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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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This report (Volume ) provides an overview of the study and summary results. Volumes Il
through 1V provide supporting background material.
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Executive summary

Survey of Active Acoustic Monitoring (AAM) Technologies:
Volume 1. Survey Results

J. Theriault; E. MacNeil; B. Maranda, L. Gilroy; J. Hood; Canadian Seabed
Research Ltd.; DRDC Atlantic ECR 2009-002; Defence R&D Canada — Atlantic;
March 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. The study did not include any direct
experimentation.

Results: The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This Volume provides an overview of the study. The survey received responses from thirteen
production active sonar systems that may be appropriate for the task. Each of the systems has
promising and innovative characteristics and individuals.

Significance: The study documents the feasibility of using AAM technologies for mitigating

potential impacts of E&P acoustic emissions on marine mammals. There exist technologies that
could provide a basis for actively detecting marine mammals between 500 and 1000 m.
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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) has funded a proposal by Defence R&D Canada Atlantic, in
partnership with Akoostix Inc., to deliver this study which has completed a review and inventory
of current active acoustic methods and technologies and has identified potential further
development areas for the detection of marine mammals during E&P activities offshore. The
study has been 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.

The study proposal details are contained in response to Request for Proposals JIP08-05.

1.2 Document Objective and Structure
This report is the final report for contract JIP08-05. The report consists of five volumes.
e Volume I (This report) contains an overview and summary of the survey and analysis.
Annex B to Volume | includes a Microsoft Excel file, with the detailed responses from
each of the system suppliers, along with the evaluation.

e Volume Il is the complete contract proposal.

e Volume Il is the complete sub-contract report from Canadian Seabed Research on E&P
Operations.

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

e Volume V is a detailed analysis of the factors affecting the performance of an AAM
system.

1.3 Introduction
As existing oil and gas developments become depleted, new E&P opportunities are increasingly

found offshore, often in remote or environmentally sensitive areas. The increasing number of
offshore developments means there is an increasing number of offshore E&P activities which
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may contribute sound into the marine environment. In recent years, the oil and gas industry has
gained significant attention from the public and governments related to the environmental impact
of offshore activities on marine mammals. As a result in many areas regulatory requirements
have been put in place that require monitoring for marine mammals during E&P activities and
mitigations to be employed when marine mammals are found. In areas where regulations do not
exist, there remain public scrutiny and corporate due diligence requirements to undertake
monitoring and mitigation methods to reduce the impacts of E&P activities on marine mammals.

The capability to monitor marine mammals in the areas where offshore E&P activities are being
conducted is essential to meeting these requirements. Currently, visual monitoring and Passive
Acoustic Monitoring (PAM) methods are used. These methods have some inherent limitations
that may impact the ability to conduct E&P activities; therefore the JIP (Joint Industry
Programme) is investigating alternative methods, such as active acoustic monitoring (AAM), that
could address these limitations.

Visual monitoring methods typically involve a trained observer who monitors the area in which
E&P activities are being conducted for marine mammals surfacing. The use of visual methods
has limitations such as visibility, due to weather or light conditions, and it requires mammals to
have a surface presence. These limitations can be significant in specific environments and in
particular seasons which, for example, may have a high probability of fog or reduced daylight
hours. This limitation can also be significant for particular species of marine mammals that have
a reduced surface presence either normally or during specific periods.

PAM methods involve passively listening for marine mammal vocalizations in areas where E&P
activities are being conducted. The use of PAM methods has limitations for mammals that have
low vocalization rates and in areas with high ambient noise levels (for example due to ongoing
E&P activities or environmental conditions).

AAM methods involve actively monitoring for marine mammals by emitting pings (sound pulses)
in the area where E&P activities are being conducted and listening for return echoes from the
pings reflecting off marine mammals. Use of AAM is not limited by visibility conditions and is
not dependant on vocalization or surface presence of the marine mammals. AAM methods are
currently in use for in a variety of detection / monitoring applications, such as fish finders used by
commercial fisheries for location of fish schools and in sonar used on naval platforms for location
of underwater targets.

Under this study a general review of the E&P specific requirements for marine mammal
monitoring has been conducted and an evaluation was done to generally assess the potential
performance of AAM methods for detection of marine mammals. Based on this background
information, the important parameters impacting the performance of AAM systems in this
application were outlined. Following this a survey was conducted of commercially available
AAM systems. The survey results were evaluated against the important parameters established
earlier, and general rankings were made for AAM systems suitability in this application. A list of
recommendations on further development areas was also assembled.
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2 E&P Activities and Environments

2.1 Introduction

To complete a realistic evaluation on the suitability of an AAM system for use in Marine
Mammal Monitoring, it is necessary to have a general understanding of the requirements that
must be met by a system employed for this purpose during offshore E&P activities.

To develop this general understanding a review was done on the types of offshore activities
carried out by the oil and gas (O&G) industry, the environments where these activities are
occurring and the types of regulatory requirements that are in place governing marine mammal
monitoring.

2.2 E&P Activities

The type of activity has some effect on the requirements for an AAM system, as it may influence
the platform from which the system will be operated and the potential performance of the system.
A system which may be suitable for use in one activity may not perform as well in another.

The oil and gas industry engages in a wide variety of E&P related activities in offshore areas.
These activities span exploration, construction, production, and demobilization. Within a
particular activity there also exists considerable variation in the methods and procedures used to
conduct the activity. As it would not be practical to evaluate each AAM system surveyed against
all possible activities, the approach was taken to develop a small number of ‘concepts of use’ that
represent the most significant activities. The concepts of use are essentially scenarios in which an
AAM system could be employed for monitoring marine mammals. The surveyed AAM systems
will be evaluated against these concepts of use to provide insight on their suitability for use in
E&P activities.

221 Identifying E&P Activities

The first step in outlining the concepts of use was to identify the E&P activities. The activities of
interest for this study are those that are a significant source of underwater noise. This is
obviously an area of significant interest to the O&G industry, and one in which the JIP has
previously funded research. Reference [1] includes a general list of E&P activities and a ranking
of their significance as a source of underwater noise. The ranking is based on overall source
level, detectable range and duration of sounds. The activities ranked as the most significant were
associated with seismic exploration (air guns, explosives), construction activities (impact pile
driving, explosives) and vessel operations. Production activities, aside from vessel operations,
were ranked as less significant.

Of these significant activities, the use of air guns for seismic exploration is typically the activity
that gains the most attention from non governmental organizations and by government regulators.
Air guns are the most common method used to conduct seismic surveys. In general, this activity
is conducted from a main survey vessel, which tows streamer arrays (underwater sound receivers)
and air gun arrays (impulsive noise sources). The main survey vessel is often accompanied by a
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number of support vessels. The air guns direct acoustic energy into the seabed, some of which
reflects off rock layers beneath the surface back into the water column and is received by the
streamer arrays. This returned energy is processed and used to produce a map of the subsea
structure. Seismic source arrays are commonly activated every 25-50 m during conventional
seismic surveys, along pre-defined sail lines after which the source is stopped or in some areas
reduced to a minimum while the vessel moves from the end of one sail line to the next. As well
as turns between sail lines, overall survey duration is also effected by other factors such as
obstructions, tides, weather, fishing or other vessels. Therefore, although a seismic vessel is able
to operate on a 24-hour basis, the seismic source is not active 24 hours a day every day. Surveys
are conducted over areas as large as hundreds or thousands of square kilometres. As known O&G
resources are developed, exploration tends to push into more difficult to develop areas, including
sensitive environmental areas, deeper water areas and areas with political, social or economic
instability.

Other significant activities include construction impact pile driving, the use of explosives and
vessel operations. Construction impact pile driving is a mechanical process which uses an impact
hammer to drive large piles into the seabed to anchor infrastructure in place. Explosives are used
both in construction activities, for site preparation and rock / obstacle removal, and at times for
exploration activities where air guns are not effective. Vessel operations cover a broad range of
activities, including support and supply vessels for offshore platforms, tankers transporting
hydrocarbons, a variety of vessels used in construction and explorations activities (survey vessels,
support vessels, drilling rigs, heavy lift vessels, barges, pipelay vessels) and even ice breakers
used in Polar areas.

Further details on E&P noise generating activities are outlined in [1] and VVolume Il of this report.

2.2.2 Grouping E&P Activities

Focusing on only the most significant activities identified above, these were generally grouped by
the type of platform from which they are conducted (moving or non-moving / fixed location) and
by the type of noise (impulsive or continuous). These groups are outlined in Table 1.

These two groupings were selected as they provided a convenient method to narrow down the
activities and it was thought that platform type and noise type would be significant influences on
the requirements for an AAM system. As the evaluation progressed, it was found that while
platform type was a significant influence on the requirements for an AAM system, the noise type
was not particularly significant for the high level evaluation performed under this study.
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Table 1: General grouping of the most significant noise generating activities by platform type and

by noise type
Platform Type Noise Type
Moving Non-Moving or Impulsive Continuous
Fixed Location
e air guns e impact pile driving | e air guns o vessel operations
e explosivesused in | e explosivesused in | e explosives

exploration
activities

o vessel operations

construction
activities

e impact pile driving

2.2.3

Concepts of Use

Based on the activity groupings, three concepts of use were outlined describing how an AAM
system would be used during an offshore E&P activity. Table 2 provides a summary of the

concepts of use.
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Table 2: Summary of Concepts of Use for AAM Systems in E&P Activities

Concept of Use Description Example

Concept of Use 1 AAM system is used during an | Seismic survey using air guns.
E&P activity that is conducted
from a moving platform and
which generates impulsive
underwater noise.

