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Abstract

Under the Exploration and Production (E&P) Sound and Marine Life Programme, a research
study was carried out on the feasibility of the Active Acoustic Monitoring (AAM) of marine
mammals. The purpose of such monitoring would be to detect marine mammals in those ocean
areas where E&P activities are being conducted, in order to allow due diligence in mitigating any
potential impact of these E&P operations. The study did not include any direct experimentation.

First, the problem domain was delineated in an overview of offshore E&P activities and of the
ocean environments in which they are conducted. To make the analysis more concrete, six
specific ocean areas of relevance to E&P were selected and their properties described. Next, the
potential performance of AAM was investigated via a parametric study of the sonar equation,
incorporating available knowledge of sonar technology and environmental effects. Special effort
was dedicated to investigating the target strength of marine mammals, as this is an area in which
scientific knowledge is sparse at present. The parametric analysis included several generic
examples, and was also applied to the six specific ocean areas. Finally, a survey was conducted
of commercially available sonar equipment by collecting data from sonar vendors through an on-
line form. The sonars were then ranked as to their suitability for AAM based on the factors
identified as important during the earlier study of potential AAM performance.

This report (Volume III) reviews the factors impacting the performance of an AAM system. The
basis of discussion is the sonar equation, with particular attention paid to the scattering properties
of marine mammals.

Résumé

Dans le cadre du programme portant sur ’impact du bruit des activités d’exploration et de
production sur la vie marine, une recherche a été effectuée sur la faisabilité de la surveillance
acoustique active (SAA) des mammiféres marins. Le but d’une telle surveillance serait la
détection des mammifeéres marins des régions océaniques ou sont menées des activités
d’exploration et de production, en vue d’agir avec diligence raisonnable pour atténuer les impacts
potentiels de ces activités. L’étude n’a pas comporté d’expérimentation directe.

Tout d’abord, on a circonscrit le probléme par un survol des activités d’exploration et de
production extracétieres et des environnements océaniques dans lesquelles ces activités sont
menées. De manic¢re a rendre 1’analyse plus réaliste, on a sélectionné six zones océaniques
pertinentes pour de telles activités et on a décrit leurs propriétés. Par la suite, on a évalué la
performance potentielle de la SAA par une étude paramétrique de I’équation du sonar intégrant
les connaissances disponibles sur la technologie du sonar et les effets de I’environnement. On a
mis un accent particulier sur 1’évaluation de I’indice de réflexion des mammiféres marins, car on
ne dispose que de peu de connaissances scientifiques a ce sujet pour le moment. L’analyse
paramétrique incluait plusieurs exemples génériques et elle a ét¢ appliquée aux six zones
océaniques précisées. Finalement, on a effectué une enquéte sur I’équipement sonar offert sur le
marché en recueillant des renseignements obtenus aupreés de vendeurs de sonars ayant rempli un
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formulaire en ligne. Les sonars ont été classés en fonction de leur utilité pour la SAA selon les
facteurs jugés importants au cours de I’évaluation de la performance potentielle de la SAA.

Le présent rapport (volume 3) traite des facteurs ayant un effet sur la performance des systemes
de SAA. L’examen se fonde sur I’équation du sonar et porte une attention particuliere aux
propriétés de diffusion acoustique des mammiféres marins.
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Executive summary

Survey of Active Acoustic Monitoring (AAM) Technologies:
Volume llI: Active Sonar Performance Factors

B.H. Maranda; L.E. Gilroy; J.A. Theriault; E.A. MacNeil; DRDC Atlantic ECR
2010-044; Defence R&D Canada — Atlantic; November 2010.

Background: Under the Exploration and Production (E&P) Sound and Marine Life Programme,
a research study was carried out on the feasibility of the Active Acoustic Monitoring (AAM) of
marine mammals. The purpose of such monitoring would be to detect marine mammals in those
ocean areas where E&P activities are being conducted, in order to allow due diligence in
mitigating any potential impact of these E&P operations.

In this Volume, the potential performance of AAM is investigated via a parametric study of the
sonar equation, incorporating available knowledge of sonar technology and environmental
effects. This part of the study is intended to identify any fundamental limitations to AAM as
imposed by technology or by the basic physics of the problem, and also to pinpoint those sonar
features that are of key importance for AAM. Special effort was dedicated to investigating the
target strength of marine mammals, as this is an area in which scientific knowledge is sparse at
present. It was assumed that the active detection of marine mammals out to 1000 m is necessary
for the useful application of AAM.

Results: Some of the primary results of the performance study are:

* The most useful sonar frequencies for the AAM problem are below about 50 kHz, while
frequencies greater than about 100 kHz would likely not provide long enough detection
ranges owing to increased sound absorption.

* C(lassification at long range will be challenging. Typical azimuthal beamwidths will not
allow the angular resolution of target structure at such ranges, and the range structure will
usually be too ambiguous for classification purposes. This leaves motion as the only reliable
clue to classification at long range.

* The sonar should be capable of transmitting and processing both Doppler-sensitive (e.g., CW)
and Doppler-insensitive (e.g., HFM) waveforms. The capability of Doppler processing to
reject seabed clutter is most important for shallow-water sites.

* At the frequencies of interest for AAM, the ambient noise is largely dependent on the wind
speed, although at very high frequencies the thermal-noise component can dominate. In
noise-limited conditions, excellent detection performance can be expected.

* Detection performance in reverberation-limited conditions is more problematic. Surface
reverberation alone should not be a problem at low wind speed, but might become important
at higher wind speed (high sea state). Detection in bottom reverberation looks to be difficult
in all but the most favorable circumstances, although Doppler processing can help to detect
objects that are moving at high enough speed.
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* AAM performance is predicted to be good in most deep-water sites, as bottom reverberation
is ruled out by the geometry of the detection scenario. In very shallow water, however,
bottom reverberation would be unavoidable.

* Measured values of marine-mammal target echo strength are rare and subject to large
experimental errors. Limited values do exist for humpback, gray, and sperm whales along
with a single controlled experiment for a dolphin; however, these data are somewhat limited
in completeness or detail.

* DRDC Atlantic’s AVAST software was used to model the target strength of a gray whale at a
variety of frequencies and ranges. The model gave reasonable predictions at broadside but
under-predicted the target strength at head and tail aspects. While there is considerable
aspect dependence, it was also noted that at the frequencies (10 — 30 kHz) and ranges (0.25 —
5 km) examined, the target strength is essentially range- and frequency-independent.

Software such as AVAST may prove to be a useful tool to evaluate whale broadside target
strength at a variety of frequencies and scenarios, but further work is required to validate it for all
aspects.

Significance: The analysis identified those factors that are important in determining potential
AAM performance, and these factors were used elsewhere in the study when ranking
commercially available sonars as to their suitability for AAM. More generally, the results give a
quantitative overview of the performance that can be realistically achieved with AAM, and
therefore provide guidance in assessing the viability of the technique.

Future plans: As the analysis presented in this report is based primarily on theory, the logical
next step would be to conduct field trials. These could be conducted using commercial sonar
systems, with the intent of validating the main results of the study. However, collecting an
adequate amount of data against marine mammals in situ could prove to be expensive, and
therefore controlled experiments with surrogate targets would likely be the required approach, at
least in the early stages of fieldwork.
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Contexte : Dans le cadre du programme portant sur I’impact du bruit des activités d’exploration
et de production sur la vie marine, une recherche a été effectuée sur la faisabilité de Ia
surveillance acoustique active (SAA) des mammiféres marins. Le but d’une telle surveillance
serait la détection des mammiféres marins des régions océaniques ou sont menées des activités
d’exploration et de production, ce qui permettrait une atténuation rapide des impacts potentiels de
ces activités. L’étude n’a pas comporté d’expérimentation directe.

Dans le présent volume, on évalue la performance potentielle de la SAA par une étude
paramétrique de 1I’équation du sonar intégrant les connaissances disponibles sur la technologie du
sonar et ses effets sur I’environnement. La présente partie de 1’étude vise la détermination des
limites fondamentales de la SAA imposées par la technologie ou par la nature physique du
probléme, ainsi que la mise en relief des caractéristiques du sonar ayant une importance clé pour
la SAA. On a mis un accent particulier sur 1’évaluation de I’indice de réflexion des mammiferes
marins, car on ne dispose que de peu de connaissances scientifiques a ce sujet pour le moment.
On a tenu pour acquis que la détection active des mammiféres marins doit pouvoir étre effectuée
jusqu’a une distance de 1 000 m pour que la SAA soit utile.

Résultats : Voici quelques-uns des résultats principaux concernant 1’évaluation de la
performance :

* Les fréquences les plus utiles pour la SAA sont inférieures a environ 50 kHz, alors que les
fréquences supérieures a environ 100 kHz ne permettraient probablement pas d’obtenir une
portée de détection suffisante a cause de 1’absorption accrue des ondes acoustiques.

* La classification & longue distance sera problématique. Les largeurs habituelles du faisceau
azimuth ne permettront pas d’obtenir une résolution angulaire suffisante pour déterminer
I'angle des structures cibles a de telles distances. La structure en distance sera habituellement
trop indistincte pour pouvoir faire 1’objet d’une classification, ce qui ne laisse que le
déplacement comme indice fiable aux fins de classification a longue distance.

* Le sonar devra étre en mesure d'émettre et de traiter tout aussi bien les formes d’ondes
sensibles a I’effet Doppler (ex.ondes entretenues) que celles qui ne le sont pas
(ex. modulation de fréquence hyperbolique). La capacité a effectuer un traitement Doppler
pour éliminer le fouillis d’échos renvoyés par le plancher océanique est d’une trés grande
importance en eau peu profonde.

* Aux fréquences d’intérét pour la SAA, le bruit ambiant dépend largement de la vitesse du

vent, bien qu’aux trés hautes fréquences la composante thermique du bruit puisse dominer.
On peut s’attendre a une excellente performance de détection en présence de bruit nuisible.
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* La performance de détection en présence de réverbérations nuisibles est plus problématique.
La réverbération de surface ne devrait pas poser de probleme a elle seule lorsque la vitesse du
vent est réduite, mais elle pourrait devenir importante lorsque la vitesse du vent est accrue
(mer de force ¢élevée). La détection en conditions de réverbération de fond semble ardue
lorsque les circonstances ne sont pas idéales, mais le traitement Doppler peut aider a détecter
les objets qui se déplacent avec une vitesse suffisante.

*  On prévoit une bonne performance de la SAA dans la plupart des conditions en eau profonde,
car la réverbération de fond est ¢liminée par la géométrie en jeu dans de tels scénarios de
détection. Toutefois, en eau trés peu profonde, la réverbération de fond serait inévitable.

* On dispose de peu de valeurs mesurées de la puissance de 1’écho renvoy¢é par les mammiféres
marins, et ces mesures sont trés sensibles aux erreurs d’expérimentation. On dispose de
quelques mesures pour le rorqual a bosse, la baleine grise et le grand cachalot, et un essai
contrdlé unique a ét¢ mené avec un dauphin. Toutefois, ces données manquent quelque peu
d’exhaustivité ou de détails.

* Le logiciel AVAST de RDDC Atlantique a servi a la modélisation de ’indice de réflexion
d’une baleine grise en fonction d’une gamme de fréquences et de distances. Le modéle a
fourni des prévisions raisonnables lorsque 1’animal était de flanc, mais a sous-estimé 1’indice
de réflexion lorsqu’il était de face (téte) ou de dos (queue). Alors que I’indice de réflexion de
la cible dépend fortement de I’aspect de cette dernicre, on a remarqué qu’aux fréquences (10
— 30 kHz) et aux distances (0,25 — 5 km) sélectionnées, il est essentiellement indépendant de
la distance et de la fréquence.

