1993,

Furmer information: International Confer-
on Hearing Rehabilitation, GPO

Box 126, Sydney, NSW 2001; tel (02)

2622277, fax (02) 262 2323

WESTPRAC Newsletter

The Western Pacific Commission for
Acoustics has recently published its first
Newsletter. The main activity for this
Commission is the organisation of the
WESTPRAC Conference; last held in Bris-
bane in 1991 and next planned for
Seoul in 1994. Those involved with the
Commission come from the appropriate
societies in Japan, China, Korea, Sin-
gapore, Australia, New Zealand and
Hong Kong. The items in the Newsletter
include a history of WESTPRAC from the
Current Chairman, Dr Ken'iti Kido, a re-
port on WESTPRAC IV and descriptions
of the Acoustical Societies of China and
Korea.

Worksafe Australia Award
A Worksafe Australia video on Noise has
won an award at Futuresafe 92.
by the National Safety Council of
Australia_and Telecom Mobilenet, the
award recognises the effective pro-
duction_of video-aided training _pack
ages. The video, which is part of Work-
safe Auslvalla 's Managing Noise at
g Kit, was chosen from 11
entries in the category open to organ-

isations of any size and included pro-
fessional production assistance.

Interactive Computer
Package

Worksafe Australia has developed an in-
teractive, multimedia computer based
training program which helps staff ex-
plore - using audio, graphic and photo-
graphic images - how devastating hear-
ing loss can be in everyday life. The
program also places the user in a sim-
ulated workplace setting where skills in
recognising risk and developing solu-
tions to noise problems can be prac-
tised. The package runs on IBM compat-
ible 386 computers under DOS or 0S/2
and is available from Worksafe Australia
for $850 (tel 02 565 9555)

Uniformity for OHS

The special Premiers’ meeting in late
1991 agreed that national uniformity in
occupational health and safety stan-
dards must be achieved by the end of
1993. In response to the uniformity in-
itiative, Worksafe Australia has es-
tablished a tripartite taskforce to de-
velop and implement a strategy to
achieve uniformity. This task force com-
prises representatives from the CAl,
ACTU and representatives from the
States and Terrtories. The first tasks
are to develop a framework of cat-
egories of hazards, prioritise the cat-
egories and establish a timetable.

Human Vibrations
In March 1993, Prof M Griffin, from the
Human Factors Research Group at ISVR,
Southampton, will be visiting the East-
em States and participating in Seminars
and discussions on the effects of vibra-
tions on humans. The seminars will be
held in conjunction with Worksafe Aust,
and various other interested Societies.
Furthe information: Acoustes and Vire
tion Centre Aust Defence Farce Acad:
, Ca barra, ACT 2600, Tel (06) 268
5241 Fox (06) 268 8276

Action Levels for Noise in WA
Workplaces

On 22 September. the West Ausirallan
Minister for Productivity and Labour

lations, announced the intention to Iuw' -

er the action level for noise in the work-
place from 90 dB(A) to 85 dB(A), in line
with the National Standard recently
adopted by Worksafe Australia. The new
action level will take effect from 1 Jan-
uary 1993,
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Code of Practice for Noise in
the Music Industry

In July, the Commissioner for OHS i
WA released the Gode of Practice for
Control of Noise in the Music Entertain-
ment Industry. This provides practical
strategies for persons in the industry to
ensure compliance with OHS&W regu-
lations. This code was outlined by John
Macpherson, from the Department, at
the September meeting of the WA Divi-
sion

H Vivian Taylor Awards

Four awards for excellence in acoustics
studies have been made: Owen Church
(Gippsland Campus), Richard Mills (Clay-
ton Mech Eng ) and Andvew Kiel (Clayton
Pysics) of Monash University and Gior-
go ottt (Appicd Prysics) of RMIT.

President’s Presentation

in May, the Federal President of the So-
ciety, Prof Robert Hooker, spoke at a
Tochrical meeting of the WA Division.
He discussed multi frequency excitation
of an impedance tube for absorption
measurements and work on windshields
for impulsive noise measurements. At
this meeting, Mark Penketh, from Kal-
goorlie School of Mines, sought com.
ments on noise control methods for air-
leg drills.