Concept of Use 2 AAM system is used during an | Vessel operations: tankers,
E&P activity that is conducted | supply or support vessels,
from a moving platform and pipelay vessels, icebreakers.
which generates continuous
underwater noise.

Concept of Use 3 AAM system is used during an | Construction activities using
E&P activity that is conducted | impact pile driving or
from a non-moving or fixed explosives.

location platform and which
generates impulsive
underwater noise.

A fourth concept of use for an AAM system used during an E&P activity on a non-moving or
fixed location platform and which generates continuous noise was not included as the activities in
this category (such as production operations) were not ranked as the most significant noise
generating activities [1].

The discussion of the suitability of the surveyed AAM systems for these concepts on use is
included in Section 5.

2.3 E&P Environments

The environment has a major impact on the potential performance of an AAM system and has
implications on the type of AAM system that could be used. The water depth, water column
conditions (including surface and bottom) and the type of marine mammals present all impact
system performance and are highly variable between environments. Even within a given
environment there may be large variations in marine mammals and conditions, for instance due to
changing seasons or weather. The impact of environmentally related factors on system
performance is investigated in detail in the potential performance assessment, Section 3.
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Due to the broad range of environments in which E&P activities are conducted, the approach was
taken to generally characterize a small number of environments that represent a cross section of
relevant areas.

The first step taken was to identify general areas/regions with a significant number of offshore
developments. A number of well established areas were identified, such as the Gulf of Mexico
and the UK Continental Shelf [2]. In well-established areas much of the O&G resources have
been developed and new projects are typically in harder to develop areas, such as very deep water
or more remote, harsher environmental areas. Numerous other areas were also identified as
having a significant number of developments, including the West Coast of Africa, Barents Sea,
Brazil, Indonesia, South China Sea, Atlantic Canada and North West Bank of Australia [2].

In addition to areas with existing offshore developments, consideration was also given to areas
which may be future development areas. The assessment of world petroleum reserves by the
United States Geological Survey estimates that the former Soviet Union and the Middle East /
North Africa region contain the bulk of the world’s undiscovered O&G resources [3]. In the
assessment a number of offshore areas were indicated as potential locations of significant
offshore resources, these include the West Coast of Africa, offshore Brazil, East Coast of
Greenland, West Siberian Basin, Caspian Sea, Persian Gulf, and North Sea. The assessment also
notes that a significant portion of undiscovered O&G resources are offshore, in water depths out
to 4000 m.
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Figure 1: World Map showing locations for Six O&G Relevant Environments (Water depths
defined as Very Shallow (<100m), Shallow (100-400 m), Deep (1000-2000 m), and Very Deep (>
2000 m).)

As previously mentioned, within each of the environments identified above there are large
variations in water depth, water column conditions and marine mammals. To complete a detailed
assessment of the performance of each of the surveyed AAM systems in each of these
environments, the specific environmental parameters would be required (e.g. Water depth, sound-
speed profile, bottom type). To determine these environmental parameters a specific location and
a specific time of year would need to be selected. For the general evaluation being conducted
under this study it was not practical to select individual locations and times within each
environment. The approach taken was to select one water depth for each environment and to
provide a general evaluation of AAM performance for each environment. The discussion of the
AAM performance in these environments is included in Section 3.2. A detailed description is
included in Volume IV.

8 DRDC Atlantic ECR 2009-002





2.4 Marine Mammal within E&P Environments

To develop an understanding of the types of marine mammals in the six environments above, a
list of 86 species of marine mammals and their habitat was cross referenced with the six locations.
This list, which also references marine mammal size and diving characteristics, is contained in
Volume IV.

From the list, it can be seen that a wide variety of marine mammals are present in these six
environments. As it would not be practical to evaluate the performance of the surveyed AAM
systems against each species in each environment, the approach was taken to group the mammals
in terms of size (see Table 3) and in terms of diving characteristics (deep, shallow). These
groupings were chosen as they provided a convenient way of narrowing down the evaluation and,
based on the performance factors results presented in Volume V, were thought to be the
parameters that would most likely influence the AAM performance. The size influences roughly
the target strength of the animal and the diving characteristics influence where in the water
column an animal may be detected. A hypothesis had been put forward that the acoustic target
strength of an animal may change with depth as lung volume decreases, but a modelling study
(presented in Volume V) shows little or no dependence of the lungs on target strength.

Table 3: Marine Mammal Grouping by Size

Size Grouping Marine Mammals
Small Small Odontocetes (toothed whales)
Medium Large Odontocetes (toothed whales)
Large Mysticetes (baleen whales)

The evaluations of the surveyed AAM systems for use with these marine mammal groupings are
discussed in Section 5.

2.5 Regulatory Requirements

A general understanding of the regulatory requirements which impact E&P activities offshore is
required to ensure the evaluation of AAM systems is relevant to the current monitoring
requirements under which the oil and gas (O&G) industry operates. The regulatory requirements
impact the desired performance requirements for an AAM system (e.g. detection range) and the
way in which a system is operated.

To establish the general regulatory requirements, a review of practices, guidelines and mitigation
measures was done, focusing on two well developed oil and gas production areas, UK
Continental Shelf [4] and Gulf of Mexico [5], and the region local to this study’s authors, Atlantic
Canada [6]. These areas are subject to high levels of public scrutiny and have significant
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experience in offshore oil and gas developments and as such were thought to be a good
generalization of regulatory requirements.

These areas all have issued practices or guidelines that aim to mitigate the impact of seismic
surveys on marine mammals. In general the guidelines require a zone to be established, in which
an observer must monitor for marine mammals before commencing and during use of air gun
arrays. If marine mammals are observed in this zone action must be taken, generally to delay or
cease activities until the mammals have left the zone. The typical range for the zone is 500 m
from the center of the air gun array. The guidelines require visual monitoring only, although the
Canadian and Gulf of Mexico practices make reference to the use of PAM systems in low
visibility conditions. The guidelines generally require a gradual ramp up of power when
commencing operations to encourage mammals to leave the zone.

A detection range of 500 — 1000 m will be considered as the desired AAM system performance
for the latter stages of this study. This range covers the general regulatory requirement of 500 m,
found in the references above, and allows for potential increases to the regulatory requirement,
for example as technology advances. Considering detection ranges out to 1000 m is also useful
for systems which may be operating at an offset from the center of the airgun array (e.g. vessel
mounted) and/or could provide some advance warning of marine mammals advancing towards
the 500 m zone.
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3 Potential performance of AAM systems

3.1 Introduction

The potential performance of AAM was investigated via a parametric study of the sonar equation,
incorporating available knowledge of sonar technology and environmental effects (e.g., high-
frequency backscattering from the ocean boundaries). This part of the study was 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. The parametric analysis included several
generic examples, and was also applied to the six specific ocean areas; however, computer
modeling of the six environments was beyond the scope of the study.

3.2 Active Sonar Performance Factors

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. To outline the potential performance of AAM systems
a high level investigation was carried out, guided largely by the physics, taking into account the
practical lessons learned at DRDC Atlantic through many years of experience with sonar. The
details of this investigation are contained in Volume V, a summary of key performance factors is
provided below.

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.

Classification 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
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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.

3.2.1 Target Strength (TS)

AAM performance is limited by the acoustic scattering of the targets. Volume V presented a
summary of available published data along with predicted target strengths based on boundary
element and analytically-based models. Predictions were compared with published results for
humpback whale, gray whale, sperm whale, and a dolphin.

Factors effecting target strength include animal aspect, size, and biological structure. A
hypothesis had been considered, where lung collapse due to dive depth may decrease the target
strength, however modelling results did not support the hypothesis.

3.3 Potential Performance of AAM in specific areas

As part of the analysis conducted for this report, the potential performance of AAM was assessed
for six areas of interest for E&P operations. Section 2.3 and Volume IV describe the six areas
and provide a succinct description of each one; a map showing their locations was given in Figure
1. Most of the areas are of such wide geographic extent that they encompass regions of quite
different oceanographic features and for the purpose of assessment only a single location was
considered for each area.

The first step of the assessment was to extract, from publicly available sources, more detailed
information on the ocean environments for the areas; of most importance are such parameters as
the water depth, sound-speed profile (SSP), bottom type, etc. It should be noted that the sound-
speed profile changes with the season of the year, which therefore introduces a time dimension to
the problem. The second step was to assess how the environmental parameters would affect the
potential performance of AAM in each area, drawing on material presented in Volume V. The
examples presented in Volume V, along with their associated graphs and tables, are particularly
useful in helping to gauge the importance of different environmental effects.