* Un logiciel tel quAVAST pourrait s’avérer utile pour déterminer I’indice de réflexion des
cibles (baleines) de flanc en fonction d’une variété de fréquences et de situations, mais
d’autres études doivent étre menées afin de le valider pour I’ensemble des paramétres.

Importance : L’analyse a permis de déterminer les facteurs importants pour 1’évaluation de la
performance potentielle de la SAA; ces facteurs ont par la suite servi a classer les sonars offerts
sur le marché selon leur adéquation pour la SAA. De fagon plus générale, les résultats offrent un
aper¢u de la performance de la SAA a laquelle on peut s’attendre de fagon réaliste et, par
conséquent, servent a guider 1’évaluation de la viabilité de la technique.

Travaux futurs : Comme le fondement de ’analyse présentée dans le présent rapport est
principalement théorique, la prochaine étape serait logiquement de procéder a des essais sur le
terrain. Ces essais pourraient étre menés a 1’aide de systémes sonar commerciaux, dans le but de
valider les principaux résultats de 1’étude. Toutefois, la collecte d’une quantité suffisante de
données pour les mammiféres marins en milieu naturel serait dispendieuse et, par conséquent, la
conduite d’essais controlés menés avec des cibles de remplacement serait probablement
I’approche a suivre, a tout le moins pendant les premiéres étapes des essais sur le terrain.
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1 Introduction

1.1 Background

The International Association of Oil and Gas Producers (OGP) established the Exploration and
Production (E&P) Sound and Marine Life Programme as an industry research fund supporting
research into sound produced during E&P activities and its effect on marine life.

The JIP (Joint Industry Programme) funded a proposal by Defence R&D Canada — Atlantic
(DRDC Atlantic) to deliver, in partnership with private industry, this study which is a review and
inventory of current active acoustic methods and technologies, and which identifies potential
further development areas for the detection of marine mammals during E&P activities offshore.
The study was approached as a three phase project; during the first phase background information
was gathered on E&P activities / environments and a general assessment was done on the
performance capabilities of active acoustic technology. In the second phase a survey of
manufacturers of active systems was conducted. During the third phase these survey responses
were evaluated for suitability of use in monitoring marine mammals at sea during E&P activities
and recommendations were made on further development areas.

1.2 Document objective and structure
This report is the final report for contract JIP22 08-06. The report consists of four volumes.
* Volume I contains an overview and summary of the survey and analysis. Annex C to
Volume I includes separate pdf files, with the detailed responses from each of the system

suppliers, along with the evaluation.

*  Volume II is a detailed description of six chosen E&P environments and the marine
mammal species expected in those environments.

*  Volume III (this report) is a detailed analysis of the factors affecting the performance of
an AAM system.

*  Volume IV is the complete contract proposal.
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2 Potential performance of AAM systems

2.1 Introduction

In this volume of the report, a high-level analysis of the potential performance of AAM systems is
carried out. The fundamental limits on how well such systems can perform are determined by the
laws of physics, but there are also softer constraints imposed by engineering and operating costs,
ethical considerations (e.g., allowable active-signal levels to be used against marine mammals in
an AAM system), concepts of operation, etc. The following investigation will be guided largely
by the physics, taking into account the practical lessons learned at DRDC Atlantic through many
years of experience with sonar.

The fundamental purpose of an active sonar is to emit a pulsed signal and detect any return
echoes, these echoes being embedded in ambient noise and reverberation. The latter two cases
are quite different in nature. On the one hand, when ambient noise is the limiting factor, the
performance can be improved by increasing the pulse energy (for example, by increasing the
transmitted power, or source level). On the other hand, performance cannot be improved in
reverberation-limited environments by raising the source level, because the reverberation level
increases proportionately. Instead, improving performance against reverberation may require
shaping the transmitter or receiver beam patterns to reduce boundary interaction, employing
waveforms with anti-reverberant properties, and exploiting advanced or adaptive signal-
processing techniques.

The rest of this Section is organized as follows. First, the sonar equation is given for both noise-
limited and reverberation-limited conditions. Then, the various terms that make up the sonar
equation are described in more detail, focussing on the operating regime that would be of most
interest for an AAM design. It should be noted that only certain terms of the sonar equation are
under the direct control of the system designer, although those terms that are determined by the
environment may depend on the choice of sonar frequency. Following the basic material on the
sonar equation, there is a discussion of higher-level sonar functions such as classification. The
issues involved in selecting a frequency for AAM are then examined. Finally, several examples
of performance prediction are worked through.

The references [1]-[4] will be drawn upon throughout the discussion, often without specific
citation, and references to other material will be made as required. In the following, the terms
“long range” and “short range” will be understood in the context of the AAM application, with
long range being 1000 m and beyond, and short range being a few hundred meters. Also, for
sample calculations it will be assumed that the speed of sound in sea water is ¢ =1500 m/s.

2.2 The sonar equation

A rough prediction of detection performance can be obtained from the sonar equation, which
provides an estimate of the signal excess (or echo excess). The signal excess SE is the amount by
which the signal-to-noise ratio (or the signal-to-reverberation ratio) at the detector input exceeds
the detection threshold, and when SE > 0 the sonar system will meet or exceed the desired level
of performance. We now consider separately the form of the equation for noise-limited and for
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reverberation-limited conditions, assuming in both cases a monostatic active sonar. As a general
notational convention, a term in capital roman letters (e.g., SE, TS) is on a decibel (dB) scale,
while a term in math font (e.g., ¢, T') is in linear MKS units.

2.2.1 Noise-limited conditions

The signal excess SE,, for noise-limited conditions is given by the sonar equation

SE, =ESL+TS-2TL-NL+AG-DT, (1)

where the variables are defined as:

ESL - the energy source level of the sonar pulse at a distance 1 m from the acoustic center of the
radiating source (an energy level in dB re 1 uPa’-s at 1 m);

TS  —the target strength (in dB);

TL - the one-way transmission loss between the sonar and the target (in dB);

NL - the noise spectrum level at the receiver (in dB re 1 uPa’/Hz);

AG —the array gain, which is the improvement in signal-to-noise ratio provided by the
directivity of the sensor system relative to an omni-directional hydrophone (in dB). The
array gain is often called the directivity index (DI) when the noise is isotropic.

DT - the detection threshold, or signal-to-noise ratio required by the detector to achieve a
specified level of performance (in dB).

For a flat-topped pulse, the ESL is related to the source level SL (having units dB re 1 uPa” at
1 m) via the equation

ESL =SL +10logT,

where 7T is the time duration of the pulse (in seconds). Although transducers are usually
characterized in terms of SL, it is often convenient to work directly with ESL, because then the
effect of pulse shaping, etc, can be handled cleanly.

2.2.2 Reverberation-limited conditions

The form of reverberation that will most likely pose difficulties for the AAM application is
reverberation from the ocean boundaries; for example, surface reverberation may be the dominant
interference when it is intended that the sonar should detect near-surface marine mammals. This
type of reverberation will be assumed in what follows, as the notational changes needed for
volume reverberation are minor.

To derive a simplified sonar equation for reverberation-limited conditions, we begin by defining
the echo level from the target at the sonar receiver,

EL=SL-2TL+TS.
The units are those of power, dB re 1 uPa®. For surface reverberation, the reverberation level is

given by
RL=SL-2TL+S+10logA,
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where S is the scattering strength, and A is the area of the surface patch that scatters the incident
waveform back to the receiver. In writing this equation, the simplifying assumption has been
made that the reverberant patch is near the target, so that the two-way transmission loss is the
same as for the target echo. The level of the echo above the reverberation is then given by

EL-RL=TS-S-10logA,

where the transmission loss has cancelled out. The source level has also cancelled out, an
indication of the fact that, once the source level has become high enough to cause reverberation to
be the limiting factor, increasing it has no effect on the echo-to-reverberation level. The signal
excess SE, for reverberation-limited conditions is now given by

SE; =TS-S-10logA-DT. 2)
Details on the computation of the patch size A are provided in a later subsection on the scattering
strength S.
2.2.3 Combined equation for signal excess

In the two preceding subsections, separate equations were given for the signal excess in noise-
and reverberation-limited conditions. Although it is often useful to analyze the two cases
separately in order to identify the dominant effect in a given environment, for carrying out
systems analysis it is usually more convenient to have a single equation that combines the effects
of both noise and reverberation. Based on the above theory, the following equation can be
derived:

SE =ESL + TS -2TL - (NL - AG)®RL,) - DT, 3)
where

RL, =RL +10log7 = ESL -2TL + S+10log 4 4)

denotes the reverberation energy in the pulse duration 7. In Eq. (3), the symbol @ indicates a
power summation. That is, given two decibel values X =10logx and Y =10logy, their power

sum is defined as

X @Y =10log(x +y) =101og(10*"* +10¥/1%). (5)

Similarly, if multiple types of reverberation are present (e.g., surface and bottom reverberation),
the separate components should be added in power.
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2.3 Source level

2.3.1 Definition of directivity

For an omni-directional acoustic projector, the source level in dB re 1 MPa2 at 1 m is given by
SL,=170.8+10logP,

where P is the total radiated power in watts. When the transmitter has directivity index DI,, the
source level on the maximum response axis is

SL=SL,+DI, =170.8+10log P + DI, .

In order to define the directivity more precisely, let a spherical coordinate system be set up with
0 being the azimuthal angle (in the horizontal plane) and ¢ the vertical angle measured from the

horizontal (0<6=<2x and -Jm<¢=<im). We denote by b,(0.¢) the transmit beam power

response, normalized such that it has value 1 on the maximum response axis (MRA); then

4
Jjﬂjj:; b,(6,$)cos pdpdo

Here we have used the fact that the element of solid angle is given in the spherical coordinates by
dQ=cos¢pdpdl. The source level quoted for a sonar system usually pertains to that on the

MRA.

DI, =10log ©6)

2.3.2 Transmit directivity in AAM

It may not be feasible to employ any significant azimuthal directivity in AAM on transmit when
the goal is to have full azimuthal coverage, since the scan time would be excessive. Note that it is
necessary to leave the transmitter off during the time interval that an echo can be received,
assuming the usual situation in which the receiver would be overloaded during a transmission
from a co-located projector. (Also, in many sonars the same transducer functions as both
transmitter and receiver, and is switched between modes.) For a maximum range scale of 1500 m
(allowing a 500-m guard band beyond a desired 1000-m detection range), the required
observation time on receive would be (2)(1500 m)/ (1500 m/s) = 2 s. Then if there are 20
horizontal beams (say), the total scan time would be (20)(2 s) =40 s. This is probably too long: if
the ship were moving at 4 m/s (approx 8 kt), it would advance 160 m during the scan time. If
simultaneous operation of the transmit and receive functions could be achieved it would
theoretically be possible to step through the scanning pattern more quickly, although frequency
diversity or code diversity might be required in order to disambiguate the echoes at the receiver.

Although horizontal directivity on transmit may not be desirable in AAM operations, vertical
directivity would be of benefit, because focussing most of the transmitted energy away from the
ocean boundaries would reduce the reverberation level. We now outline some of the issues
involved. First, if there were no capability for vertical beam steering, the vertical beam pattern
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would have to be designed to always insonify the sea surface in order to detect near-surface
mammals. In this case, the main benefit provided by vertical directivity would be to reduce or
eliminate bottom reverberation in moderately shallow water. If the capability existed for vertical
beam steering, additional possibilities would arise; for example, when searching for mammals at
depth, it might be possible to steer downward enough to largely avoid insonifying the surface and
therefore to eliminate random sea-surface clutter.