Orbital Engine Company Tour
The acoustic and vibration programmes
of the Orbital Engine Company were dis-
cussed by John Smyth at a WA tech-
nical meeting in June. The major work
of this company s the development of a
3 cylinder, 2 stroke car engine using the
Orbital fuel injection system. The team
has made significant improvements in
the noise emissions from the engine us-
ing techniques such as finite element
analysis and modal analysis to identify
noise sources and minimise noise radia-
tion from the engine block.

Interactive Sound
Information System (ISIS)

On August 4, Dr David Dubbink, a US
environmental planner, described and
demonstrated his ISIS for interactive as-
sessment of land transport noise for a
joint meeting of AAS, IEAust and Viv-
Roads. With a data bank comprising a
wide variety of transport noise sources
from air, rail and road vehicles, this sys-
tem allows any selected noise to be
played back to an audience as a simula-
tion of what might be heard in a par-
ticular situation.

Meeting with Bruel

A large group attended the joint AAS,

IEAust meenng on 16 Sept to hear Dr P
Bruel s on ground measurement of

aucraﬂ nmse and continuing develop-

ment of the sound level meter. His
work on measuring aircraft noise is part
of the continuing revision and develop-
ment of ISO 3891. In describing the de-
velopment of the SLM he aiso dis-
cussedthe importance of the
response for assessment of impulsive
or transient noises.

Hearing Aid Technology

Recent advances in hearing aid tech-
nology were discussed by Stephen Jitts
at the October meeting of the ACT
Group. The approach of the audiologist
10 the selection of the appropriate hear-
ing aid for each individual was dis-
cussed

Company Acquisition
In August 1992 the German Holding
Compary AGIY Zeaured o interest in
e Bruel & Kjaer Companies in Den-
mark AGIV is llsted on lhe various Ger-
n Stock Exchanges and comprised
approximately 300 enterprises_across
Total tumover in 1991 ex-
ceeded DM 8.1 Billion and it employs
some 37,000 people in the fields of
electrical, electronic and power en-
gineering as well as building and trans-
portation industries.

NAL Change

Following a recently passed Act of Parlia-
ment, that which was previously known
as the National Acoustic Laboratory
(NAL) was set up as a s\amalory author-
ity. The new name for the establish-
ment is the Australian Hearing Services
(AHS) and it is responsible directly to
the Federal Minister for Community Ser-
vices and Health. The work programs
associated with the effects of noise on
the community are undertaken by NAL
which is a division of AHS.

Loaded Vinyl

Birkmyre Pty Ltd (owners of Plastyne
Products) have recently announced a
change in marketing policy in refation to
“Wavebar* and *Soundune" noise con-
trol mater Where quantity suffices,
Birkmyre will be willing to quote for di-
rect supply of the specified materials.
This move is designed to make the load-
ed vinyl even more competitive in the
market place. A new product folder,
with capability of the materials, has
been released.

3

Rayleigh Medal

The Institute of Acoustics (UK) has
awarded the Rayleigh Medal in 1992 to
Sir James Lighthll for his research in
acoustics. The many contributions of
Sir James Lighthill to the theory of fluid
dynamics are universally recognised as
among the outstanding ones of the past
half century. His work in aeroacoustics,
nonlinear acoustics and in cochlear me-

chanics has had a dramatic, immediate
and enduring impact, both for acoustics
itself and for the relation of acoustics to
other disciplines such as fluid mechan-
ics and biomechanics.

NAP Silentflo

Notice is hereby given tive
Trom 3t . 1092, Borcay Engmeenng
Pty. Limited of 12 Catalano Road, Can

& Vale, W.A. is no longer the licencee

the state of Western Australia for NAP
Silentflo Noise Control Products.
All enquiries should now be directed to:
NAP Silentflo, 58 Buckland Street, Clay-
ton 3168 Vic. Phone: (03) 562 9600
Fax: (03) 562 9793 Trade Enquiries wel-
come.

# £ e

We were sorry to hear that Glen Harries,
Chairman of the Victoria Division, had

uffe a severe stroke. His friends
and associates wish him well and hope
for a full recovery.