The assessment is qualitative rather than quantitative, since quantifying the potential AAM
performance would require extensive computer modeling that was considered beyond the scope
of the report. The shallow-water sites are quite distinct from one another, and there is uncertainty
in the performance assessments. The deep-water sites, on the other hand, are very similar in their
nature, and the assessments are more straightforward. Therefore if any numerical computer
modeling is to be performed subsequently, the shallow-water sites should be treated individually,
whereas it should be adequate to model only one deep-water site.
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3.3.1 Barents Sea

The water is moderately shallow in the Barents Sea, and a site of depth 300 m has been chosen
for analysis. One of the most important criteria in selecting an AAM sonar for this area is that the
vertical beamwidth should be narrow enough to avoid bottom reverberation. As shown in
Volume V, with the sonar located near the surface, even fairly wide vertical beams can avoid
reverberation from a 300-m bottom for straight-line propagation (as would occur in isovelocity
conditions). During the winter, the SSP is almost isovelocity or perhaps slightly upward
refracting, which should provide the best opportunity for detection throughout much of water
column while avoiding bottom interaction. More detailed analysis would be required to
determine if high surface reverberation would result from winter storms. The conditions are
much different during the summer, when the SSP is downward-refracting due to surface heating.
In this case, better vertical directivity would be required to avoid bottom reverberation as
compared to isovelocity conditions; however, at a range of 1000 m the effect of refraction is
usually no greater than a few tens of meters, and so the impact on equipment specifications is not
severe.

Also, if the sonar were placed too close to the surface in the downward-refracting conditions, a
shadow zone could form at fairly close range. Because one of the goals would be to avoid
insonifying the seabed, detections would not be made in a shadow zone through a bottom-bounce
path.

3.3.2 Gulf of Mexico

Water depths in the Gulf of Mexico range from very shallow to very deep, and the prediction of
AAM performance in the different areas of the Gulf is beyond the scope of this report. Here we
consider only the deep-water area of the Gulf (at least several kilometres deep). A representative
SSP does not exhibit much variability with season, except in the upper 100 m of the water
column. The SSP has the classic shape of a deep sound-channel profile: the sound speed
decreases with depth (e.g., is downward-refracting) until the channel axis is reached, and then
increases until the bottom is reached. Depending on the season, the water very close to the
surface (upper 30 or 40 m) may be upward-refracting, but with a very weak gradient.

The ocean environment in the selected region of the Gulf of Mexico appears favourable for the
use of AAM. The deep water implies that bottom reverberation would not be a concern, as the
distance to the bottom is well beyond the 1000-m range of interest. Even if bottom reverberation
spilled over from one ping cycle to the next, it would be greatly attenuated owing to the
propagation loss. (Also, a prudent approach to sonar operation would be to always allow enough
“channel clearing time” between ping cycles.) The effect of surface reverberation would depend
on the sea state, but this is generally favourable in the lower latitudes except during short-lived
storms.

When specifying AAM equipment for deep water, it would be desirable to have the capability of
vertical beam steering, in order to ensure adequate detection coverage of deep-diving mammals.
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3.33 North Sea

The North Sea is a generally shallow body of water, and a depth of 150 m was assumed for the
AAM assessment. The SSP for a representative site has a form that is seen in many shallow-
water areas, being almost isovelocity or slightly upward-refracting for much of the year, but
becoming downward-refracting near the surface during the summer.

The vertical directivity required to avoid bottom reverberation in 150 m of water is more stringent
than that required in the 300-m water of the Barents Sea: A vertical beamwidth of at most 17° (or
18.5°) could be used in isovelocity water as shown in Volume 5. A more careful analysis must
account for the sonar depth (e.g., if the sonar were 10 m deep, it would be 140 m above the
bottom) and possible downward refraction; the upshot is that the vertical beamwidth would have
to be narrowed a few more degrees. This tighter specification is available in some commercial
sonars, but certainly limits the choice of equipment. The consequence of using a wider
beamwidth, say 20°, is that bottom reverberation would be received near the end of the 1000-m
range scale; depending on the reverberation level, detection performance would be sacrificed
beyond about 750 m.

Surface reverberation would be unavoidable at this site, and would likely constitute the limiting
factor on AAM performance. To quantify the effect on detection performance would require
assembling specific information on the temporal distribution of wind speeds throughout the North
Sea areas of interest.

As a comment on the directivity requirements, it should be noted that vertical directivity would be
needed on transmit as well as on receive to mitigate bottom reverberation. If the signal were
transmitted omni-directionally, the fathometer return (e.g., the return from directly under the
sonar) from a 150-m bottom would be at such a high level that it would come in strongly through
the side-lobes of the receiver beampattern and degrade even close-in detection performance.

3.34 West Coast of Africa

The area chosen for evaluation off the west coast of Africa is a deep-water site (3000 m). The
SSP in this area has the classic deep-water shape described previously in the analysis of the Gulf
of Mexico (see above). Since bottom properties are of little import for AAM in these deep-water
areas, the assessment made for the Gulf of Mexico is valid for the west coast of Africa as well.

3.35 Northwest Shelf, Australia

The water depth off the coast of northwest Australia ranges from shallow to very deep as one
moves outward from the coastal shelf to the deep abyssal plain. The water depth chosen for
assessment, 1000 m, puts the site on the outer shelf and slope region.

The SSP in this deep-water region has little seasonal variation except for the upper 100 m, and
shows a downward-refracting contour with a gradient that weakens with depth but that does not
turn around to become upward-refracting. (Intuitively speaking, it appears that the water isn’t
deep enough for the SSP to turn around, as it invariably does when isothermal conditions are
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reached and pressure becomes the dominant factor in determining the SSP.) The profile in the
upper 100 m appears to be approximately isovelocity or slightly downward-refracting.

As for the other deep-water sites, AAM performance is predicted to be good. Bottom
reverberation should not be a factor, as the 1000 m depth is equal to the maximum range scale. If
the sonar were looking downward for part of the time, reverberation from one ping cycle could
cause interference in the next ping cycle if inadequate dead time was allocated between pings.

3.3.6 Persian Gulf

The Persian Gulf is very shallow, with only 50 m of water at the selected site, and therefore
represents a difficult area for AAM. The SSP appears to be approximately isovelocity during the
fall and winter, and downward-refracting during the spring and summer. This suggests that
bottom reverberation would be unavoidable even at fairly short ranges at all times of the year.
The reverberation level would be moderated by the favourable environmental conditions: the
bottom is mainly fine mud or sandy mud (having a low backscattering strength) and the grazing
angles would be small. As for the other shallow-water sites, however, computer modeling would
have to be carried out to obtain quantitative results. Nevertheless, one should anticipate being
reverberation-limited; hence the sonar set should be equipped with wideband FM (Frequency
Modulated) signals, and also be able to Doppler process CW (Continuous Wave) signals
(producing some sort of moving-target indication, in the ideal case).

Note also that, under downward-refracting conditions, a direct path may not exist even at fairly
short range (e.g., there is a shadow zone), but in such shallow water there is often a reliable
bottom-bounce path. To explore such issues quantitatively would require again numerical
modelling, as the geo-acoustic parameters of the bottom would have an important influence on
the acoustic propagation. Depending on the waveguide parameters, transmission loss could be
better or worse than spherical spreading.
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4  Survey of AAM Systems

The objective of the survey was to gather information on a large variety of AAM systems, in a
consistent, unbiased manner. To facilitate consistent information collection, an online survey
questionnaire was developed that requested information on: system description, sonar
specifications, processing and advanced functions, system interfaces / data fusion support, general
system information. The questions were chosen to facilitate the system evaluations and included
the system parameters that were highlighted as important during the potential performance
assessment (Section 3). The survey questionnaire is contained in Annex B.

A list of potential survey contacts was identified which included 24 companies who manufacture
sonar for applications such as fish finding, naval / anti-submarine warfare, swimmer / diver
detection, mine or obstacle avoidance, maritime security, marine research, and whale strike
avoidance. The survey contact list is contained in Annex A.

Of the 25 companies identified, survey responses were submitted by eight (with entries for a ninth
company completed by DRDC); eight were identified as not having a system suitable for this
application; two companies did not find an opportunity to complete the survey; and a point of
contact could not be established for six others. The survey response level was slightly below
what was hoped for, however the most suitable contact to complete the survey was often the
technical contacts, and the survey was likely a lower priority for them. Attempts were made
during the survey to increase the number of survey responses, by providing additional time to the
survey points of contact and by completing website searches for potentially suitable systems.
Through the website searches two systems were identified and sufficient information was
contained in the online specification brochure that DRDC Atlantic was able to complete survey
submissions for these two products. A list of the survey responses is outlined in Table 4.