2.4 Transmission loss

The transmission loss (TL) is a measure of the sound intensity that is lost by the signal as it
propagates through the ocean medium." For the purpose of analysis, it is convenient to break up
the transmission loss into two components: that due to geometrical spreading (or focusing) of the
sound waves, and that due to absorption. The first component is a propagation effect governed by
the acoustic wave equation; the second is a local absorption loss whose functional form has been
determined primarily through empirical measurements. A simple model that is often used in
practice for short-range transmission loss is given by the formula

TL =20logr +ar, @)

where r is the range in meters and o is the absorption coefficient. More specific detail is
provided in the following subsections.

2.4.1 Geometrical spreading loss

In a hypothetical ocean in which there were no boundaries, the intensity of the sound issuing from
a compact source would decrease according to the inverse square law (or spherical spreading
law), as given by the 20logr term in Eq. (7). It is usually accurate to assume spherical spreading
at short ranges in the deep ocean, although when the sonar projector is close to the ocean surface
— as it would be for many of the sonar systems having potential application to AAM — there are
usually surface-related effects. In shallow water, the ocean boundaries can have a profound effect
even at short ranges. It is not possible to make a general statement concerning the amount of
transmission loss in shallow water, since there are cases where TL will be greater (i.e., worse)
than spherical spreading, and other cases where it will be less.

For computing more accurately how sound propagates in a specific ocean environment, one
employs propagation models to numerically solve the acoustic wave equation [5]. There are
several standard models available to the research community, appropriate for different frequency
regimes and providing differing levels of accuracy. At the high frequencies that would be of
interest for the AAM application, one would not attempt to predict propagation effects with a
range resolution on the order of a wavelength, for it would be impossible to measure the
properties of the ocean waveguide itself with such resolution (and many of these properties are
time-varying). For performance studies it is generally sufficient to compute range-averaged
results on a much coarser distance scale.

" The term propagation loss is often used interchangeably with the term transmission loss.
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2.4.2 Absorption loss

On a decibel scale the absorption loss is written as ar, where o is the absorption coefficient and

r is the range. Many researchers have developed empirical models for the absorption of sound in
sea water. The absorption coefficient depends on such environmental parameters as temperature,
salinity, etc, but for “back of the envelope” calculations the simplified formula by Thorp (quoted
in [1]) is often used:

2 2
a=0.1f2+ 40
1+f> 4100+ f

S +(275x107) £ +0.003, (8)

where a is in dB/kyd and f is the frequency in kHz. (Dividing this formula by 0.9144 will
convert to dB/km.)

A much more complete model can be found in [6]. The formula developed there comprises three
terms of the same functional form,

S : anf;zfz
BEY 2 2 g2 ©)
35 n=l1 f + fn
with each term accounting for a different physical loss mechanism. The coefficients S, a,, and

f, are given in the following table:

Table 1: Coefficients in the Mellen-Scheifele-Browning model of sound absorption.

S - water salinity in parts per thousand (ppt)

a,=0.5x107"% f,=50x10™ %
a,=0.1x10P"® £, =09x10" '™
a; =0.03x10P%® f, =4.5x10™ "

d - water depth in km
pH — the chemical pH of the water
t,, — water temperature in deg C

Curves of the absorption coefficient a as given by the Thorp and Mellen formulas (with the
former converted to dB/km) are plotted in Figure 1. It is notable that there is a large difference
between the curves, with Thorp’s formula yielding an attenuation about 10 dB/km larger at 100
kHz — a difference that is by no means negligible. We shall use the formula of Mellen et al,
which should be the more accurate when the parameters properly characterize the water mass of
interest.
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Figure 1: The absorption coefficient as computed by the formulas of Thorp and of Mellen et
al. For the latter, the parameters are set at d=0.1 km, pH=38.0, ty=4°C, and S=35 ppt.

2.5 Target strength

A large uncertainty in evaluating the general performance of an active system in the AAM
context is the target strength [Eqs. (1) and (2)]. Under this study, the investigation of the target
strength of marine mammals has been afforded extra effort. For this reason, the target strength
discussion is included as a self-contained section (Section 3).

2.6 Noise level

Ocean ambient noise is often the limiting factor to sonar detection performance, and as such it has
been extensively studied. Although the description of ambient noise is complex at the low
frequencies important for military passive sonar, its behavior is much simpler at the frequencies
of interest for AAM. In particular, wind is the main causative factor in the generation of ambient
noise starting from several kilohertz up to frequencies where thermal noise begins to dominate.
The ambient noise in this frequency range typically decreases at a rate of 5 to 6 dB per octave,
resulting in lower noise levels at higher frequencies. The frequency at which the thermal-noise
component begins to dominate the total ambient noise depends on the sea state. Urick has
published an extensive study on ambient noise [7], and he presents a graph (p. 2-29) from which
noise levels can be extracted for parametric analysis of sonar performance.
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2.7 Array gain

2.7.1 Definition

The array gain, AG, is a measure of how much processing gain is provided by the receiver
directivity when in the presence of ambient noise. However, the receiver directivity is also
instrumental in reducing the deleterious effects of reverberation, and hence a complete array
design should take reverberation into account as well (see Sec. 2.9). For 3D-isotropic noise, the
array gain is often called the directivity index; we write DI, in order to distinguish the directivity
index on receive from that on transmit. The formula for DI, is identical to Eq. (6), except that it
is based on the receive beam power response b, (6,9):

4

2 ﬂ/zzbr(e,(p)cosd)dd)de' (10)

AG =DI, =10log

0 -/

Like the transmit response, the receive response b,(6,¢) is normalized so that it has unity value
on its maximum response axis.

2.7.2 Receiver directivity in AAM

In what follows, it is assumed that the receiver directivity is realized by the formation of steered
beams. In order to provide adequate processing gain, and also to provide the capability of
mapping target detections in the horizontal plane, an AAM sonar will require substantial
horizontal directivity on receive; that is, the beamwidth must be narrow in azimuth. A narrow
azimuthal beamwidth would also be advantageous in combating reverberation. For this scheme
to work, however, all receive beams must be processed in parallel; the alternative, to scan through
the beams individually, was ruled out for transmission (see Sec. 2.3.2), and the same reasoning
applies to reception. Moreover, real-time beam stabilization would be required in order to exploit
narrow beamwidths when the sonar is mounted on a moving platform; those commercial sonars
intended for fixed installation would generally not implement beam stabilization owing to its
complexity.

As on transmit, vertical directionality on receive would help to reduce surface reverberation if it
were possible to steer the vertically away from the surface; however, operating in this manner
would no doubt preclude the detection of near-surface targets. Vertical directionality would also
make it possible to reduce or avoid bottom reverberation for targets well separated from the ocean
bottom, although if detection coverage is required throughout the entire water column there will
be no way to entirely avoid seabed reverberation.

2.7.3 Array geometries

2.7.31 Linear array

It is assumed that, for a moving platform, a linear receive array would be oriented with its axis in
the direction of motion (along track). The linear array has several disadvantages for the AAM
application, as will now be discussed. First, a linear array constructed with omni-directional
sensors has an axially-symmetric beam pattern that causes a left / right ambiguity; since this
ambiguity would be unacceptable in the AAM application, the use of a linear geometry would
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require the exploitation of directional sensors, or the separation of the array into two isolated
halves (as can be found in sidescan sonars). Another problem with the linear geometry is that it
provides narrow beams near broadside, but considerably wider beams near endfire. Sidescan
sonars limit their field of view to angles very close to broadside in order to obtain the desired
angular resolution, but for the AAM application a wider field of view would be imperative. In
summary, a linear receive array is not well suited for the AAM application.

2.7.3.2 Cylindrical array

The standard array configuration for a hull-mounted sonar is a cylindrical array with its axis
oriented vertically. The advantage of the cylindrical geometry is that it can provide the same
horizontal beamwidth at all azimuthal steering angles, a property that is desirable for the plan-
position indicator (PPI) display used in many sonars. Furthermore, if the same transducer set is
used for both transmit and receiver, the cylindrical array will provide a suitable transmit beam
pattern. (If the linear array were used as a receiver array, it would likely be necessary to have a
separate transducer for transmit.) In summary, the cylindrical geometry provides a compact
transducer geometry with desirable features, as evidenced by the prevalence of this geometry in
many fish-finding and swimmer-detection sonars.

2.7.4 Numerical values

To get precise values of DI, it would be necessary to have an analytical formula for the beam
power response of the receiver, and this can be obtained only if an array configuration has been
specified. The approach taken here will be approximate: the actual beam response will be
replaced by an ideal response that assumes a value of 1 in the mainlobe region, and a value of 0
everywhere else (the sidelobe region). Letting 6' and ¢' denote the respective horizontal and
vertical beamwidths of the mainlobe, the beam response is equal to 1 in the angular region
defined by 6, -1 0'<0<6,+16 and -1 ¢'<¢=<1¢', where the azimuthal steering angle is 6, and
the vertical steering angle is taken to be zero. The angles 0' and ¢' are the noise-equivalent
beamwidths when they yield a directivity index for the ideal response that is equivalent to that of
the actual response. The noise-equivalent beamwidths are wider than the —3 dB beamwidths,
which are the figures usually quoted. Analytically, we obtain

A 27
DIr = IOlOg 0. 1072 72 =1010g|—'
0 f¢ cos ¢ ddo 6'sin(¢'/2) (11)
00-0'12 J -¢'/2

When ¢' is small, the argument of the logarithm is approximately 4m/6'¢'; that is, the solid
angle of the beam is approximated by a rectangle of sides 0' and ¢'. Equation (11) was used to

compute the directivity index for a set of horizontal and vertical beamwidths that is believed to be
representative of the parameters possible for AAM sonars (refer to Table 2). It can be seen from
the table that a considerable processing gain in 3D ambient noise would be available for the AAM
application.
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Table 2: Array gain, or directivity index, assuming an ideal beam pattern (in dB).

Equivalent azimuthal beamwidth
2° 4° 6° 10° 15°
10° 33.1 30.1 28.4 26.2 24.4
Equivalent 20° 30.2 27.1 25.4 23.2 214
vertical 30° 28.4 25.4 23.7 21.4 19.7
beamwidth 40° 27.2 24.2 22.4 20.2 18.5
50° 26.3 233 21.5 19.3 17.5

2.8 Detection threshold

The detection threshold is a measure of the signal-to-noise ratio or of the signal-to-reverberation
ratio that is required by the sonar processor to achieve a specified detection performance. As
outlined in texts on detection theory [8],[9], it is necessary to specify the performance in terms of
both the probability of detection, P,, and the probability of false alarm, P,. One approach to

adjusting the sonar system during operation is to set P, such that the operator can cope

reasonably well with the resulting number of false alarms.

2.8.1 Noise-limited conditions

The optimum processor for detecting a signal against a background of additive white Gaussian
noise is the matched filter. In an AAM sonar the signal will be a bandpass signal of unknown
phase, and the filter should be followed by an envelope detector. For a CW signal, the matched-
filter detector is approximated very well by the traditional detector consisting of a rectangular
bandpass filter followed by an envelope detector. For FM signals, implementing the matched
filter requires significantly more computational resources. The properties of different waveforms
are discussed in Sec. 2.10.2.

The detection threshold is given by DT=10logy, where y is the signal-to-noise ratio (SNR).
Here y=E/N,, where E is the pulse energy (in MPaZ-s) and N, the power spectral density of the
ambient noise (in uPa’/Hz), both being measured at the detector input. The detector output in

this case has a chi-square distribution with two degrees of freedom, and the detector performance
is given by the equation (p. 345 of [8])

P, = 0(\2r 4217, ) (12)

where QO denotes the Marcum Q-function. A graph of P, as a function of SNR for various
values of P;, can be found on p. 205 of [9].

It should be noted that, on the one hand, the detection theory presented here assumes white noise
(i.e., a flat noise spectrum), but, on the other hand, the actual noise spectrum is expected to roll
off at a rate of 5 to 6 dB per octave. The technical solution would be to pre-whiten the sloped
noise by placing an appropriate filter before the matched filter; however, the fractional
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bandwidths of sonar signals used above 10 kHz are generally so small that the noise spectrum
level over the matched-filter bandwidth is adequately represented by a single number.