#
NEW MEMBERS

We welcome the following new members
whose gradings have now been ap-

Affiliate
New South Wales
Mr N Nakhla

New South Wale

Mr D M Eager (ACT) Mr M J Harrison
Westen Australia

Mr M Penketh

Subscriber

New South Wales

Prof J Wolfe

Queensland

Mr G. R Wyman

Member

New South Wales

Mr J G Alekna, Mr W L Huson, Dr E L
LePage, Pm' J H Rindel (Denmark)

Queenslan

Mr J R DaVEY

Mr 53 Clutterbuck, Mr M J O'Reilly
Western Australia
Mr T J McMinn, Mr T C Reynolds

‘:grd_déd...

BASIC ACOUSTIC EMISSION
lan G. Scott

Gordon and Breach Science Publish-
ers, 1991 pp246, soft cover, ISBN 2
88124

Aust Dwsmbulot DA Books PO Box 163,
Mitcham, ~ Victoria, ~3132.  Price:
A$80.50.

Acoustics Australia

Vol 20 No. 3~ 104



This book is Volume 6 and the latest in
a series of monographs relating to non-
destructive testing. This volume con-
tains 246 pages of basic information -
cluding diagrams on acoustic
(AE) and some associated appucaﬂun
techniques. Initially, and as the book is
read, one can virtually hear the author
giving the lecture as the book is written
as if a transcript of a series of talks.

The first impression | gained was that
the chapters were printed out of order
as the second chapter is a section on
AE applications while latter chapters are
devoted to the basics of AE. In the first
chapter the reader is given a brief his-
torical overview of the modem day de-
velopment of acoustic emission. Chap-
ter 2 while titled Applied Aeoustc

and chapters could have been arranged
in a more fluent format, but then others
may prefer the style of this book. For a
book titled Basic Acoustic Emission, it
does not attempt to completely cover all
aspects of the science and could be

twice the size and include topics where
the science is more frequently applied
such as in structural integrity evaluation
of civil structures, mine monitoring, pro-
cess control and safety. The book could
be frustrating to some readers in that it
introduces the reader to a topic which is
more_technical than the casual reader
would require, an not detailed
enough for those with a science back-
ground who would appreciate a deeper
treatment of the technology. The future
for AE is very brght once those In sci-

Emission is a series of
statements on some _applications of
AE. The text is informative for those who
want an introduction to applications of a
wider science without getting involved in
the many problems of AE such as the ef-
fects caused by propagation of elastic
waves in various media. In chapters 3
and 4 which the author has titled Ele-
mentary and Advanced Basic Acoustic
Emission, the reader is given valued in-
formation on_ sensors, calibration and
deformation mechanisms. Chapter 5 is
devoted to Aircraft Applications and fi-
nally chapter 6 is devoted to the future
of AE.

Throughout the text, the author has
been very honest and referenced many
of his statements which both validates
his comments, but more important, al-
lows the reader to use the text as an in-
dex to quickly find detailed information
on any particular subject included in the
text. The book contains a lot of very use-
ful information which would assist the
student who is starting out in the field
and the administrative engineer type

rson who wants a realistic under-
standing of AE without bothering about
the fine detail that is required for the
correct application of AE.

The book does have a number of limita-
tions, but | feel that this is because of
the authors honesty rather than tech-
nical expertise. Many authors would ven-
twre into unfamiliar territory using the fit-
erature as a backup just to produce a
complete statement of a topic. lan Scott
has not fallen into this trap. While mak-
ing-some reference to AE applications in
pipelines, pressure vessels, bridges a
petrochemical plants, he has only writ-
ten with significant detail on the aircraft
industry as he spent the majority of his
working life with Aeronautical Research
Laboratories in Melbourne.

To sum up, the book contains a lot of
valuable information, however, | found it
a little hard to extract specific items in
some cases. In my opinion the topics

the wide range of reliable Sovications
for which AE can be used.

Finally, | would buy the bock and find 1t

in my personal library, but any
such Ilbvary would require other publica-
tions on AE to ensure that a more com-
plete representation of the science of
acoustic emission is available. The au-
thor has been wise and honest, but the
reader is left with an incomplete state-
ment of acoustic emission.