A class of sonars not generally included in the survey responses were Military Anti-Submarine
Warfare systems (with the exception of the UEMS response). The systems are usually in the
forefront of target classification, tracking, and data fusion, but tend to have operation frequencies
lower than the systems surveyed. A critical issue for the scope of this study is that they generally
require consideration at the outset of vessel design and tend to have higher costs than the thirteen
systems presented in Table 4. The manufacturers of ASW Systems that were approached, either
did not respond or referred the project to manufacturers of high-frequency, lower cost systems.
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Table 4: Summary of Survey Responses

No. Company System Model
1 CodaOctopus Products Inc. ES-SP-0020
2 C-Tech Ltd. CSDS-85
3 FarSounder Inc. FS-3DT, FS-3, FS-3DT-B (Bistatic), FS-3DT-N
(Network Version), FS-3DT-BN
4 FarSounder Inc. FS-3ER, FS-3ER-N (Network Version), FS-
3ER-B (Bistatic Version), FS-3ER-BN
5 Kongsberg Mesotech Ltd. SM 2000 & DDS 9000
6 Simrad, Kongsberg Maritime AS SX90 (20-30kHz)
7 Simrad, Kongsberg Maritime AS SH90 (114kHz)
8 Ultra Electronics Maritime Systems | UEMS has a family of high power, low
(UEMYS) frequency acoustic projectors and receivers and
systems.
9 Furuno Electric Co Ltd FSV-30
(Survey entered by DRDC Atlantic
based on website spec sheet)
10 Furuno Electric Co Ltd CH-300
(Survey entered by DRDC Atlantic
based on website spec sheet)
11 Qinetiq Cerberus
12 Scientific Solutions HF/M3
13 Scientific Solutions SDSN
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5 Evaluation of Survey Responses

The thirteen systems listed above were evaluated for their suitability of use for marine mammal
monitoring and their suitability of use in E&P activities. The evaluation was performed in two
stages.

In the first evaluation stage, the survey questions were sorted according to the primary use case
affected by the answer (e.g. marine mammal size, diving characteristics, platform type, and
general E&P applicability). The answer to each question was then individually rated according to
how the answer would contribute to the primary use case. A simple rating scale of green, yellow,
or red was used. Here a rating of green was used to indicate that the response was supported the
use case and didn’t require system changes. Yellow indicates that the response could be suitable,
but that it could be improved for full benefit to be realized. Finally, red indicates that the
response was not considered suitable for the subject use case. Care was taken to ensure that the
evaluations were consistent across all systems, drawing on technical detail from Section 3 to
provide an objective evaluation where appropriate. These detailed responses and their resulting
evaluation are provided in Annex B.

The second evaluation stage used the results of the first stage to derive an overall rating for each
primary evaluation category. The overall evaluation score was created by weighting the various
related responses according to their impact on overall performance for that category. The results
of this stage are provided in Section 5.1. A descriptive overview of each system and further
explanation of ratings by use case are provided in Section 5.2.

5.1 Survey Results

The tables below provide an overview of the survey results showing how each of the surveyed
systems was rated against the primary use cases. Here a rating of green is used to indicate that
the system was found suitable for the application without any major modification. Yellow
indicates that the system could be suitable, but an element of its design may need to be addressed
before full benefit is realized. Finally, red indicates that the system was not considered suitable
for the subject use case and that modification to make it suitable is not likely warranted.

Table 5 shows the utility of each system for detecting marine mammals of various sizes. While
detection range is a function of target strength, the fidelity of the models used to evaluate the
survey responses were not high enough to discriminate between the various categories of marine
mammal. The primary factors used to differentiate between systems were operating frequency
and the pulse energy supported by the system. Of course the detection range of animals with
lower target strength would be more limited, but a more detailed understanding of target strength
as a function of species is required before rating systems to that level of detail.
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Table 5: Summary of System Rankings with respect to Marine Mammal Size

System Ranking with respect to Marine Mammal Size
Small Size Medium Size Large Size
(Sm. Odontocetes) | (Lg. Odontocetes) (Baleen)
1 | CodaOctopus ES-SP-0020
2 | C-Tech CSDS-85 y y y
3 | FarSounder FS-3D y y y
4 | Farsounder FS-3E y y y
5 | Kongsberg SM2000 & y y y
DDS9000
6 | Simrad SX90
7 | Simrad SH90
8 | UEMS
9 | Furuno FSV-30
10 | Furuno CH-300
11 | QinetiQ Cerberus
12 | Scientific Solutions HF/M3
13 | Scientific Solutions SDSN

Table 6 shows the utility of each system for detecting marine mammals at different depths. Here
primary factors used for evaluation included beam steering and beam width. The two systems
rated yellow for deep divers only had limited beam steering options to illuminate targets requiring
a high depression angle. A limiting factor for shallow detection was beam width that affects
reverberation rejection.
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Table 6: Summary of System Rankings with respect to Marine Mammal Diving Characteristics

System Ranking with respect to Marine Mammal
Diving Characteristics

Shallow Deep

CodaOctopus ES-SP-0020 y

C-Tech CSDS-85

FarSounder FS-3D

Farsounder FS-3E

gl A W N

Kongsberg SM2000 &
DDS9000
Simrad SX90

Simrad SH90

UEMS

Ol 00 N O

Furuno FSV-30

10 | Furuno CH-300

11 | QinetiQ Cerberus

12 | Scientific Solutions HF/M3 y y

13 | Scientific Solutions SDSN y y

Table 7 shows the applicability of each system to the candidate platform types. Ship based
deployment was limited by beam stabilization features, while autonomous and fixed platform
options were most often limited by maximum transducer depth. The autonomous platform
suitability was rated as red when the manufacturer did not indicate that it was suitable, though
power consumption and maximum transducer depth were also major factors.
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Table 7: Summary of System Rankings with respect to E&P Platform Type

Ranking with respect to E&P Platform Type

Ship Based Fixed Platform Autonomous

System
1 | CodaOctopus ES-SP-0020
2 | C-Tech CSDS-85
3 | FarSounder FS-3D
4 | Farsounder FS-3E
5 | Kongsberg SM2000 &
DDS9000
6 | Simrad SX90
7 | Simrad SH90
8 | UEMS
9 | Furuno FSV-30
10 | Furuno CH-300
11 | QinetiQ Cerberus
12 | Scientific Solutions HF/M3
13 | Scientific Solutions SDSN

Finally Table 8 shows a more general ranking of E&P applicability. Here maximum detection
range was one major factor that resulted in a poorer rating, while system cost was another.
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Table 8: Summary of System Rankings with respect to General E&P Applicability

System Ranking with
respect to General
E&P Applicability

1 | CodaOctopus ES-SP-0020
2 | C-Tech CSDS-85
3 | FarSounder FS-3D
4 | Farsounder FS-3E
5 | Kongsberg SM2000 &
DDS9000
6 | Simrad SX90
7 | Simrad SH90
8 | UEMS
9 | Furuno FSV-30
10 | Furuno CH-300
11 | QinetiQ Cerberus
12 | Scientific Solutions HF/M3" y
13 | Scientific Solutions SDSN y

5.2  Overview of System Evaluations

This section provides a descriptive overview of each system that was included in the survey. The
text is intended to provide an explanation of the ratings established in Section 5.1.

5.2.1 CodaOctopus Products In. — Model ES-SP-0020

The CodaOctopus system is unique among the survey respondents and is used as an imaging and
search sonar for a variety of domains. It operates above 120 kHz and is capable of high
resolution imaging. The system provides good source level, but limited information was
available to assess the total pulse energy and available pulse types. Though the sonar would
likely be excellent at imaging marine mammals at short range, the combination of its high
frequency and assumed lower total pulse energy would prevent it from detecting marine
mammals at the ranges required for mitigation. (The sonar system limits detection processing to
< 500 m.) With a broad vertical beamwidth and no indication of beam steering options, it may
need improvement to detect animals near the surface.

! See Section 5.2.12 for comment regarding E&P applicability evaluation.
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The CodaOctopus’s system’s sonar processing is reported as advanced with beam stabilization
and own Doppler nullification. A 50 degree by 50 degree area is ensonified each time a ping is
transmitted. The system also supports multi-ping processing, automated detection, and target
motion detection. Its low power consumption and the wide range of depth options support use on
all possible platform types. It also supports a number of data interfaces that could simplify
integration. The system is reported as mature both in terms of development time and units in
service. Regardless, the system’s limited detection range caused it to be rated as unsuitable for
E&P AAM.

5.2.2 C-Tech Ltd — Model CSDS-85

The C-Tech system is used to support diver and submerged intrusion detection, operating at high
frequency (> 80 kHz). Though most system parameters are amenable to marine mammal
detection the low total pulse energy is limited by its short pulse length (Max 2 ms). This would
limit the maximum detection range, especially at high frequency where environmental attenuation
is problematic.

This system was most likely designed for shallow water and is not currently capable of
illuminating targets requiring a high depression angle, which may present a problem in deep
water scenarios. The sonar will ping all available depression angles (+ 24 degrees) in 7 seconds.
The system would also benefit from motion compensation to improve performance on moving
platforms, though it was found suitable for fixed platform installation in its current state. It does
however provide advanced target detection and tracking functions, including moving target
detection for targets over 0.5 Kts. The system would prove beneficial for environmental
mitigation from fixed platforms in shallow water, if detection range were improved. Data
interfaces are provided that use a number of standard electrical and logical standards that could
simplify integration. The system is reported as mature in terms of development time, but has
relatively few units in service.