2.8.2 Reverberation-limited conditions

The theory of detection in reverberation is not as well worked out as it is for Gaussian noise, but
it will still be assumed that the matched-filter envelope detector is used. A common physical
model is that the reverberation arises from a large number of scatterers distributed randomly
throughout the scattering region. Mathematically, this model leads to Rayleigh-distributed
reverberation; that is, the detection statistics are chi-square with two degrees of freedom.
Therefore Eq. (12) still holds, but now ¥ is to be interpreted as the echo-to-reverberation ratio at

the output of the matched filter.

2.9 Scattering strength
2.9.1 Theory

The scattering strength S is a quantitative measure of the amount of acoustic power scattered from
an insonified area or volume. Clearly it is similar in definition to target strength, except that we
are now dealing with a distributed surface or volume that is scattering unwanted (interfering)
power. In what follows, surface scattering is considered. For analytical convenience the
scattering parameter S pertains to a unit area (m?), the total scattering power then being derived
from the scattering area A actually insonified by the sonar pulse. The formula for A is

A=£@r,
2

where c is the speed of sound, O is the effective azimuthal beamwidth, and r is the range. Note
that the pulse duration 7' is used when the pulse is a gated CW signal; for a swept FM signal
processed with a matched filter, the pulse duration should be replaced by the compressed duration
of the pulse. Since the compressed duration is approximately given by the inverse of the swept
bandwidth W, the previous equation is often written in the form

c
A=——0r, 13
g (13)

applicable for both CW and FM signals. According to this equation, a doubling of the waveform
bandwidth will improve detection performance in reverberation-limited conditions by 3 dB. In
practice, one cannot reap continual improvement by expanding the bandwidth because (1) the
target becomes over-resolved — that is, the echo energy from the target starts to spread across
multiple range cells, and (2) the coherence of the signal is degraded as it propagates through the
ocean medium. Further discussion of waveform design is presented later.

The effective beamwidth © for reverberation calculations depends on both the transmit and
receive beam responses:
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2

@ =fbt (03¢0)br (0’¢0)d0’ (14)
0

where ¢, is the vertical angle between the projector and the insonified patch on the ocean
boundary (equal to the grazing angle). When the sonar system is located near the surface, we
have ¢, =0 for sea-surface reverberation; that is, the reverberation performance is determined by
the beam responses close to the horizontal plane. For bottom reverberation, the value of ¢, would
be derived from the geometry of the problem. Note that the value of ¢, changes as a function of
time after the transmission of a ping.

2.9.2 Empirical data

Field measurements have been made for many years in order to determine numerical values for
the scattering strength S. For scattering from the ocean surface, the main parameters on which S
depends are the grazing angle, the wind speed (which determines the surface roughness), and the
frequency. For frequencies below 10 kHz, an empirical formula derived by Chapman and Harris
is commonly used to predict the scattering strength [1]. At the higher frequencies of interest for
AAM, semi-empirical models for the scattering strength can be found in [10]. Unfortunately,
there is uncertainty in the value of S at the low grazing angles that would occur in a typical AAM
sonar geometry: measured curves generally do not fall off as rapidly as theory predicts when the
grazing angle approaches 0°. McDaniel [11] refers to this behavior as anomalous scatter and
attributes it to the presence of microbubbles near the ocean surface. The dependence of the
scattering strength on the wind speed is very marked, with S increasing by 30 dB as the wind
speed increases from 0 to 10 m/s.

The scattering strength of the ocean bottom depends on the local composition and roughness of
the seabed, and hence shows a wide variability from area to area. One difference from sea-
surface reverberation is that the anomalous scattering at low grazing angles mentioned above is
not seen, as there is no bubble layer. In fact, the authors of a recent book on seafloor acoustics
[12] claim that measurements of the scattering strength of the ocean bottom should be viewed
with suspicion if they do not fall off rapidly as the grazing angle becomes small. However, for a
sonar system located near the ocean surface, as would be likely in the AAM application, the
grazing angles at the ocean bottom would usually be much greater than at the surface, implying a
large backscattering strength. For long-range detection in shallow or moderately shallow water, it
may be difficult to attain enough vertical directivity in the beam pattern to avoid interaction with
the ocean floor.

In summary, the scattering strength term of the sonar equation depends strongly on the local
environmental conditions, and there is uncertainty in what value to use in performance
assessments. This uncertainty will reduce the reliability of predicted signal excess, SE .

2.10 Factors affecting AAM performance

The sonar equation is essentially a bookkeeping method for tracking the level of acoustic power
throughout the detection scenario, and is only a rough gauge of potential performance. A more
careful analysis must account for numerous factors that will ultimately decide the overall utility
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of the sonar, not merely as means for detection but as a system capable of achieving the desired
objective. For example, the detections themselves may be of little utility if a method of
classification is not available. The following subsections provide some discussion on issues
affecting the performance of AAM systems.

2.10.1 Minimum range capability

In monostatic sonars the transmitter and receiver are co-located, and it is generally impossible to
provide enough acoustic isolation between them to allow simultaneous transmission and
reception. The receiver will be allowed to saturate during transmission, or a gain control will shut
the receiver off. In some sonar systems, the transmitter and receiver share the same physical
transducer through a transmit/receive (T/R) switch. Regardless of the instrumentation, the effect
is to create a blind area (or “dead zone”) around the sonar, the minimum range capability being
determined by the length of the sonar pulse. For example, if the pulse duration is 100 ms, then
the minimum range is (0.1 s)(1500 m/s) /2 =75 m.

In practice, the pulse duration can be chosen automatically as the sonar operator changes the
range scale on the sonar set. On a short-range setting, a short pulse length would be used in order
to minimize the dead zone; on a long-range setting, where it is allowable to expand the dead zone
around the sonar, a longer pulse length could be used. This method is well suited for noise-
limited conditions, since each doubling of the pulse length adds another 3 dB of energy for
longer-range detections. In the AAM application, the concept of operations would have to ensure
that a marine mammal couldn’t penetrate into the blind area without first being detected in an
outer ring; a sector-scanning concept would be vulnerable to this type of problem.

2.10.2 Waveforms

In early sonars, the only type of pulse was a gated sinusoid (also called a continuous-wave, or
CW, pulse). The range resolution of such pulses is determined by their duration: short-duration
CW pulses provide better range resolution than long-duration pulses simply because the echoes
can be closer together in time without overlapping. The problem is that by reducing the pulse
duration in order to improve resolution, one also reduces the pulse energy and hence the detection
performance in ambient noise. A big step forward was made in signal-processing theory when it
was realized that pulse compression via matched filtering can decouple the achievable range
resolution from the choice of pulse length. In particular, the amount of compression depends on
the signal bandwidth, and hence a long-duration pulse with sufficient swept bandwidth can be
compressed to a short time span at the filter output. It is this effect that also makes FM pulses
effective in combating reverberation, as described in Sec. 2.9.

For example, suppose the pulse bandwidth is chosen to be 1 kHz. A CW pulse of this bandwidth
has a duration of ~1 ms. In contrast, a frequency-modulated (FM) pulse with a 1-kHz bandwidth
may have a much longer duration (say 100 ms), but will nevertheless compress to ~1 ms at the
output of a matched filter. In this example, two FM echoes arriving 10 ms apart in time (for point
targets separated by 7.5 m in range) would be 90% overlapped at the matched filter input, but
would still be easily resolved at the filter output. Extension of this reasoning leads to the
conclusion that the long FM pulse would provide performance against reverberation similar to
that of the short CW pulse. Note, however, that a 100-ms FM pulse would have 20 dB more
energy than a 1-ms CW pulse and hence yield much better detection performance in ambient-
noise-limited conditions.
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More generally, the concept of a pulse’s ambiguity function clarifies how both range and
frequency (Doppler) resolution are affected by changes in the pulse shape when matched filtering
is used. It is with this greater insight that different pulses can be designed to attain different
goals; a general rule of thumb is that wideband signals are used for better range resolution and
narrowband signals for better Doppler resolution. The ideal pulse would of course provide high
resolution in both dimensions simultaneously, but ambiguity-function theory tells us that there is
an unavoidable trade-off between them. In practice the sonar may implement a suite of pulses
that have been tailored for various tasks. In order to exploit Doppler-sensitive waveforms (to
separate moving contacts from stationary contacts, for example) when the sonar is mounted on a
moving platform, the implementation of own-Doppler nullification would be highly desirable.

The use of FM waveforms and matched-filter processing is commonplace in military sonars.
However, there remain areas of commercial application where matched filtering has not
penetrated the sonar technology to any great extent, and where the term “pulse” almost invariably
means a CW pulse. For example, two relatively modern books on fisheries acoustics [13],[14]
mention non-CW signals only briefly, and, no doubt reflecting the actual design of fisheries
sonars, take it for granted that the pulse duration must be decreased in order to improve the range
resolution. This lag in technological development perhaps stems from the difference between the
commercial and military worlds, the former being content with a capability adequate for a given
task (with one eye firmly on system cost) and the latter striving to field the best capability
achievable.

2.10.3 Classification

The basic function of a sonar system is detection. From the standpoint of performing a specific
task, such as AAM, the fact that the sonar will indiscriminately detect all objects in its field of
view is a complicating factor, which in some conditions can make it impossible to carry out the
assigned task. The desired contacts are usually called fargets and the undesired ones clutter or
false alarms. An important post-detection function is then to distinguish between targets and
clutter; i.e., to classify the contacts.

2.10.3.1 Potential methods of classification in AAM

The methods of classification that can be implemented depend on the information being obtained
through the sonar sensor; the type and amount of this information will depend not only on the
sonar equipment itself, but also on scenario-dependent factors such as target range. If it is desired
to classify contacts at long ranges, the majority of marine mammals will effectively appear as a
point targets in a beam; that is, the angle subtended by the target (as seen from the receiver) will
be smaller than the beamwidth. For example, a narrow beamwidth of only 2° translates into a
cross-range distance of 35 m at a range of 1000 m. Clearly the majority of sea animals will
appear as point targets (in azimuth) at such ranges.

Although the range resolution would remain good with the appropriate waveforms (1 m or better,
say), the range structure of the sonar return would generally not provide reliable classification
clues. Some considerations are: (1) There may be multiple, closely spaced mammals within a
single beam, and these would all contribute to the range structure in that beam. (2) The aspect
angle of each mammal relative to the sonar would usually be random, giving different range
structures. (3) Often there are multiple transmission paths in the acoustic channel, giving rise to a
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channel impulse response that exhibits time spreading; for example, multiple distinct arrivals may
show up over a time spread of a few tens of milliseconds. Even if the pulse type allowed fine
range resolution, the time spread in the channel impulse response would confuse the picture. This
last comment is most relevant to long-range detection, where the channel impulse response would
be more complex; at short ranges, the channel response may be quite simple.

In summary, for initial detection at long range, it cannot be expected that the sonar will provide
enough information to permit the classification of a target as a marine mammal on the basis of
shape or structure, although this may happen when circumstances are favourable. Naive concepts
of target strength (e.g., bigger targets will have larger target strengths) are also unlikely to lead to
reliable methods of classification. A process of elimination leaves target motion as the best
source of classification information for long-range detections. The methods that can be used to
show the presence of target motion depend on the time-frame allotted for a decision to be made:
if only a few pings are allowed, then Doppler-sensitive waveforms are necessary, although these
will fail to detect motion for targets moving in the cross-range direction. If one can allot more
time to decision-making, then it is sufficient to monitor the time evolution of the target bearing
and range, and a waveform that provides an accurate range is more desirable. In this mode of
operation, the performance of target trackers becomes important, particularly if the automatic
initiation of tracking can help to reduce the operator workload. Another motion-related criterion
is the time evolution of a target’s extent; for example, a school of fish may appear to change in
size in a way that is not consistent with a single marine mammal.