Brian Wood

Brian Wood is a Principal Research Sci-
entist with the CSIRO's Division of Geo-

echanics at Lucas Heights. He has
been involved in the research, develop-
ment and application of acoustic emis
sion n a wrde range of metal, ceramic,
rock and composite materials in a wide
veriely of stlucturss (but not aircratt) for

CIRRUS

Outdoor Microphone

A new portable microphone system al-
lows outdoor noise measurements to be
made in most weathers. The MK 425 is
light in weight, simple to operate and
takes all its power from the sound level
meter in use. It is a precision grade,
general purpose unit which incorporates
an electret microphone capsule. The as
sembly consists of the the microphone
and its associated preamplifier, rain-
shield and windshield fitted onto a short
mast and mounted on an adjustable
height tripod.

Further_information: Davidson, 17 Ro-
berna St, Moorabbin, Vic 3189, o (03)
555 7277 Fax: (03) 555 7956

The Pulsar Model 45 sound level meter
is available as either a type 1 precision
or type 2 General Purpose instrument,
both meeting IEC 651. The instrument
is ruggedly constructed and features a
34 B wide analogue display. The
measuring range is between 30 and 144
dB and the response includes slow, fast
and impuise. Model 22 is a type 2 gen-
eral purpose grade sound level meter
which fully meets intemational Stan-
dards. This popular model has recently
had o signifcant price reduction. The

dels 25 and 26 are integrating and
peau Sound. v metere, They have
been designed to assist safety officers
to meet the requirements of regulations.
The meters have a die<ast siim line
case and analogue d‘smay.

Further information: Pulsar, Bridlington
Rd, Hunmanby, North Yorkshire, Y014
OPH, UK

ELSAM

Acoustic Microscope

At the heart of the Elsam is its acoustic
objective, which transforms high fre-
quency electrical oscillations into Sound
waves. These waves are focussed by a
sapphire lens and transmitted to the
specimen via a coupling medium. The
lens collects the reflected echoes which
are the reconverted into electrical signal
and made visible on the screen. With
the new conical objective, the efficiency
of the subsurface excitation is consid-
erably improved.

Further information: Leica Instruments
Pty Ltd, 45 Epping Rd, North Ryde, NSW,
Tel: (02) 888 7122 Fax: (02) 888 7526

QUEST

Vibration Sound Monitoring
Systems

Qest Electronics has several vibration-
Sound monitoring systems to meet the
requirements of a wide range of applica-
tions.  Each system measures dis-
placement, velocity and  acceleration.
The complete unit comes in a carrying
case.

Audiometer Calibration

ystems
Bulletin 94897 describes and ik
lustrates the audiometer calioration sys-
tems offered by Quest Electronics. The
brochure covers five type 1 and four type
2 systems.

Further information: Selby Scientific &
Medical, Private Bag 24 Mulgrave Nth
Vic 3170 , Tel: (03) 544 4844 [008 135
838] Fax: (03) 543 7295
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PROTAC

Passtop Hearing Protection
The Passtop ear plug is made to meas-
ure from HTV polysiloxane which pro-
vides a mixture of softness and rigidity.
The standard style contains an acoustic
filter which is elective for medium and
high frequencies. The Passtop HF con-
tains a microphone and receiver and al-
lows for effective communication in
noisy environments

Further information: Protac Aust,9/49 Ji-
jaws St Sumner Park, Brisbane, Qld
4074,; tel (07) 279 2142, fax (07) 279
1621

BIRKMYRE

Wavebar

The loaded vinyl produce, Wavebar, is
now manufactured on a fully synthetic,
high tensile polyester base cloth - thus
eliminating the problems encountered
with the outdated hessian base cloth.
The product is also available laminated
to aluminium foil, Quad Zero Wavebar.
For any outdoor application, Outdoor
Wavebar, is suitable and can be pro-
duced in any colour.

Further information: Birkmyre, PO Box
408, Mount Druitt, NSW _ 2770. Tel
(02) 832 1666, Fax (02) 675 3956.