5.2.3 FarSounder Inc — Models FS-3DT, FS-3, FS-3DT-B (Bistatic), FS-
3DT-N (Network Version), FS-3DT-BN

These FarSounder models are used to support navigation and obstacle avoidance, including
marine mammal avoidance. The system is designed with a forward-looking beam and for short-
range detection (<500 m). If used for AAM, it would require modifications to increase the
effective range and further adjustments to reduce blind spots. The operating frequency is
amenable to AAM (40-80 kHz), but the pulse lengths are quite short (2ms), reducing the total
pulse energy and therefore maximum detection range in ambient noise limited conditions. (The
sonar system limits detection processing to < 500 m.) The system is also reported to have a
horizontal receive beamwidth of 10-20 degrees that reduces its effectiveness against reverberation
and its resolving capability for classification and tracking, though this appears to be contradictory
to the brochure. The survey respondents reported the maximum operating depth at <10 m, which
would make autonomous and fixed platform usage difficult in many scenarios.

The system family provides beam stabilization and consumes relatively little power for an active

sonar system. The sonar will cover 90 degrees in vertical (full coverage in azimuth) with each
ping. Other positive features of this system include its price, system maturity, training time,
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automatic target detection and standard interfaces. Regardless, its limited detection range caused
it to be rated as unsuitable for E&P AAM.

5.24 FarSounder Inc — Models FS-3ER, FS-3ER-N (Network Version),
FS-3ER-B (Bistatic Version), FS-3ER-BN

These FarSounder models are the extended range versions of the prior systems. Though not in
service yet, it will process to a maximum range between 500 and 1000 m, which may be suitable
in some E&P environments, depending on regulatory requirements. Other features are reported
as identical to the previous model.

5.2.5 Kongsberg — Models SM 2000 & DDS 9000

These Kongsberg sonars are used for diver detection and marine mammal research. Operating at
high frequency (80-120 kHz), they would be subject to considerable environmental attenuation,
which would reduce their performance at long range over lower frequency sonar. Other sonar
design parameters are amenable to active marine mammal detection. This system was most likely
designed for shallow water and is not currently capable of illuminating targets requiring a high
depression angle, which may present a problem in deep water scenarios.

The system appears optimized for fixed platforms and should have some form of motion
compensation added to improve its effectiveness on moving platforms. Though it is one of the
higher cost systems, it provides advanced processing functions including multi-ping processing,
automated detection and tracking, and motion detection. The system also provides standard
logical formats for data exchange, though data input must be via an RS232 connection, which
may not be readily available on some modern systems and computers. The system is reported as
mature both in terms of developmental time and units in service.

5.2.6 Simrad, Kongsberg Maritime AS — Model SX90

This Simrad model is used in both fishery and military applications. The system parameters were
found suitable for AAM, though the system may benefit from improved horizontal beam width.
Improvements in maximum operating depth may also improve its applicability to deeper
deployment on fixed or autonomous platforms. The moderate procurement cost, low power
consumption, and wealth of processing features make it an attractive option. Advanced
processing includes beam stabilization, motion compensation, multi-ping processing and
automatic target tracking. This system is one of the only systems surveyed that is reported to
provide both active and passive aural monitoring capability, which could be used to augment
AAM with PAM. The system also provides a variety of data interface options including standard
electrical and logical formats. The system is reported as mature both in terms of developmental
time and units in service.
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5.2.7 Simrad, Kongsberg Maritime AS — Model SH90

This system is reported as very similar to the SX90 model. The one major difference is the higher
operating frequency (114 kHz). High environmental attenuation at this frequency makes it less
suitable for AAM.

5.2.8 Ultra Electronics Maritime Systems (UEMS) — Family of systems

The UEMS system family of systems operates at the lowest frequency of those surveyed and are
currently used for anti-submarine warfare (ASW). Though the sonar frequency is most likely
suitable for AAM not enough information was provided about pulse length options to determine
the overall utility of the system. There may be issues with minimum detection range and range
resolution that would best be addressed prior to procurement. The system’s vertical beam widths
and beam steering options may prove problematic for detection of marine mammals throughout
the water column, especially in shallow water. The system could also benefit from beam
stabilization if fixed to the hull, but does provide automatic compensation for own-Doppler. The
minimum operating depth is reported at >10 m, which would also need to be adjusted for most
ship based installations.

Though the sonar was the most expensive and highest power consumer of those surveyed, the
survey response indicated that advanced processing functions including multi-ping processing,
automatic detection and automatic tracking were available. The system can be designed to
provide full area coverage with a single ping. The survey also reported that the system includes
an aural listening capability that may support concurrent PAM. The system was reported as using
standard electrical and logical interfaces. The system is also reported as mature both in terms of
developmental time and units in service.

5.2.9 Furuno — Model FSV-30

This model of Furuno sonar is used primarily for commercial fish finding. The information used
herein was taken from openly available literature and resulted in a number of survey questions
being left unanswered. The information that was available indicated that the sonar could be
suitable for use in AAM, though the receive beamwidth could be improved to increase
classification and reverberation rejection ability.

The sonar provides a high degree of beam steering allowing for full coverage of the water
column, though a single ping will only cover a small area (e.g. one azimuth and depression
angle). It also provides beam stabilization functions, though it appears to use significant power.
(It was not considered suitable for autonomous vehicles due to its weight and power
consumption.) The system appears mature and its cost is in the lower range of the systems
reviewed. Standard NMEA interfaces are provided for data import / export, though the electrical
interfaces were not specified.

5.2.10 Furuno — Model CH-300

This model of Furuno sonar is used primarily for commercial fish finding. The information used
herein was taken from openly available literature and resulted in a number of survey questions
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being left unanswered. This system is smaller and consumes less power than the FSV-30, though
a single ping will still only cover a small area (e.g. one azimuth and depression angle). It contains
a dual-frequency sonar with the lower most suitable for AAM. The higher frequency may prove
beneficial for higher resolution classification requirements, if the contact appeared at close range.
This sonar provides two search beam patterns and both can be scanned over the entire water
column. Advanced functions including beam stabilization and automatic target tracking are also
available. The system appears mature and its cost is in the lower range of the systems reviewed.
Standard NMEA interfaces are provided for data import / export, though the electrical interfaces
were not specified.

5.2.11 QinetiQ — Cerberus

The Cerberus sonar was developed by QinetiQ for diver detection. Though many of the sonar
specifications are desirable for marine mammal detection, the very high frequency of the sonar is
seen as a limitation for some applications, with a detection range of less than 1 km. The sonar is
also limited by the absence of a vertical beam steering option, which may limit effectiveness in
deep water. The sonar does however provide beam stabilization and automated target motion
detection and tracking. It could, however, benefit from the addition of own-Doppler nullification
if mounted on a moving platform. The higher than average system cost and proprietary data
exchange formats may also limit utility for E&P applications.

5.2.12 Scientific Solutions — HF-M3

This system was developed by Scientific Solutions for use in marine mammal mitigation on
SURTASS/LFA platforms. It is one of the few systems that was purpose built and is
implemented on a towed, variable-depth sonar. Most of the sonar specification was found
suitable for marine mammal detection, though it does not provide beam stabilization, own-
Doppler nullification, and vertical beam steering options. The requirement for stabilization is not
as important because the system is not mounted directly to the hull. The sonar would therefore
experience less motion in high seas if at depth (below the effects of surface motion). The system
offers automatic target detection, which may assist inexperienced operators. The sonar provides
good detection range at a reasonable cost, but sales have been limited to SURTASS/LFA users,
and 45 seconds is required scan over 360 degrees if searching out to 2000 m. Some work would
likely be required to integrate this towed system for seismic operations, and potential customers
would want to ensure that no export restrictions are in place. Overall the system and
manufacturer is interesting because of the current application, which is clearly relevant to
mitigation for E&P applications.

5.2.13 Scientific Solutions — SDSN

This system was also developed by Scientific Solutions, though its intended application is as
fixed, swimmer-detection sonar. Typical systems consist of an array of sonar nodes that
communicate to provide area coverage. Each node covers a 54 degree arc for an approximate
cost of USD$100K. Much of the sonar specification is amenable to marine mammal detection
from a fixed location, though it lacks vertical beam steering, and is limited to between 10 and 50
metres depth. This would be acceptable for shallow water operations. The nominal detection
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range is between 500 and 1000 meters, which may not be suitable for some applications. A scan
of the full field of view is possible in 2 seconds. The system also provides advanced target
detection and automated tracking options with the capability to detect objects moving on the
order of 0.1 Knots. System integration is possible using the TENA (Test and Training Range
Enabling Architecture) US Department of Defence architecture, though bridge interfaces would
be required on E&P platforms.
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6 Further Development Areas

The survey of AAM technologies indicates that the foundation for an AAM capability should be
available from industry. It also showed that candidate systems range in cost from $20K to over
$500K, as system complexity and power increases. Given the criteria available at the time of the
review even a $20K system could provide the required capability, but it is difficult to state this
with any certainty without a more comprehensive evaluation. The primary recommendation for
further development is to conduct a structured evaluation of promising systems against defined
JIP AAM requirements.