2.10.3.2 Rejection of fixed clutter

During a stationary, long-term deployment of the sonar, it would be possible to learn fixed clutter
features, such as those located on the ocean bottom. For a simple sonar system with no adaptive
processing, the learning would be done by the sonar operator, who would quickly begin to
recognize permanent clutter features and eliminate them from consideration as potential contacts.
The feasibility of this approach would depend on the clutter density, as a highly cluttered
environment would perhaps place too great a burden on the operator; however, environments in
which there are only a few discrete clutter returns should not present any impediment to
successful operation, even when the sonar operator is inexperienced. A more complicated sonar
system could implement adaptive clutter-reduction algorithms based on the construction of a
clutter map, which could be built up over a long period of time and used to normalize the sonar
returns. It would be much more complicated to remove fixed clutter when the sonar is moving,
since the changing aspect of bottom features would result in large ping-to-ping variability; at high
frequencies, even small changes in geometry become significant in this regard.

As another approach, the use of Doppler-sensitive waveforms would allow the use of moving-
target processing to remove fixed clutter features. However, such waveforms would not typically
be the primary waveform type, for they generally offer lower range resolution than Doppler-
insensitive waveforms designed for detection. Hence the Doppler-sensitive waveforms would be
used in conjunction with other waveform types, either being sent in tandem with Doppler-
insensitive waveforms or being transmitted after a potential detection has been made, when the
sonar operator would invoke a moving-target sonar mode. As noted above, for a sonar mounted
on a moving platform, some form of own-Doppler nullification would be desirable; otherwise,
interpretation by the sonar operator becomes unnecessarily complicated.
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2.10.3.3 Target imaging

As a target moves closer to the sonar, eventually a point is reached when the target no longer
appears as a point target in a single beam, but instead is extended across multiple, adjacent beams.
In such circumstances the sonar provides enough information to “paint” a structured image of the
target on the sonar screen. The detection and classification problem then takes on a new flavor,
since with a large number of independent beams a recognizable image of the target can be built
up even with fairly poor results in each range-and-beam cell. It is the classification using many
search cells that makes it possible to declare a detection even when the result from each cell in
isolation would be too inconclusive to allow a detection to be called. An analogy is the use of
side-scan sonar for mine detection: one does not call a detection based on a strong return in a
single search cell; instead, it is the formation of a recognizable mine-like image that leads to a
classification and hence to a called detection.

Practically speaking, the ability to image a marine mammal with sufficient fidelity to make a
classification would be possible only at very short ranges. Though likely to be impractical for
E&P applications, an imaging sonar would have to be mounted on an auxiliary watercraft (e.g., a
RHIB) that is vectored to a location based on an initial detection from a main sonar. Whether
such a concept of operations is possible depends on factors beyond the scope of this study.

2.10.3.4 Other considerations

In some areas of the world, schools of fish could lead to difficulties. If there were many small,
detached schools, each one of which looked acoustically like a marine mammal at long range, the
false alarm rate could overwhelm the sonar operator. That is, so many potentially valid contacts
would continually enter into the sonar’s field of view that it would impossible to attempt to
classify them all, and it would be necessary either to resolve the problem through other detection
modalities (passive, visual) or else to accept the uncertainty. However, it may be considered
justifiable in such a scenario to examine a subset of the contacts, and work under the assumption
that if those contacts actually classified turn out to be false alarms (fish or other), then it may
reasonably be deduced that the unexamined contacts are also of no interest. Whether this latter
approach can be deemed reasonable depends on non-scientific factors that lie outside the scope of
this discussion. Further discussion on fish as potential contacts can be found in Sec. 2.11.4.

2.11 Optimum frequency for AAM sonar

There are multiple considerations that must be taken into account when assessing the question of
what operating frequency (or frequencies) is most suitable for AAM. As is usual in most
engineering design tasks, it is necessary to perform a trade-off analysis between a number of
competing factors. Since the goal here is not to present a detailed design, we shall restrict
ourselves to a general examination of the main factors that enter into the analysis.

2.11.1 Frequency-dependent terms

Sound absorption in sea water increases dramatically as the frequency rises, and will be an
important factor in determining the range capability of a sonar at the frequencies of interest for
AAM. A counter-balancing effect for noise-limited conditions is that, in the frequency band of
interest, the ambient noise will decrease as the frequency rises (until the thermal noise is reached,
at which point the trend reverses). In what follows, we shall consider how these two terms trade
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off against one another. In a more comprehensive investigation, the frequency dependence of
other terms, such as the target strength, would also enter into the analysis; however, at present
there does not appear to exist a validated model describing how the target strength of marine
mammals varies as a function of frequency.

Note also that we are considering only those terms of the sonar equation that are determined by
the ocean environment and which therefore lie outside the control of the sonar designer. At the
design stage, one can, within certain physical constraints, ignore the frequency dependence of
equipment parameters. For example, the array gain would vary with frequency for a fixed
transducer size; however, it can be assumed that AG is fixed while optimizing the frequency of a
new design because the size of the transducer would be scaled to yield the desired AG at the
frequency selected (see Sec. 2.11.2).

It is seen from Eq. (1) that the signal excess of a received echo will be maximized when the sum
2TL+NL is at its minimum. We shall assume that the transmission loss is of the form in

Eq. (7), which is re-written here to indicate its frequency dependence:

TL(f)=20logr+a(f)r. (15)
The absorption coefficient will be computed using Eq. (9). The noise spectrum will be assumed
to roll-off at 5 dB per octave over the frequency band of interest, leading to the formula
NL(f)=NL, 4, —16.6log(f), (16)

where f isin kHz and NL,,, is the noise spectrum level at 1 kHz. We may now write

2TL(f)+NL(f)=40logr +NL, .y, +J (), 17)

where the frequency-dependent terms have been collected into the function

J(f)=2a(f)r-166logf. (18)

Figure 2 shows curves of this objective function for four different ranges. It is seen from the
figure that the curves are at their minimum (i.e., most advantageous for range performance) for
the low frequencies, and that they rise significantly as the higher frequencies are reached. At 100
kHz, each range increase of 500 m costs another 20 dB in two-way absorption loss. (Note that
the frequency-independent geometric spreading loss is not included in these curves. If it were,
the curve for 2.0 km would show an additional 24 dB of two-way loss relative to the curve for
0.5 km.)
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Figure 2: The frequency-dependent component of the loss (excluding geometrical spreading
loss but including two-way absorption loss). Curves are given for different target ranges.

2.11.2 Transducer size

The size of the transducer that is required to achieve a given beamwidth depends on the frequency
at which the transducer is to operate. If the goal is to achieve a specified beamwidth, a doubling
of the wavelength (i.e., halving the frequency) will require a concomitant doubling of the physical
dimensions of the transducer. Since increased transducer size and weight translate directly into
increased cost — for the transducer itself, for the ship mount or gear required for its installation or
deployment, etc. — there is an obvious financial inducement to reduce size and therefore work at
higher frequencies.

2.11.3 Cavitation

Cavitation at the transducer face is a limitation on the source level that can be achieved by an
acoustic projector. The physics is such that the onset of cavitation will occur at higher source
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levels with an increase in either the depth or the transmit frequency of the projector. Since it
would not be possible to put a hull-mounted AAM sonar very deep (5 to 10 m, say), there will be
little depth effect. It is not obvious what effect an increase in frequency would have on the
cavitation threshold if the transducer size were scaled with frequency as suggested in the previous
subsection. On the one hand, at a higher frequency the transducer face would be able to handle
more power per area (W/m?) before cavitation set in; on the other hand, if the transducer were
scaled down in size, its power-handling requirement in W/m® would increase if the total radiated
power were held constant. Perhaps the best indication of what would be possible for AAM can
be obtained through analogy with existing technology. On this basis, cavitation is not expected to
impose a limitation on source level for AAM, considering that hull-mounted military sonars are
capable of transmitting at very high source levels even at frequencies below 10 kHz.

2.11.4 Target strength of clutter objects

The goal of AAM is to detect marine mammals, which are fairly substantial in size compared to
most other scatterers in the water column. It would be beneficial if it could be arranged that the
small scatterers that constitute clutter for AAM should have weak or negligible sonar returns.
Now, in many cases if a scatterer is small compared to the wavelength of an incident acoustic
wave, its backscattered acoustic energy will also be small; that is, its target strength will be low.
We state a classic result from the physics of scattering [4]. Let o,, denote the backscattering
cross-section of an object (so that TS=10logo,, is the target strength), let A denote the
wavelength of the incident acoustic wave, and let k=2m/A be the wavenumber. Lord Rayleigh
first proved the following result: for a rigid, fixed sphere of radius a, the ratio of the sphere’s
backscattering cross-section to its geometric cross-section has the dependence

s (ka)*

when ka <<1. This equation shows that when the sphere’s radius is small compared to the
wavelength of the incident sound, its backscattering cross-section (and hence target strength) falls
off very quickly as ka decreases. This exact result holds only for a rigid sphere, but it is
generally true that the target strength will be low for a hard object that is small compared to the
wavelength (a “Rayleigh scatterer”).

An important exception to the above theory is the air bubble, which owing to its compliance may
have a scattering cross-section that is orders of magnitude greater than its geometric cross-section
even when the bubble radius is much smaller than the wavelength. Thus, although lowering the
frequency may help to eliminate returns from certain types of clutter objects in the water column,
it would not do much to mitigate strong scattering from bubbles. Although under usual
circumstances the highest concentration of bubbles will be in a zone extending a few meters
downward from the surface, some species of marine mammals spend most of their time in that
zone and hence must be detected there. The bubble wake from other watercraft would also cause
sonar returns, and owing to the extinction of sound passing through the wake, in some geometries
the wake could act as an acoustic barrier behind which nothing would be seen. This last point
may have a bearing upon the concept of AAM operations, for it suggests (1) that detection
performance of a hull-mounted sonar will be poor when pointing aft, owing to the ownship wake
(setting aside the matter of equipment that is being towed), and (2) any auxiliary watercraft near
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the sonar-equipped ship(s) will have to be positioned correctly if adverse wake effects are to be
minimized.

The high target strength of air bubbles also implies the strong detectability of those fish that
possess swim bladders. Even individual fish with swim bladders may show up on a sonar
display, leading to a large amount of clutter; from the point of view of detecting marine
mammals, these detections would represent unwanted or false alarms.

In summary, decreasing the sonar frequency would aid in reducing clutter from Rayleigh
scatterers, but would not have much effect in combating unwanted returns from air bubbles or
from fish with swim bladders.

2.11.5 Effects on mammals

Another consideration when choosing the frequency of operation is whether or not the sonar
transmissions could be harmful to marine mammals. One idea would be to choose a frequency
that lies outside the hearing response of most marine mammals. (For example, the hearing range
of mysticetes may not extend above 20 — 30 kHz, where as some odontocetes are well above
that). The question to be answered is this: can an animal be harmed by acoustic energy that lies
outside its hearing response? If we exclude from consideration extremely high energy levels
(well above the levels produced by standard sonar technology), the author believes that the
answer is likely negative. However, a definitive answer to this question is beyond the scope of
this report.