OPEN UNIVERSITY
Underwatev Sensing Course
his training package has been pro-
duced at the Open University in the UK
and sponsored by a consortium of con-
yactors and the UK Defence Research
Agen he package has been de-
Slined.for sinig newly recnuied en
gineers in underwater technology and for
retraining personnel whose job function
has changed. It comprises five multi-
media modules - each comprising ap-
prox 8 hours of video and 4 hours of au-
dio cassette as well as extensive
tutorial material.
Further information: Acoustics and Vibra-
tr‘un L‘entre Aust Defence Force Acac
ACT 2600. Tel (06) 268
5 ©(08) 268 4276

e
Publications

Journals

Acoustics Bulletin Vol 17, No 3 1992
Contents include “Some elements of
matics® by Chivers, “Localisation of

acoustical modes in 1D fractal com-
posites™ by Craciun and Bettucci and
"Review of Standards for railway noise”
by Wal

Applied Acoustics Vol 36 Nos 1,2,34
1992; Vol 37 Nos 1,2,3,4 1992

Australian J of Audiology Vol 14 No 1
1992

Canadian Acoustics Vol 20 No 2 1992
Chinese J of Acoustics Vol 11 No 3
1992 (In English) Includes articles on
high intensity sound, transducer per-
formance, ultrasonic tomography, laser
ultrasonic generation, sonar systems.
J Aust Assoc Mus Instr Makers Vol 22
No 2 1992 Includes ‘Preventing overuse
injuries in oboists' by Ruth Blatt

J Catgut Acoustical Society Vol 2 No 1
(Ser Il) 1992 Includes ‘The application
of acoustic emission techniques in wood
science and technology’ by V Bucur
New Zealand Acoustics Voi 5 No 1
1992

Shock & Vibration Digest Vol 24 Nos
89,10,11 1992

Reports
Quarterly Progress & Status Report 1/
1992 Royal Institute of Technology,
Stockholm
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14th ICA IN BEUING

About a dozen Australians travelled to Beij-
ing in September for the 14th International
Congress on Acoustics. For most it was
their first visit to China, so that the trip
had general as well as scientific interest.
More than 800 people attended the Con-
@ess, which was good for @ mesting held
rope or North America, and this.
Was o rolet to the Inemational Commis.
sion, which had to confirm its decision on
the venue some three years ago, not long
after the tragic events of Tienanmen
Square. There was, naturally, a large repre-
sentation from China itself, and Japan pro-
vided a large fraction of the overseas par-

physical acoustics, including ultrasonics,
quantum effects, transduction, and signal
processing, fields _together ~ac-
counting for nearly half of the papers. In-
lm\a\obsrvl n. however,

Goaling with arhitoctural acoustice. T bi
ological aspects of acoustics accounted
for only 200 of the papers presented,
while noise and atmospheric sound togeth-
er comprised less than 100 papers.

The conference was organised with plenary
lectures on most mornings. making 3 total
of 12, of which one on medical ultrasonics
was given by George Kossoff of the CSIRO
Ultrasonics Institute. There was _only a
small instrument exhibition, but China is
clearly active in acoustic instrumentation

one could not but be impressed at the
specifications of the high-power loudspeak-

er developed by the Chinese Institute of
Acoustics - would you believe an acoustic
power output of 10 kilowatts!! (The oper-
ating principle is apparently modulation of
the flow of a horn-oaded compressed air
jet,) The frequency range is about 500 Hz
10 2.4 kHz and the effective range about
15 Wometres. Apat from more mundane
ap s, appropriate uses were stated
o Inchude brosacasting weming meseages
from nuclear power stations! Unfortunately
(?) we did not hear a demonstration!
The Congress was held in the 21st Century
Hotel, a new joint Japanese-Chinese ven-
ture specially designed for congresses and
summer schools, located about 15 kilo-
metres from the centre of Beijing. It was a
pleasant venue, and the distance meant
that not too many people drifted off during,
the day. Organisation was good, an
the first time the complete abstracts of the
Congress were published in advance as a
supplement to Acustica. The full pro-
ceedings were published as four A4 vol-
umes with a total thickness of 90 mill
metres. It should be possible to buy sets
from the Institute of Acoustics in Beijing.
Social events during the Congress were
well chosen and capably organised. Among
the highiights was a performance by a
team of incredibly skilled acrobats, contor-
tionists and jugglers, who danced on brok-
n glass, caught a variety of heavy or frag-
ile “objects in piles on their heads,
sometimes while balancing on a tall uni-
e, and carried out complicated contor-
tions while balancing trays of liquidilled
glasses on hands, feet and foreneads.
There was, of course, Peking duck and oth
er pleasant Chinese fo0d 10 eat, both eve-