One of the big differentiators between the surveyed systems is how they could be used to scan for
contacts. The range of options for coverage from a single pulse includes:

e Full water column coverage with a receiver capable of beamforming in all directions
simultaneously

e Coverage of a specific look direction or depression angle, with one pulse required per
depression angle to get full coverage.

e Coverage of a single beam (spotlight) with many pulses required for each depression
angle

The time to cover the entire water column is therefore highly variable — seconds to minutes. Of
course the most expensive system provides the quickest detection and the best simultaneous
multi-target coverage, but it may not be required for AAM to be effective. It may also be
reasonable to have gaps in single-ping-cycle coverage with the expectation that the target or
vessel motion will provide the required coverage over more than one cycle. The cycle period
requirement is one aspect that merits further analysis.

Another aspect that isn’t covered in the initial survey is team coordination and system integration.
Many of the surveyed systems have the ability to exchange data with other systems. The
capability could be exploited to increase the team’s situational awareness, providing more
effective and efficient AAM. The coordination processes required to integrate with existing E&P
operations should be explored. Other important factors may also be revealed and better
accounted for if the recommended follow-on process is adopted.

The following subsections describe a process whereby the technical data assembled during the
initial survey can be used to determine the final selection criteria for an AAM capability. The
survey succeeded in highlighting a number of potential systems and the desirable sonar
characteristics. This next stage would further refine the list of systems and define the desirable
operational characteristics. It would also involve conducting more focused and detailed system
evaluations, further improving the criteria for, and increasing the confidence in the targeted AAM
capability. Other areas for further development include investigations of target strength estimates
for marine mammals and the environmental impact of using AAM system for this application.

Modelling: Computer modelling of the acoustic propagation, particularly in shallow-water areas,
would be of benefit in refining the general analysis conducted in this study. This work would
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entail identifying appropriate models for the high frequencies involved in AAM, and then running
the models on selected environments.

Concept of Operations Analysis: The first step in furthering capability development should be
to define the concept of operations and requirements for an AAM operation. This will help to
better understand what level of system is required (e.g. minimum scan rate), and therefore the
practical range of system cost. These analyses will not only help to define required and desirable
options in the AAM sonar, but also how that system and its operator will integrate with the rest of
the operations team. It should attempt to constrain the solution to fit within the practical
limitations of current technology and physics (e.g. detection range) revealed during the subject
technology survey, considering factors like:

¢ Anticipated operator training and experience
¢ Receiver and target motion
e Acceptable delay in target detection

e The required communication path after initial detection (sensor operator up to operations
chief) and the acceptable delay in initial communication of new contact.

e The expected steps once initial contact is gained (e.g. contact investigation /
classification, options analysis, option selection, and option activation) and the acceptable
delay in completing these tasks.

e The potential actions following activation of an option.

Consideration of delays in decision making is important as it leads to a minimum detection range.
The require mitigation range is typically 500 to 1000 meters, but this along with reasonable
delays and target-receiver motion will lead to the minimum detection range (e.g. the range that
allows decision making processes to be completed before critical mitigation action is required).

The concept of operations would define specific elements of how the system would be operated
including:

e The proposed process used for scanning, including gaps in single-cycle coverage.

e The proposed approach to contact, including transmission of verbal or electronic data to
other systems for increased situational awareness.

e The types of analysis tools, operator aids, and communication aids that the team would
employ.

This type of analysis might be facilitated by an engineering professional, but should also include
those that will conduct operations ensuring the relevance of the output and following steps. This
work might also involve site visits and equipment demonstrations to better understand current
systems and their proven concepts of use for other applications such as fish finding.
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Trade-off / Requirements Analysis: This step would transform the concept of operations to
system requirements. The requirements would be written ensuring that the AAM system would
support all elements of the concept of operations, or if a resulting requirement is anticipated to be
too expensive or impractical, result in a change to the concept of operations.

Once the requirements are defined they should be mapped to the surveyed systems to determine
which systems are closest to reaching compliance. This effort should also result in a more precise
determination of the level of system that would be required (e.g. cost).

Strategic Environmental Assessment: A consideration in the implementation of AAM systems
as an impact mitigation measure during E&P operations is the potential for direct impact by an
AAM system on the environment. Like seismic survey activities, the use of active sonars has
received significant scrutiny with regard to its impact on marine life in recent years. It may be
prudent to undertake a Strategic Environmental Assessment based on a proposed Concept of
Operations before undertaking sea tests.

Field Trials: Ideally two or three systems would be selected and tested to validate the perceived
concept of operations and their ability to meet the resulting requirements as built. Data would be
collected in realistic environments for analysis during the next step.

Target Strength: An important factor in determining the performance of an AAM system is the
Target Strength of the animals. Though the modeling results presented in this report are
favourable, there is little data available to validate the modeled predictions. An experimental
program to measure the Target Strength of real (or synthetic) animals would greatly increase the
confidence of the ability of AAM systems to be effective in an E&P environment. In particular,
an experimental approach to addressing the lung collapse hypothesis would add significant
confidence to the model predication.

In addition, there exists Behavioural Response Study (BRS) data in the scientific community

where it may be possible to extract target strength data without subjecting animals to additional
experimentation.
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7 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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This document is one of five Volumes. It provides an overview of the study. The survey
received responses from thirteen production active sonar systems that may be appropriate for the
task. Each of the systems has promising and innovative characteristics and individuals.

The study documents the feasibility of using AAM technologies for mitigating potential impacts

of E&P acoustic emissions on marine mammals. There exist technologies that could provide a
basis for actively detecting marine mammals between 500 and 1000 m.
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Annex A Survey Contact List

Table 9 Contact List

Company

Point of Contact

Comments

Survey Responses Received

1 Romor / CodaOctopus | Darrin Verge, Romor One survey completed (ES-SP-
dverge@romor.ca 0020)

2 C-Tech Bob Fraser, Marketing One survey completed (CSDS-
bob.fraser@c-techltd.com 85)

3 Far Sounder lan Bowles Two surveys completed (FS-3DT
www.farsounder.com and FS-3ER)
ian.bowles@farsounder.com

4 Kongsberg Mesotech Nick Burchill One survey completed (SM 2000

Ltd nick.burchill@kongsberg.com and DDS 9000)
5 Simrad, Kongsberg Fred Reier Knudsen Two surveys completed (SX90
Maritime AS frank.reier.knudsen@simrad.com | and SH90)

6 Ultra Electronics Linas Siurna One survey completed (family of
Isiurna@ultra-uems.ca products)

7 Furuno www.furuno.com Point of contact not established,
several applicable products
identified in website search by
DRDC. DRDC completed two
surveys based on information
contained in online specifications
(FSV-30 and CH-300)

8 QinetiQ Andy Webb, Chief Engineer UW | One survey completed (Cerberus)

System Sea, UK
abwebb@QinetiQ.com
9 Scientific Solutions Inc. | Peter Stein Two surveys completed (HF/M3
(SsI) pstein@scisol.com and SDSN)

Other contacts

10 Sonardyne Eric Levitt Contact established, however did
Eric.Levitt@sonardyne.com not complete survey

11 Reson Mike Mutschler, Sales Rep, San Contact established, however did
Diego, Hydrographic not complete survey
Applications
michael.mutschler@reson.com
Canadian Rep: Ken McMillian,

McQuest Marine
info@mcquestmarine.com
12 General Dynamics Peter Giles Contact established, referred to
Canada peter.giles@gdcanada.com Marport C-Tech Ltd.
13 Thales TUS@thales-underwater.com Contact established, however no
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applicable products

14 Lockheed Martin Steven Marsden Contract established, however no

steven.marsden@Imco.com applicable products

15 Humminbird www.humminbird.com Point of contact not established,
no applicable products identified
in website search by DRDC.

16 Garmin WWW.garmin.com Point of contact not established,
no applicable products identified
in website search by DRDC.

17 Eagle www.eaglenav.com Point of contact not established,

(a Lowrance company) no applicable products identified
in website search by DRDC.

18 Lowrance www.lowrance.com Point of contact not established,
no applicable products identified
in website search by DRDC.

19 Vexilar Greg Bleck Contract established, however no

greg@vexilar.com applicable products

20 Marport sales@marport.com Point of contact not established

21 Atlas Elektronik Point of contact not established

22 DSIT Point of contact not established

23 L3 Communications Point of contact not established

24 Marine Sonic Point of contact not established

Technology Ltd
25 Neptune Point of contact not established
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Annex B Survey Questions and Answers

The survey questions and responses are contained under separate cover: The results are included
as a Microsoft Excel file.
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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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This report (Volume II) contains a sub-contract report summarizing typical E&P operations
which would introduce sound into the marine environment.
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Executive summary

Survey of Active Acoustic Monitoring (AAM) Technologies:
Volume Ill: Active Acoustic Methods and Procedures
Undertaken During E&P Contracts

Canadian Seabed Research Ltd.; DRDC Atlantic ECR 2010-042; Defence R&D
Canada — Atlantic; March 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. The study did not include any direct
experimentation.

Results: The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This Volume provides a review of E&P Operations and equipment that may introduce significant
acoustic energy into the marine environment. The content of this volume is a deliverable from
subcontractor. This Canadian Seabed Research report is intended to provide additional
information on O&G activities, specifically related to exploration.