2.11.6 Conclusion on optimum frequency of operation

There are numerous competing factors that arise when attempting to determine the “optimum”
sonar frequency for AAM operations. Most of the factors considered above tend to suggest the
use of a lower, rather than a higher, frequency; a significant exception is transducer size, which is
most favourable for realization at higher frequencies. A reasonable conclusion is that frequencies
below about 50 kHz are required for the long-range search phase, although higher frequencies
may be of use for short-range classification. As for a lower bound on the frequency, it may be
noted that naval hull-mounted sonars that operate just below 10 kHz are large and expensive, and
exceed by far the performance required for AAM. Realistically, there would appear to be little
motivation to build an AAM system operating below about 30 kHz, but the state of technology at
the time of system construction would dictate the cost associated with a specific choice of
frequency.
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2.12 Worked examples of performance analysis

2.12.1 Example 1: Noise-limited conditions

In the first example, detection performance in ambient noise is evaluated. The starting point for
the analysis is Eq. (1) for the signal excess SE, . If we require that SE,, =0, this equation can be

written as a condition on the target strength, namely

TS=TSpom =2 TL+NL-SL-10logT - AG + DT. (19)

The right-hand side of the inequality defines a figure of merit (FOM) for the target strength; when
TS = TSy the signal excess will be positive. For the calculations that follow, we shall use the
simple model for 2 TL + NL given in Eq. (17); then

TSpom =40logr+NL, .y, +J(f)-SL-10logT - AG + DT, (20)

where J(f)is the function defined in Eq. (18) and plotted in Figure 2. Three cases will be
examined, the parameters for which are given in Table 3. The values of r and J(f) remain

unspecified at this point. Case 1 is meant to represent a set of parameters favourable for
detection, while Case 2 represents moderate parameters. Case 3 assumes a high noise level
corresponding to sea state 6.

Table 3: Parameters used for Example 1.

Parameter values
Parameter name Units Case 1 Case 2 Case 3
SL dB re ;,lPa2 atlm | 220 215 215
T (pulse length) ] 0.025 0.0025 0.0025
NL at 1 kHz dB re uPaz/Hz 60 (sea state 2) 60 (sea state 2) 70 (sea state 6)
AG dB 24 24 24
DT dB 12 12 12

Comments are now made on several entries in the Table. First, the pulse length of 25 ms chosen
for Case 1 has 10 dB more energy than the short 2.5-ms pulse in Case 2. One would use the
shorter pulse length as a means to obtain bandwidth (and range resolution) if the sonar system
only had CW capability; otherwise, if FM pulses were available, the desired bandwidth could be
obtained with the longer 25-ms length. The array gain of 24 dB was chosen from Table 2 as a
figure that should be realizable in practice without much difficulty.

The choice of DT = 12 dB requires a more detailed explanation. We first must specify values for
the probabilities of detection and false alarm. Now, if we assume the sonar has 120 beams in

azimuth and 1500 range cells per beam, there are 1.8x10° search cells. Allowing at most one
false alarm over all search cells (on average) puts the desired probability of false alarm at less
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than (1.8x10%)" =5.6x107°. The value actually chosen was P, 0 =9 x10™. The probability of
detection was assigned the value P, =0.8. Equation (12) can then be solved to find DT = 12 dB.

Figure 3 shows curves of TS,y as a function of frequency for a range r =1 km. The frequency
dependence of the curves results entirely from J(f), and is described by the model for ambient

noise and the absorption coefficient in Sec. 2.11.1. The curves in the figure below in fact have
the same shape as the curve in Figure 2 corresponding to r =1 km; they are shifted upward or
downward according to the other terms in the sonar equation.
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Figure 3: The figure of merit for the target strength for a target at 1 km range. If the actual
target strength exceeds the figure of merit, the signal excess is positive. Parameters for the
three cases appear in Table 3.

The parameters of Case 1 are clearly favourable for detection. The detrimental effect of
absorption loss is evident at the upper frequencies, although the FOM for a target at 1 km range is
still only -25 dB at 100 kHz. Under the less favourable conditions of Case 2, however, the need
to operate at lower frequencies clearly makes itself felt. At 100 kHz, the FOM for a target at
1 km is now about —11 dB, implying marginal detection of a small mammal at that frequency.
Case 3, with a high noise level, of course yields poorer performance.
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212.2 Example 2: Surface reverberation

In this example, the effect of surface reverberation on detection performance is examined.
Although surface reverberation must of course be taken into account when assessing the detection
performance against a marine mammal at shallow depth, more generally it will have an effect
whenever a reverberant surface area is in the sonar’s field of view, regardless of whether the
mammal is near the surface or not. For a sonar incapable of steering away from the surface, this
example would therefore represent a typical situation. Target motion will not be considered,
either because the mammal is loitering in one spot or because the sonar processing is insensitive
to Doppler.

Proceeding as in the previous example, the requirement SE, =0 can be used in conjunction with
Eq. (2) to derive a figure of merit for target strength in reverberation-limited conditions:

TSpoy =S+10log A+ DT. (21)

We now select numerical values for the terms on the right-hand side.

The uncertainty in the experimental data for the backscattering strength S was noted earlier in
Sec. 2.9.2. It will be assumed that the sonar is hull-mounted and hence located just below the
surface; the surface grazing angle will therefore be very low, perhaps less than a few degrees. A
graph of scattering strength as a function of wind speed at a grazing angle of 3° appears in [11].
A worst-case value for the backscattering strength can be taken as S=-30 dB, occurring at high
wind speeds (greater than 10 m/s, or 20 kt). A value S=-50 is appropriate for a 5-m/s (10-kt)
wind speed, and S may drop below -60 dB at very low wind speeds.

The next step is to evaluate the scattering area A defined in Eq. (13). The parameter values that
will be used in the calculation are given in the following table:

Table 4: Parameters used for reverberation examples.

r=1000 m

¢ =1500 m/s

W =400 Hz
®=4°0r0.07 rad

The parameter values are largely self-explanatory. The bandwidth W is assumed to be 400 Hz,
representing either a CW pulse of 2.5-ms duration or a longer-duration FM pulse with a 400-Hz

sweep. Substituting the numbers into Eq. (13), we find that the scattering area is A =131m?, or
10log A =21 dB re I m’.

Lastly, a value DT=12 dB will be used as in the previous example. Equation (21) was now used
to compile Table 5, which shows values of TSy, for different assumed values of the scattering
strength S. It is concluded that if there is strong surface backscattering, as specified by
S =-30 dB, it would be difficult to detect a small mammal such as a dolphin. In calm weather,
however, surface reverberation should not prevent the detection of even small marine mammals.
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Table 5: Figure of merit for target strength in surface reverberation.

Wind speed (kt) S (dB) TSpom (dB) Detection performance
>20 -30 3 Only strong targets
10 -50 -17 Generally good; marginal for dolphins
<5 -65 -32 Excellent

212.3 Example 3: Bottom reverberation

In this example, a marine mammal is close to the ocean bottom and the sonar must cope with
reverberation from the seabed. As in the previous example, target motion will be ignored. The
water is assumed to be 500 m deep with an isovelocity sound-speed profile, for which the
propagation paths are straight lines. The mammal is 10 m above the bottom at a slant range of
1000 m from the sonar. For simplicity in working the numbers, the sonar is assumed to be
located at the surface (i.e., the sonar depth is ignored).

The only numerical difference from the previous example will be the value of the backscattering
strength, S, which now pertains to the seabed. To extract an appropriate value for S from
published experimental data, we need to know the grazing angle at the bottom, and from the
problem geometry this is found to be 30°. This angle is large compared to the small grazing angle
at the sea surface. Note, however, that in retaining ©®=4° as the equivalent azimuthal
beamwidth, it must be assumed that the beam pattern has been directed downward and is pointing
in the approximate direction of the target. If the beam pattern were pointing horizontally, a target
at a 30° depression angle would likely be well outside the mainlobe of the beam. Using values
from published data [1],[10] , the following table was assembled:

Table 6: Figure of merit for target strength in bottom reverberation. Range is 1000 m.

Bottom type S (dB) TSpom (dB) Detection performance
Rock -10 23 Only very strong targets
Sandy gravel, -25 8 Only strong targets
coarse sand
Fine silt -40 -7 Marginal

The conclusion is that the target strength of the mammal would have to be large in order to make
a reliable detection against bottom reverberation, given the parameters assumed in this example.
A fine silt or mud bottom would represent the best case, but even then the FOM of -7 dB would
render the detection of dolphins sporadic at best.

If we ask what measures could be taken to obtain additional processing gain in the sonar set to
combat seabed reverberation for a stationary target, the only possibility at our disposal is to
reduce the reverberation area A, either by increasing the pulse bandwidth W or by decreasing the
effective azimuthal beamwidth ®. For example, increasing the pulse bandwidth to 1000 Hz
would result in a theoretical improvement of 4 dB. However, note that the radial width of the
reverberation area would be decreased to just ¢/2W =0.75 m in extent, and the target itself
would perhaps be over-resolved, leading to echo-splitting among range bins. As for a possible

DRDC Atlantic ECR 2010-044 25




reduction in O, it should be noted that the effective beamwidth © as defined in Eq. (14) will in
general be wider than the -3 dB beamwidth. The © =4° value assumed above may correspond
to a -3 dB width of less than 3°, which is approaching the limit of what is found in existing
technology.

In the calculations carried out for this example, the fact that the mammal is 10 m above the
bottom was never explicitly used. It was nevertheless used implicitly, because it was assumed
that the target and the bottom were in such close proximity that they appeared in the same beam,;
i.e., that they could not be separated by vertical directivity in the beam pattern. An additional
calculation indeed shows that the vertical angular separation between the mammal and the
reverberation area (both at a slant range of 1000 m) is only 0.7°, and therefore the assumption that
they are in the same beam is a good one. This result also supports the assumption made in
deriving Eq. (2), namely that the target and reverberant patch are in such close proximity that the
transmission loss is the same for both.

Extending these considerations to more general scenarios, it is of interest to examine the effect of
vertical directivity in connection with seabed reverberation. In the following two figures,
straightline propagation will be assumed, with the sonar located at the surface. Figure 4 shows
the maximum depth that would be in the sonar’s field of view at a slant range of 1000 m for

800
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< 500 R
c 400 — ———
: _——
< 300 p—— 10
g "] = Il
200 -— —
100 o T 0° depression angleifii
0
5 10 15 20 25 30

Vertical beamwidth (deg)

Figure 4: Maximum depth in the sonar’s field of view at a slant range of 1000 m for various
beam depression angles and vertical beam widths. The sonar is assumed to be at the surface.
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various combinations of beam depression angle (i.e., downward steering angle) and vertical beam
width. For example, in 100 m of water, bottom reverberation would be received if the beam
width exceeded 11° (£5.5° about the MRA) while steering horizontally. Next considered is the
vertical angle subtended at the sonar by a target and the seabed for different target depths. Figure
5 shows theoretical curves for three different water depths, with a slant range of 1000 m in all
cases. For 200-m deep water, the angular separation is less than 10° except when the target is
close to the surface. For 800-m deep water, the angular separation between the target and the
seabed is quite large for most target depths, and in this scenario it should be possible to use
vertical directivity to avoid bottom reverberation for a mammal located almost anywhere in the
water column.

100
g —
= | BoOm T~
% \\ ‘ \\\‘
© 400 m ~—— N
c \\ \
2 10 T N
i — o N\
3 N
2 \‘ 1,
0 00 m \\ N\ \
- water depth N\
o AN
._(EJ \\ A
2 N\ \\
\\ \
1 \ \

0 0.2 04 0.6 0.8 1
Target depth / Water depth

Figure 5: Vertical angle subtended at the sonar by a target and the ocean bottom, both at a
slant range of 1000 m. The sonar is located at the ocean surface. The curves correspond to
three different water depths.

212.4 Example 4: Doppler processing

The above analysis suggests that reverberation, particularly bottom reverberation in shallow
water, could potentially degrade the performance of AAM below an acceptable level. There are
several measures that could be taken to improve performance by attempting to reduce the
reverberant scattering area, as discussed previously. However, in those cases where such
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measures are insufficient, Doppler processing becomes a useful approach for combating the
interference due to reverberation. In what follows, it will be assumed that a CW pulse is
employed, since such pulses are generally the only Doppler-sensitive waveforms available in
those commercial sonars having potential application to AAM.