ry day and at the Conference banquet, and
almost unlimited light Chinese beer to
drink at almost no_charge-though soft
drinks all had to be paid for.
The Congress tour to the Great Wall was a
great success, with our twelve buses pre-
ceded by a police escort-not in any sense
for protection, but just to clear a quick way
through the traffi had this es-
cort wherever we went in buses in Beijing.
and almost felt neglected when we had to
make our own way. People were happy and
friendly, and there were no restrictions on
our movements. Even the rather in-
timidating declaration forms designed to
stop people selling their possessions while
in China were simply torn up without ex-
‘amination by the officials at the exit ports.
After the Congress many overseas visitors
took advantage of special tours that had
been arranged at very reasonable rates.
The most popular, with nearly 80 par-
ticipants, went first to the ancient capital
of Xi'an, famed for its terracotta warriors
and for many other treasures. The next
stop was Guilin, in the centre of that most
remarkable region of imestone peaks that
feature in so many Chinese scroll paint-
. A five hour boat trip along the river Li
confirmed that these peaks, which extend
for nearly 100 km, really look exactly like
the paintings-it is not a peculiar Chinese
view of perspective! The tour then went on
to Guangzhou (Canton) and home via Hong
Kong. Those who chose the tour to Tibet
had a similarly interesting time, but most
suffered problems with altitude sickness.
The 15th ICA will be held in Trondheim,
Norway, in 1995. Put it in your diary!
Neville Fletcher

INDEX
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CONFERENCES and
SEMINARS
« Indicates an Australian Activity

1992

* December 14-18, HOBART

11th AUSTRALIASIAN FLUID MECHAN-
ICS CONFERENCE

Details: 11 AFMC Secretariat, Dept Civil
& Mech Eng, University of Tasmania,
GPO Box 252C, Hobart 7001

1993

March 15-18, HONOLULU

AIUM 37th Annual Convention
Ultrasound in Medicine

Details: AIUM Convention, 11200 Rock-
ville Pike, Suite 205, Rockville MD
20852-3139, USA

April 21-23, SOUTHAMPTON
ACOUSTICS 93

Details: Prof Fahy, University of South-
ampton, Southampton SO9 5NH, UK.
Tel 0703 592291 Fax 0703 593033.

April 28-30, BLACKSBURG

RECENT ADVANCES IN ACTIVE CONTROL
OF SOUND & VIBRATI

Details: Conf Cord, V/rglma Polytechnic
Inst & State Univ, Mech Eng, 203 Ran-
dolph Hall, Blacksburg, VA, 24061

0238 USA. Tel 703 231 4162, Fax 703
231 9100

May 25, WILLIAMSBURG

NOISE-CON 93

Noise Control in Aeroacoustics.

Details: Noise Con 93,David Stephens,
Mail Stop 426, NASA Langley Research
Centre, Hampton, Virginia, 23665-5225;
tel (804) 864-3640

May 10-13, TRAVERSE CITY

NOISE & VIBRATION CONFERENCE
Details: Society Automotive Engineers,
Communications& Meetings, War-
rendale, PA 15096, USA

May 31-June 3, ST PETERSBURG
NOISE 93

Interational Noise and Vibration Control
Conference

Details: ©/Malcolm Crocker, Mech Eng,
210 Ross Hall, Auburn University, Au-
bum, AL 36849-3501, USA

June 2527, IOWA
INTERNATIONAL HEARING AID CONFER-

3
Details: University lowa Conference Cen-
tre, Memorial Union, lowa City, IA
52242, USA

June 26 - July 2, BERGEN
13th

December 610, PERTH
CCONGRESS ON MOD-

ON
NONLINEAR ACOUSTICS
Details: Prof Halvor Hobaek, Dept Phys-

ioa, Univeraity Bergon, Alegt 55, Bergen,

Norway 5007, Tel 0475 21 27 87, Fax
0475318334

July 68, VI
ULTRASONICS INTERNATIONAL 93
Details: U193 Meetings management,
Straight Mile House, Tilford Rd, Rush-
moor, Famham, Surrey GU10 2P, UK