Significance: The study documents the feasibility of using AAM technologies for mitigating
potential impacts of E&P acoustic emissions on marine mammals. There exist technologies that
could provide a basis for actively detecting marine mammals between 500 and 1000 m. This
volume sets the operational circumstances where an AAM sonar systems would operate.
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1  Canadian Seabed Research Ltd. O&G Operations
Background

For over 25 years our company has provided geophysical and geotechnical services to several of
the large oil and gas corporations around the globe as part of our much broader range of marine
and terrestrial services. Most of the projects we undertake for OG&P are in the form of site,
hazard and pipeline surveys. These surveys are conducted in terms of feasibility and/or
engineering planning for the placement of subsea and subsea anchored assets for the various oil
and gas interests. We have also been under an operational contract to the GSCA (Geological
Survey of Canada, Atlantic) for several years in the capacity of collecting long term repetitive
data, in part which is utilized by The National Energy Board to decide on the usage of offshore
0O&G resources.

The data acquired and the methodology used to acquire the data has evolved over the many years
since we began our offshore involvement. Early industry methods were crude and sometimes left
little attention to the environment or the inhabitants thereof. Over the years our own research and
that of many other similar private and public organizations have studied methods to mitigate the
impact of our active acoustic technologies, thereby reducing the impacts to marine mammals and
on the marine environment in general.

Most geophysical surveys are now conducted with an environment first approach, by conducting
background scientific research on marine species, known migration and spawning areas as well as
fisheries activities the stakeholders (i.e. O&G Companies) are able to instruct their engineering
contractors to perform tasks in an environmentally responsible fashion.

Consultation is held before, during and after any operational activities with local fishing and
indigenous interests, where concerns are voiced and the ecological science is discussed. The
environmental studies on marine mammal population will have been conducted by several
government and non-government agencies for perspective lease blocks long before any
seismic/acoustic activities have taken place, in some cases decades before. This is not to say that
marine science is not ongoing, as fisheries officers, environmental scientists and members of the
indigenous community are included on most surveys to advise first hand on specific operational
concerns. Measures to mitigate industry impact are agreed upon and the stakeholders expect all
participating parties to show due diligence in their efforts to be environmentally aware and
provide proof of methodology before any engineering activities commence. This due diligence is
specifically spelled out in the form of an operational HSE (Health, Safety & Environmental) Plan
as part of the procurement of services for geotechnical/geophysical data acquisition. Methods
such as an exclusion zone around sited marine mammals during acquisition periods, soft start of
all onboard acoustic sources, and planning the survey operations for seasons or time periods to
minimize interference with marine life are all included as standard operating procedures.

The expanse of a geophysical/geotechnical program can vary as to the stakeholder and regulating
bodies engineering needs or requirements. In general survey lease blocks can vary in size, from
small 2 kilometre by 2 kilometre drill sites to large exploration blocks, (sizes vary too widely to
give a sensible average).
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2  Acoustic Program Design

Each marine geophysical/geotechnical survey has its own inherent requirements for the specific
equipment to be utilized. As our overall purpose is to achieve the best results for our clients
while providing minimal environmental impact, careful consideration must be given to each
system being deployed to achieve the specific results required. The first consideration is for the
unique environment the survey is to be conducted in, the population and distribution of marine
mammals as well as the species and habits (relative to interaction with surface or sub-towed
acoustic sources), and the known effects sound sources have on the marine life in the survey area.
Typically a list of equipment would be provide to the regulatory body and concerns would be
addressed, this would either eliminate certain procedures and equipment or modify their usage in
terms of duration of activity, sound level maximums and clear instruction on shutdown
requirements when whales or other marine life was detected within range of the acoustic source.

3  Site/Hazard Survey Activities

Site Surveys are conducted on behalf of our clients in order to determine the potential constraints
that may be encountered when placing a drilling platform over a perspective exploration location.
The data acquired will delineate any surface and/or shallow (within the first 50-100m of the
seafloor) features that may require engineering mitigation or reconsideration of platform location.

The array of equipment mobilized for this type of survey is fairly standard in industry, sidescan
and single beam sonar is used to map the potential site for surficial geology, some company’s will
require the area to be mapped for bathymetry utilizing Multibeam echo-sounding to ensure
complete coverage of a large area around the drill site. The sub-surface geology is mapped using
a combination of seismic sources, primarily air-gun, but could also include spark-arrays, boomer
and sub-bottom profilers. The collection of magnetometer data to detect anthropogenic debris
such as wrecks or debris in known wreck or UXO sites is also useful, but leaves no acoustic
signature other than minimal tow noise.

The vessels for this type of work vary greatly and depend on the area the project is being
conducted and what vessels may be available — vessel cost is also a driving force when making
considerations for any project. These vessels tend to be privately owned and are leased for the
duration of the survey, several multinational survey companies have their own fleet of survey
vessels but in general these are not purpose built, they have been acquired on the resale market
and have had previous work lives as trawlers, supply vessels, tugs and ice-breakers.

2 DRDC Atlantic ECR 2010-042





4  Pipeline Route Survey

The equipment considerations for a pipeline route survey are similar in scope to that of a site
survey. Differences occur when the route reaches shallow water or near land fall. Higher power
systems such as air-guns and sparkers are typically not used in shallow water for routing purposes
although they may be applied if conditions prove difficult for boomer or sub-bottom profiling to
adequately delineate bedrock horizons. This occurs when the pipeline approach is to be buried in
the near shore to or below bedrock, or to help the engineers separate bedrock from tills and other
overburden that lower power sources cannot penetrate. This is also the case where near shore
structures are being emplaced, such as mooring/offloading structures or actual docking facilities.

Working Environment

Water depths for both site surveys and pipeline surveys vary widely around the world, in the
1970’s and 80’s Beaufort Sea Drilling took place from manmade islands in water depths as
shallow as 5m to the deepest at ~25m. In areas of the Norwegian North Sea water depths for
gravity based structures can reach over 300m. Deep water drilling and exploration programs have
been conducted in water depths over 3000m utilizing dynamically positioned drill rigs and/or
anchored floating platforms.

As previously mentioned water depths dictate to a large degree the equipment proposed for the
site and/or pipeline surveys. At greater water depths more acoustic energy is required to provide
adequate results for the purpose of engineering placement of a pipeline or drill rig. This in-turn
requires consideration for the effects this equipment will have on the living environment into
which it is deployed.

Geophysical/Geotechnical Survey operations are conducted on a 24 hour basis, with an average
survey length of 2 weeks on-site. If the site or pipeline route is approved, follow on surveys are
conducted during construction, rig placement or pipe-lay operations. These follow on operations
are generally for quality control (QC) purposes, to ensure the structures are placed on the seafloor
as to the engineer’s designs. Much of this is done with multibeam echo sounders, sidescan and
remotely operated vehicles (ROV) equipped with video and sonar acquisition systems.
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5 Geophysical, Geotechnical Equipment
Specifications

General vessel configuration:

Year Built 1966

Class / Type Oceanographic Research Vessel

Length 133 ft. LOA, Breadth 31 ft., Depth 14.5 ft., Draft Loaded 13.8 ft.
Main engines EMD-8-567CR, Total Horsepower 820 @ 800 rpm

Gears Liaaen ACG50150

Generators (3) Detroit 8V71

Bow Thruster Elliot White Gull

Propulsion Variable Pitch Props

Range 6500 miles @ 9.5 knots

Fuel Oil 29,250 gallons, Lube Qil 410 gallons, Potable water 5,000 gallons
A frame 3.300 pounds, Deck crane S.W.L. 2,880 min 5,310 Max

Crew 8, Scientists 15 including marine technician

Tonnage 289 GRT 73 NRT

Labs Wet: 81 ft2 Dry: 457 ft2, Aft deck 1280 ft2

Cruising speed 10 knots, Max speed 11 knots
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Figure 1: Spectrum Sound Levels of engine noise from the CCGS Nabhidik at a range of 430m.
(Acoustic Measurement and Marine Mammal Monitoring Report 2003, LGL/Jasco).
Above is an example of the relative sound levels produced by vessel noise only during a typical
survey. This data was collected during the 2003 survey season onboard the CCGS Nabhidik in the

Beaufort Sea. This vessel is utilized by GSCA and CSR to perform a repetitive ice scour
mapping program as well as 2D seismic along the Beaufort Shelf.
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6 Acoustic Sources

6.1 Air Guns

Configuration for site surveys varies with dependencies on water depth, bottom geology and
target depths as these will dictate the system configuration.

! 835m ! | {7Em _|

—T70
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sea level

streamer
ER NN ]
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Figure 2: General Air Gun Configuration

Figure 3: Data collected from 2D Site Survey
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The three-gun cluster source can be used formany types of Surveys.

This figure compares the peak ampiitudes of far-feld measurements
for three-, two- and single-gun clusters.

10

Thr%cpﬁgun peak amplitude = 6.7

42 Two-gun peak amplitude =5.2

Single-gun peak amplitude = 3.0
Acoustic

pressure
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i ‘J <k

These plois show the peak amplitudes and frequency specira from far-field measuremenis made on & three-gun cluster fired at 2000 psi.