For a narrowband signal, such as the CW signal assumed here, the Doppler effect can be
modelled as a simple frequency shift. For a monostatic geometry the shift is given by

2
Af = % fos (22)

where v is the radial speed of the target relative to the sonar, f; is the frequency of the CW pulse,

and c is the speed of sound in water. Now, for a CW pulse with a rectangular envelope, the
ambiguity function in the Doppler dimension is given at zero range delay by [15]

(0, A7) =sinc? (zAfT). (23)

where T is the pulse duration and sinc(x)=sin(x)/x. The normalization is such that the main
reverberation peak at zero Doppler ( Af =0) has magnitude unity. A target echo with a Doppler
shift as given in Eq. (22) sees a reverberation level reduced by approximately ([2], Sec. 15.5.4)

T
20log(x |Af |T) = 201og(M), (24)
C

where it has been assumed that the target echo is separated from the zero-Doppler peak, and that
the sinc function can be approximated in that region by its 1/x envelope. The halfwidth of the
zero-Doppler ridge, as measured from its maximum value to the first null of the sinc function in

Eq. (23), is given by T™' = W . The total scattering term in the sonar equation is given b
g q g y

S+1010g(%®r)—2010g(7r IAf|T) . (25)

Note that if the pulse length T is increased, the boundary reverberation increases owing to the
greater scattering area [the second term in Eq. (25)], but a net reduction in reverberation level still
occurs due to the last term in the equation. Thus the principle is much different than for an FM
pulse, where wide bandwidth is used to reduce the scattering area.

Let us now revisit the previous example, where bottom reverberation was present and dominant.
Assume an operating frequency f, =40 kHz, and that the radial target speed is 2 m/s (or about
4 kt). The Doppler shift as calculated from Eq. (22) is Af =106.7 Hz. The target is assumed to
be approaching the sonar, so that the Doppler shift is positive, or upwards in frequency. In the
parameter set used for computing reverberation (Table 4), the signal bandwidth was assigned a
value of W =400 Hz, corresponding to 7 =2.5 ms for a CW pulse. The halfwidth of the zero-
Doppler ridge is also 400 Hz, or almost four times the echo offset Af =106.7 Hz. Therefore the
echo would not be separated from the zero-Doppler reverberation, and a longer pulse (narrower
bandwidth) is called for. If the pulse duration is increased by a factor of 10 to 7' =25.0 ms, the
width of the zero-Doppler ridge is reduced to 40 Hz, and the echo is now separated from the ridge
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in the Doppler dimension. The total improvement in signal excess would be about 8 dB: the
scattering area A increases by 10 dB owing to the longer pulse, but the reduction term in Eq. (24)
works out to about 18 dB, yielding a net reduction in reverberation level by 8 dB. The results in
Table 6 can be adjusted by this amount to produce the following table.

Table 7: Figure of merit for target strength in bottom reverberation with Doppler processing of
4-kt target. Range is 1000 m.

Bottom type S (dB) TSpom (dB) Detection performance
Rock -10 15 Only strong targets
Sandy gravel, -25 0 Moderate
coarse sand
Fine silt -40 -15 Generally good; marginal for
dolphins

Although detection performance has of course improved, detection in reverberation from a rocky
bottom would still appear to be problematic. However, the signal excess against a fast-moving
target (4 m/s, or approximately 8 kt) would be 6 dB better. Finally, it should be pointed out that
the gains discussed in this example would be realized only by a sonar set capable of performing
the necessary Doppler processing.

212.5 Example 5: Shadow zone

One propagation effect that bears on the issue of detection range, particularly when the sonar and
target are both close to the surface, is the so-called “shadow zone”, an ocean area where the
propagation loss is large, perhaps much larger than would be caused by spherical spreading. For
example, when the sound-speed profile is downward refracting, there will be a range beyond
which there is no direct path (DP) between the sonar and the target. Adequate sonar coverage of
that target would have to depend on bottom-reflected rays, but if such rays are greatly attenuated
the target is effectively in a shadow zone (see Figure 6). Strong attenuation may occur at the
bottom interface, or the transmitter may direct energy away from the bottom.

How a shadow zone could affect the detection of near-surface targets is shown in Figure 7, which
is based on a sound-speed profile having a downward-refracting gradient of 0.1 s”'. Two sonar
depths are considered, depths that are considered representative for sonars mounted on a ship’s
hull. For combinations of target depth and range that lie below a given curve, a direct path exists
between the sonar and the target; above the curve, the target is not insonified by direct-path
energy. In the latter case, the target is in a shadow zone (assuming that no bottom-reflected paths
“fill in” the zone). For example, with a sonar at 5-m depth and a target at 7-m depth, a direct path
would exist out to a range of about 850 m (red curve), at which point the direct path would be
lost. The sonar at 10-m depth would have a direct path to the same target out to a range of 1.0 km
(blue curve).
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Figure 6: Schematic ray diagram of a shadow zone in a downward-refracting ocean. It is
assumed that the sound energy is strongly attenuated by the ocean bottom.
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Figure 7: Boundaries of the shadow zone for a downward-refracting gradient of 0.1 per sec.
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3  Target strength

3.1  Target strength

Target strength (TS) is defined as the ratio, on a decibel scale, of the acoustic intensity (/)
scattered in a particular direction to the incident acoustic intensity (Z;), or TS =10log,,(1,/1,),
where the scattered and incident intensities are determined at unit distance from the acoustic
center of the target. Alternatively, the intensity parameters used in the above formulation may be
replaced by expressions for pressure (p) under the plane-wave approximation, p* = pcl, where p
is the density of the fluid medium and c its sound speed. This leads to the following expression
for target strength,

TS = 201og10(&)+ 201og10(L) (26)

i rO

where p, and p; represent, respectively, the effective scattered and incident acoustic pressure.
Note that p, is measured at a specific location (field point, 7) in the far field while p; is measured
at the target location. The second term in the equation corrects to the reference measurement
distance (79) of one unit of length (usually 1 m) and both » and r, are measured with respect to the
acoustic center of the target.

There are a variety of primary scattering mechanisms that must be accounted for in target-
strength modeling. Typically, the most important contribution is specular reflection where an
acoustic plane wave from the source “bounces” from a scatterer and travels to the receiver. For
monostatic target strength (the primary issue here), the measurement field point or sonar receiver
position lies in the direction back towards the source location and this is referred to as
backscatter. For bistatic target strength, the measurement point may lie in any direction relative
to the target.

3.2 Measured TS

It is very difficult at the best of times to measure TS in the field even for cooperative and
comparatively large targets such as submarines. It is even more difficult to do so for marine
mammals as controlled conditions are generally not possible. In spite of this, several sets of TS
data are available although somewhat limited in completeness or detail [16]-[20]. These
experiments include results for humpback, gray, and sperm whales and a single controlled
experiment for a dolphin. There is also little overall sampling with respect to frequency, with
only the dolphin having been examined at a number of frequencies. The results are summarized
in the following subsections.
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Humpback Whale

Frequency | Whale Size | Aspect | Target Strength
10 kHz 10m Broadside 2dB
20 kHz 15m Broadside 7dB
20 kHz 15m Bow -4 dB

Gray Whale

Figure 8: Humpback Whale

Frequency | Whale Size | Aspect | Target Strength
23 kHz 14m Stern 3-4dB
23 kHz 14m Broadside 8.7dB

Sperm Whale

Figure 9: Gray Whale

Frequency | Whale Size Aspect Target Strength
1 kHz 17-20m est. Bow ? -7.2--6.0dB
1 kHz 17-20m est. | Broadside ? | 0-10 dB est.

Figure 10: Sperm Whale
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3.24 Dolphin (Atlantic Bottlenose)

Frequency | Whale Size Aspect Target Strength
23-80 kHz 2.2m Broadside -10--25dB
67 kHz 2.2m Pattern See Ref

S

Figure 11: Atlantic Bottlenose Dolphin

3.3 Predicting TS

DRDC Atlantic has developed boundary element software for predicting the target strength of
underwater targets. This AVAST [21][22] software can use either the boundary integral equation
method or the Kirchhoff approximation to evaluate the target strength of a complex three-
dimensional shape. DRDC has also been involved with the development of a two-dimensional
analytically-based software tool for the rapid prediction of target strength. This software, the
Bistatic Acoustic Simple Integrated Structure (BASIS) Target Strength Model [23] was jointly
developed by researchers at the Naval Research Laboratory (NRL) in the USA, DRDC Atlantic in
Canada, and the Defence Science and Technology Organization in Australia. Established
methods, including AVAST, for making high-fidelity target strength predictions can be very
computationally intensive and involve detailed geometrical models, which require significant
amounts of time to develop. As a result, operations researchers and naval operators often use a
single monostatic target strength value, or a limited number of bistatic values, in their work.
BASIS was intended to provide operations researchers with a straightforward way to construct
simple but sufficiently accurate models of submarine targets from a handful of simple shapes,
using only minimal knowledge of the details of the actual target, and then use reliable analytic
approximations to produce fast but reasonably accurate target-strength results in the frequency
band from approximately 250 to 2500 Hz.

3.4 BASIS models

As a very rapid initial analysis, a BASIS model was constructed in an attempt to approximate a
whale, in this case the gray and humpback whales. While accuracy was not expected, it was
hoped that some understanding could be derived from this quick look.

A 2D BASIS model was constructed using the cylinder, bow ellipsoid, tail cone, and tail sphere
primitives. The values used are shown in the table below. The tail sphere is simply used to
complete the geometry. Note the bow and cone radius is used to indicate the dimension where the
head and tail join the midbody. As the midbody radius is an approximation, it does not
necessarily match this other radius (even though it seems the whale is now discontinuous). The
tail flukes are assumed to be in plane and, thus, not visible in the 2D model.
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Table 8: BASIS parameters for whales.

Primitive Parameters 10m Humpback 15m Humpback 14m Gray
Cylinder length, L 4.6 m 6.9 m 6.4 m
Tail cone length, Tw 2.8m 42m 4.1m
Cylinder radius, R, 0.9m 1.35m 1.4m
Bow ellipsoid length, Lg 2.6m 39m 35m
Bow and cone radius, Rg 0.8 m 1.2m 1.2m
Conical small radius, R, 0.1 m 0.15m 0.3 m

The parameter values are simply approximately scaled from the figures included above based on
the estimated lengths of the whales.

The following figure shows the BASIS prediction for the full BASIS models, and it is clear there
is little correlation with the experimental results.
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Angle (Head =0, Tail = 180)

Figure 12: BASIS results for whale target strength.

The broadside values are significantly higher than the measured values indicating that, not
surprisingly, the whales cannot easily be modeled as perfectly reflecting cylinders. These
estimates do match the measured values in a quantitative sense. The value for the 14-m gray at
23 kHz and the 15-m humpback at 20 kHz are very similar and the variation between the two
humpback measurements is approximately 8 dB for the estimate and 5 dB for the measurement.
Thus, if the estimates are simply scaled downwards by about 18 dB, then they may have some use
for extrapolating to other aspects or whale species.

3.4.1 Whale lung BASIS model

As one of the primary reflecting bodies on a whale might be its lung structure, it was attempted to
approximate the lungs with a simple BASIS model. Using Figure 7 in [24], the lungs of the
whales were modeled on the cetacean presented and scaled in a simple linear fashion. While this

34 DRDC Atlantic ECR 2010-044



is a very crude approximation, it may provide a bound on the simplicity of the models required.
Using this figure, the lungs were modeled as a single ellipsoid of circular cross-section with
major dimensions based on the dark shaded profile view of the lungs. The major semi-axis, Ry,
and minor semi-axis, Rg, were determined as:

R, =0.18L/2
R, =036R,

where L is the cetacean length. The following table shows the results when using these formulae
with our whale examples.