July 69, NICE
NOISE & MAN

6th Intemational Congress on Noise as
& Putiic Heath Probl

m
: Noise & Man 93, INRETS LEN,
L‘ase 24, F 69675, Bron Cedex, France

July 79, PARIS

PUMP NOISE AND VIBRATION

Details: Pump Noise & Vibration, SHF,
199 rue de Grenelle, 75007 Paris,

July 14-18, SYDNEY
* INTERNATIONAL CONFERENCE ON
HEARING REHABILITATION

Details: Neanng Rehab Conf SEC
retariat, GPO B , Sydney

2001; 16102 532577 o mz; D62

July 28 - Aug 1, STOCKHOLM

STOCKHOLM MUSIC ACOUSTIC CONFER-

ENCE

Details: SMAC 93, KTH, Box 70014, S
10044, Stockholm, Sweden; tel (468)
7907873, fax (468) 7907854,

August 24-26, LEUVEN

INTER-NOISE 93

People Versus Noise

Details: INTER-NOISE 93, THK VIV, Des-
guinlei 214, B-2018 Antwerpen, Bel-
gium, Tel (03) 216 09 96 Fax (03) 216
06 89

August 31-September 2, SENLIS

4th CONFERENCE ON INTENSITY TECH-

NIQUES

Structural Intensity and Vibrational En-
Flow

Details: CETIM, BP 67, 60304, Senlis,
France Tel (33) 44 58 34 15 Fax (33)
4458 34 00

August 30-September 1, LEUVE!
INTERNATIONAL SEMINAR ON MODAL

Detar/s /sMA THK VIV, Desguinlei 214,
B-20: werpen, Belgium, Tel (32) 16
28 ss 11 Fax (32)16 222345

September 1517, BUCAREST
10th FASE

Details: Comm. d'Acoust. de L'Acad
Roumaine, Calea Victoriei 125, 71 102
Bucarest, Romania

ELLING AND SIMULATION

Modelling Change in Environmental and

Socioeconomic Systems

De[ar!s  Anhony Jakemen, CRES, ANU,
Canberra ACT 2601 ; tel

(05) 249 4742 fax 106) 249 0757,

email tony@cres. anu.edu.au

1994

February 27 - March 3, AMSTERDAM
96th AES

Details: Sec, AES Europe Office, Ze-
venbunderslaan 142/9, B-1190 Brus
sels, Belgium

July 1821, SOUTHAMPTON

5TH International Conference or

RECENT ADVANCES IN STRUGTURAL DY-
NAMICS

Details: ISVR Conference Secretariat,
The University, Southampton, SO9 5NH,
England.

August 23-25, SEOUL

WESTPRAC V

Details: Dr Il4han Cha, Yonsei Uni-
versity, Seoul, Korea

August 29-31, YOKOHAMA

INTERNOISE 94

Details: Yoiti Suzuki, Sone Lab, Riec, To-
hoku Univ. 2-1-1 Katahira, AobaKu, Sen-
dai, 980 Japan. Tel 81 22 266 4966,
Fax 81 22 263 9848, 81 22 224 7889
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Real-tlme Frequency Analyzer
ﬂr’*" N e 7 W'I‘ype 2143

‘Whatever problem you are working on (quality control, noise and vibration analysis or environmental
noise, for example), this Briiel & Kjer “go-anywhere” analyser gives you the perfect solution.

Designed for use in the field, it offers you:

® True portability (it weighs less than 10kg) ® Advanced triggered multispectrum facility ® Battery
operation 1/1-, 1/3-, 1/12- and 1/24-octave digital filters @ A back-lit display ® PC/MS-DOS compatible
disk format @ A water-resistant front panel @ A large non-volatile memory for over 512 1/3-octave
spectra @ Direct, preamplifier and charge inputs @ Option for F.E.T. operation ® Easy operation with
on-screen help function @ Output to a variety of printers ® Option for two channel upgrade.

NEW SOUTH WALES. WEST AUSTRALIA VICTORIA QUEENSLAND

Brﬁel & Kiar (024502086 (09) 2425944 (03)3707666  (07) 2525700