Table 9: Ellipsoid Lung Parameters

Whale R;(m) | Rg(m)
10m Humpback | 1.8 0.65
15m Humpback | 2.7 0.97

14m Gray 2.5 0.91

The BASIS software was used to predict the TS of these ellipsoids and the results are shown in
the following figure.
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Figure 13: BASIS Model Based on Lungs

Again, while much more accurate on the broadside aspect, the models do not seem to agree well
with experiments (under predicting them this time).

3.5 AVAST

As a simple BASIS approximation proved unsatisfactory, it was necessary to create a more
accurate and complex detailed model of the whales for use in the AVAST software.
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DRDC Atlantic has developed the AVAST software suite for use in the numerical prediction of
the acoustic radiation and scattering from floating or submerged elastic structures immersed in
infinite, half-space or finite-depth fluid domains. AVAST combines the finite element method
for modelling of the structure (if required) with the boundary integral equation technique for
representing the fluid. The capabilities of AVAST also include target strength analysis of both
elastic and inelastic structures. The boundary integral equation method (BIEM) is one of the
available techniques for determining the target strength of a submerged object. Unfortunately, no
closed-form solutions exist for arbitrary surfaces. Even for idealized shapes, the number of
analytical solutions is very small. Boundary integral formulations have long been recognized as
an elegant and computationally economical method of modelling the compressible fluid loading
upon a submerged structure. The strength of an integral formulation of the acoustic problem is
the reduction of dimensionality; the three-dimensional pressure field is represented by a two-
dimensional integral relationship on the surface of the structure. The elegance of the method is
the mathematical simplicity of the resulting integral expressions.

AVAST performs this calculation using geometric models provided by the user that have been
discretized into paneled meshes. Note that discretization of the structure is required only on that
portion which is exposed to the fluid. Further reductions in model size (number of panels) can be
achieved by taking advantage of symmetry (for monostatic target strength only). Care should be
taken, however, to ensure that the degree of mesh refinement is sufficient to capture the
distribution of the acoustic pressure at the upper end of the prescribed frequency range. AVAST
analyses have indicated that on the order of 10-12 boundary-element panels per acoustic
wavelength are required.

The underlying boundary-element-based algorithms employed by the AVAST solver are best
suited for low frequencies (typically up to 1500 Hz for a submarine-sized target). Attempts to
model the acoustic response at higher frequencies can quickly overwhelm the memory/disk-space
resources of most computers, primarily due the modelling requirement of 10-12 panels per
acoustic wavelength. As such, a Kirchhoff-based scattering approximation has been incorporated
within the framework of the AVAST code. Discretization of the model into panels is still
required, but the memory requirements for this method are much reduced compared to the BIEM
with a trade-off of slightly reduced accuracy for complex shapes.

3.5.1 AVAST model

As an AVAST model of a whale is a significant project on its own, it was decided to model one
of the whales to determine if the experimental data could be approximated. If successful, further
models would be evaluated on a case-by-case basis. The 14-m gray whale was selected and a
geometric model was created. This geometric model was meshed with a variety of panel sizes
from 50 to 20 mm, depending on the frequency of interest. Note that the 20-mm panel size
resulted in a model with in excess of 200,000 panels and this model is only valid to about 30 kHz.
To reach higher frequencies, smaller panels are required and the increase in the number of panels
varies roughly as the square of the decrease in the panel size. Figure 7 shows the model for the
50-mm panel size. Predictions were made using the Kirchhoff approximation in AVAST and a
sample of the results is shown in Figure 8 (where 0° is the head and 180° is the tail of the whale).
As can be seen, the model provides a reasonable match at broadside, but not at the stern aspect.

36 DRDC Atlantic ECR 2010-044



While only two frequencies are shown in Figure 8, the results are similar over a range from 10 —
30 kHz. Thus, over this range, the TS of this whale is generally frequency independent.

Figure 14: AVAST Gray Whale Model
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Figure 15: AVAST Gray Whale Target Strength Prediction

For cylindrical models, there are Fresnel-zone effects [25] which result in a range variation of TS
unless the measurement is made beyond a minimum range (#,,;,,) given by 7, > LZ//I, where L is
the length of the cylinder. Using the whale length of 14 m, this results in a 7,,, of 2.6 km at 20
kHz. The TS was calculated at a variety of ranges from 250 m to 5000 m and this effect was not
seen. Whether this is due to the lack of a clear cylindrical section of the whale body or the overall
streamlined shape is not clear. What seems clear is that the TS is not range-dependent at
frequencies up to 30 kHz.
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Given that in biological circles, the TS of fish is often examined and is found to depend heavily
on the fish swim bladder, it was theorized that the lungs of the whale might be significant for TS.
As such, a lung model was created and is shown in Figure 16. TS calculations were made and
were significantly lower than the overall whale TS at most aspects except the head and tail where
the levels approached those of the entire whale model.

Figure 16: Geometric Gray Whale Model with Lungs

3.5.2 Dolphin TS

After viewing the preliminary results for the 14-m whale, it was decided to use this model to
estimate the TS for a dolphin-sized target to see if a simple scaling of the model could produce
useful results. As such, the 14-m whale model was scaled down to 2.2 m to match the
experimental work done in [20]. In that work, the broadside data ran from about 23 — 80 kHz;
however, the directivity was only measured at 67 kHz. When the model was run at two
frequencies of 20 kHz and 67 kHz, the results were essentially frequency-independent and
matched what was seen with the whale model (not surprisingly, given it is the same model, only
smaller). In the reference, the dolphin broadside TS decreases with frequency, unlike what was
predicted with AVAST. Also, the model TS drops off faster off broadside than does the data.
Thus, the model showed good agreement at broadside at 20 kHz, but not off broadside (assuming
the pattern holds across frequency for the data) while the model showed better agreement off
broadside at 67 kHz (surprisingly good actually, see Figure 17), but under-predicted the broadside
TS. It is not clear how to resolve this. Note that the model also showed no range dependence
from 1000 m to 7.4 m (the measurement range).

38 DRDC Atlantic ECR 2010-044



N
o

Gray Whale/Dolphin TES - 67 kHz

-
o

—— Dolphin (1000m)

o

+ Fish Eqn.

DAHMA

Dolphin (7.4m)

= Dolphin Exp. (Est.)

N
o

AL

Target Strength (dB)
)

T

\J/\

Vil

o
)

A
o

NI

[Ty

0

L AV./\/-V J. ’I\ :
A

60

90
Angle (deg)

150

180

Figure 17: AVAST Dolphin TS Estimate

In Reference [16] (Love) an equation for fish broadside TS is proposed. The following table
shows the results of this equation when compared to the measurements and the AVAST
predictions. While the results seem accurate, these are only broadside predictions (thus giving no
idea as to the directivity) and it is not clear if it holds across frequency for the various whale
types. Note that the measured dolphin TS drops with frequency and the equation stays essentially

flat.

Table 10: Ellipsoid Lung Parameters

Whale Frequency | Equation TS | Measured TS
Humpback | 10 kHz 3.0dB 2 dB
Humpback | 20 kHz 7.9dB 7dB

Gray 23 kHz 7.4 dB 8.7dB

Sperm 1 kHz 6.3dB 0-10dB

Dolphin 23 kHz -11.0 dB -11dB

It is expected at this time that a simple AVAST model will likely yield reasonable TS broadside
values as will Love’s equation. It is not yet clear what the best solution is to model the directivity
although AVAST seems to produce the correct shape of curve.
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4 Summary

Under the Exploration and Production (E&P) Sound and Marine Life Programme, a research
study was carried out on the feasibility of the Active Acoustic Monitoring (AAM) of marine
mammals. The purpose of such monitoring would be to detect marine mammals in those ocean
areas where E&P activities are being conducted, in order to allow due diligence in mitigating any
potential impact of these E&P operations. The study did not include any direct experimentation.

This document is one of four Volumes. It provides the technical basis for evaluating the
performance of candidate AAM sonars for impact mitigation, concentrating on the range from
500 — 1000 m. It also focuses on the acoustic scattering from marine mammals. Since few data
points exist, this report uses submarine target strength models (with validation from the published
data points) to investigate the effectiveness of AAM systems and to consider the impact of lung
collapse as animals dive to deep water. Some specific results from the analysis are:

* Sound absorption in seawater increases with frequency, and therefore higher sonar
frequencies generally result in shorter maximum detection ranges. The most useful sonar
frequencies for the AAM problem are below about 50 kHz, while the use of frequencies
greater than about 100 kHz would likely not provide long enough detection ranges.

* C(lassification at long range will be challenging. Typical azimuthal beamwidths will not
allow the angular resolution of target structure at such ranges, and the range structure will
usually be too ambiguous for classification purposes. This leaves motion as the only
reliable clue to classification at long range.

* The sonar should be capable of transmitting and processing both Doppler-sensitive (e.g.
CW) and Doppler-insensitive (e.g., HFM) waveforms. The capability of Doppler
processing to reject seabed clutter is most important for shallow-water sites.

¢ At the frequencies of interest for AAM, the ambient noise is largely dependent on the
wind speed, although at very high frequencies the thermal-noise component can
dominate. In noise-limited conditions, good detection performance can be expected.

* Detection performance in reverberation-limited conditions is more problematic. Surface
reverberation alone should not be a problem at low wind speed, but might become
important at higher wind speed (high sea state). Detection in bottom-reverberation looks
to be difficult in all but the most favorable circumstances, although Doppler processing
can help to detect objects that are moving at high enough speed.

* AAM performance is predicted to be good in most deep-water sites, as bottom
reverberation is ruled out by the geometry of the detection scenario. Standard values of
vertical beamwidth should be sufficient to avoid bottom reverberation out to 1000 m
range in water of depth 150 m or even slightly shallower. In very shallow water,
however, bottom reverberation would become a factor. AAM performance in shallow
water can be predicted with confidence only through the computer modeling of the
specific sites of interest.
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* Measured values of marine-mammal target echo strength are rare and subject to large
experimental errors. Limited values do exist for humpback, gray, and sperm whales
along with a single controlled experiment for a dolphin; however, these data are
somewhat limited in completeness or detail.

* DRDC Atlantic’s AVAST software was used to model the target strength of a gray whale
at a variety of frequencies and ranges. The model gave reasonable predictions at
broadside but under-predicted the target strength at head and tail aspects. While there is
considerable aspect dependence, it was also noted that at the frequencies (10 — 30 kHz)
and ranges (0.25 — 5 km) examined, the target strength is essentially range- and
frequency-independent.

e Software such as AVAST may prove to be a useful tool to evaluate whale broadside

target strength at a variety of frequencies and scenarios, but further work is required to
validate it for all aspects.
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List of acronyms

AAM

AG
AVAST
BASIS
BIEM
Cw

DI

DND
DRDC
DRDKIM

DT
E&P
ESL
FM
FOM
HFM
JIP
MKS
MRA
NL
R&D
RL
SE
SL
SNR
TL
TS

Active acoustic monitoring

Array gain

The name of a DRDC Atlantic modeling code (not an acronym)
Bistatic Acoustic Simple Integrated Structure

Boundary integral equation method

Continuous wave

Directivity index

Department of National Defence

Defence Research & Development Canada

Director Research and Development Knowledge and Information
Management

Detection threshold

Exploration & production

Energy source level

Frequency modulation (or modulated)
Figure of merit

Hyperbolic frequency modulation (or modulated)
Joint Industry Programme
Meter-kilogram-second

Maximum response axis

Noise level

Research & development
Reverberation level

Signal excess

Source level

Signal-to-noise ratio

Transmission loss

Target strength
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