Figure 4: Air Gun Array

6.2 Boomer (Electromechanical)

Catarmaran fitted with
Boomer Plate or
Sparker Sound Source

Figure 5: Towing Boomer
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Figure 7: Data Sample from 100 Joule Boomer





6.3  Sparker (electrical discharge)

5QUID 500

Figure 8: Sparker System
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Figure 9: Sparker Source Signature
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Figure 10: Data Sample 1500 Joule Sparker

6.4  Sub-Bottom Profilers (2-12KHz)

EdgeTech 3300-HM Hull Mount System Installed on RV Quest

Figure 11: CFAV Quest with In Hull Sub-Bottom Transducers
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Figure 12: Sub-Bottom Profiler Data

Figure 13: Sub-Bottom Source Signature
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6.5 Echosounders (33-500KHz) includes Multibeam

TH P200f24—4l‘20 Performance Data

Freguency 200kHz 24kHz
Beam Width 4 20°
Q (transmit) 2 76
Rated RMS Power 2K 1.5KW
Balanced Impedance ohms
Peak Figure of Merit -5db -9db
Bandwidth 100kHz 3.2kHz
Acoustic Window Urethane Urethane
Material
Cable Typs C43 (2-14 AWG) | C43 (2-14 AWG)
Cable Size 10mm 10mm

Weight = 14.5Kg.

Figure 14: Dual Frequency Single Beam Transducer

Figure 15: Deep Water Multibeam System Hull Mount

Acoustic Info on EM302 as an example:

EM 300/302 1° Beamwidth SPL-237dB, PL-214dB @ 1m, PL-192dB @ 180m
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6.6 Sidescan Sonar (50-900KHz)

Figure 16: Klein 100KHz Sidescan and Integrated SBP
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Figure 17: Source Signature Klein Sidescan

The maximum estimated in-beam source levels for the sidescan sonar are:

o Slpegk=2247dBrelpuPa@ 1m
o Slpus=2168dBreluPa@ 1m
e SlLg =180.9dBrepPa®s@ 1m
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6.7  Sector Scanning Sonars (100-500KHz)

Typically sector scanning sonars are utilized from ROV platforms for the purpose of identifying
targets on the bottom from very close range. These sonar system are also utilized for obstacle
avoidance onboard AUV (autonomous underwater vehicles).

Figure 18:Sector Scanning Sonar Image (platform legs)

Sector Scanning Sonar varies in frequency, the above image is at 675 KHz giving high detail of
the rig support legs and the surrounding seafloor; note the large tire to right of platform.
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7  Coring and Sampling

Bottom sampling is an intrinsic part of acoustic data acquisition as this provides ground truthing
to assist in the interpretation of sidescan and shallow seismic records. These procedures can
include gravity coring, vibra coring, grab sampling, box coring in loose sediments or mud. CPT
(Cone Penetrometer Testing), gives an analysis of the sheer strengths of the bottom sediments,
this is important information for planning pipelines, as the plows that will trench the pipeline are
designed for specific material strengths.

Of the above sampling methods only vibra coring is associated with noise over any perceivable
duration. The vibra core system is lowered to the bottom where either an electric motor or a
pneumatic system with concentric wheels provides the vibrational motion that allows the core
barrel to penetrate the substrate. To date no known studies have been performed on the noise
levels generated by vibra-coring offshore.

Figure 19: General Equipment Deployment
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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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This report (Volume IV) provides a description of six environments relevant to E&P Operations
with unique acoustic characteristics. The acoustic description is included for each environment.
In addition, a survey of marine mammals including their use of the six E&P environments is
included. For each species, the [IUCN (International Union for Conservation of Nature) status is
included as an indication of species health.
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Executive summary

Survey of Active Acoustic Monitoring (AAM) Technologies:
Volume IV: E&P Environments and Marine Mammals

J. Theriault; S. Pecknold; E. MacNeil;; DRDC Atlantic ECR 2010-043; Defence
R&D Canada — Atlantic; March 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. The study did not include any direct
experimentation.

Results: The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This report (Volume IV) provides a description of six environments relevant to E&P Operations
with unique acoustic characteristics. The acoustic description is included for each environment.
In addition, a survey of marine mammals including their use of the six E&P environments is
included. For each species, the IUCN (International Union for Conservation of Nature) status is
included as an indication of species health.

Significance: The study documents the feasibility of using AAM technologies for mitigating
potential impacts of E&P acoustic emissions on marine mammals. There exist technologies that
could provide a basis for actively detecting marine mammals between 500 and 1000 m. This
Volume provides a critical description of the acoustic environments and the species that may be
encountered.
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1 Introduction

1.1 Background

The International Association of Qil 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) has funded a proposal by Defence R&D Canada Atlantic, in
partnership with Akoostix Inc., to deliver this study which has completed a review and inventory
of current active acoustic methods and technologies and has identified potential further
development areas for the detection of marine mammals during E&P activities offshore. The
study has been 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.

The study proposal details are contained in response to Request for Proposals JIP08-05.

1.2 Document Objective and Structure
This report is Volume IV (of five volumes) of the final report under contract JIP08-05.
e Volume I contains an overview and summary of the survey and analysis. Annex B to
Volume I includes a Microsoft Excel file, with the detailed responses from each of the
system suppliers, along with the evaluation.

e Volume II is the complete contract proposal.

e Volume III is the complete sub-contract report from Canadian Seabed Research on E&P
Operations.

e Volume IV (this report) is a detailed description of six chosen E&P environments and the
marine mammal species expected in those environments.

e Volume V is a detailed analysis of the factors affecting the performance of an AAM
system.
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2 E&P Environments

The environment has a major impact on the potential performance of an AAM system and has
implications on the type of AAM system that could be used. The water depth, water column
conditions (including surface and bottom) and the type of marine mammals present all impact
system performance and are highly variable between environments. Even within a given
environment there may be large variations in marine mammals and conditions, for instance due to
changing seasons or weather. The impact of environmentally related factors on system
performance is investigated in detail in the potential performance assessment (Volume V).

Due to the broad range of environments in which E&P activities are conducted, the approach was
taken to generally characterize a small number of environments that represent a cross section of
relevant areas.

The first step taken was to identify general areas/regions with a significant number of offshore
developments. A number of well established areas were identified, such as the Gulf of Mexico
and the UK Continental Shelf [2]. In well-established areas much of the O&G resources have
been developed and new projects are typically in harder to develop areas, such as very deep water
or more remote, harsher environmental areas. Numerous other areas were also identified as
having a significant number of developments, including the West Coast of Africa, Barents Sea,
Brazil, Indonesia, South China Sea, Atlantic Canada and North West Bank of Australia [2].

In addition to areas with existing offshore developments, consideration was also given to areas
which may be future development areas. The assessment of world petroleum reserves by the
United States Geological Survey estimates that the former Soviet Union and the Middle East /
North Africa region contain the bulk of the world’s undiscovered O&G resources [3]. In the
assessment a number of offshore areas were indicated as potential locations of significant
offshore resources, these include the West Coast of Africa, offshore Brazil, East Coast of
Greenland, West Siberian Basin, Caspian Sea, Persian Gulf, and North Sea. The assessment also
notes that a significant portion of undiscovered O&G resources are offshore, in water depths out
to 4000 m.
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As previously mentioned, within each of the environments identified above there are large
variations in water depth, water column conditions and marine mammals. To complete a detailed
assessment of the performance of each of the surveyed AAM systems in each of these
environments, the specific environmental parameters would be required (e.g. Water depth, sound-
speed profile, bottom type). To determine these environmental parameters a specific location and
a specific time of year would need to be selected. For the general evaluation being conducted
under this study it was not practical to select individual locations and times within each
environment. The approach taken was to select one water depth for each environment and to
provide a general evaluation of AAM performance for each environment.

3 A -y €008 G

Figure 1: World Map showing locations for Six O&G Relevant Environments (Water depths
defined as Very Shallow (<100m), Shallow (100-400 m), Deep (1000-2000 m), and Very Deep (>
2000 m).)

This annex contains the rough data collected on the six environments of interest to this report.
Information on typical bottom properties and bathymetry is given along with water column
temperature and salinity based on climatological data for each season. The climatological data is
taken from the World Ocean Atlas [7] [8]. Bathymetry is from the ETOPOS data set [9]. The
bathymetry and temperature/salinity data is presented using the Ocean Data View (ODV)
software [10].
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Table 1: E&P Environment Descriptions

# Area Water Depth
S1 Arctic: Barents Sea 200m
S2 Gulf of Mexico 2000m
S3 North Sea 200m
S4 West Coast of Africa (offshore Nigeria or Angola) 2000m
S5 Northwest Shelf, Australia 1000m
S6 Persian Gulf 50m
2.1  Arctic: Barents Sea

The Barents Sea is characterized by basins of 300 to 500 m depth running in the northeast to
southwest direction, and some shallower banks of 50 to 100 m depth. The bedrock composition
shows a great deal of wvariation, described in detail in [11], separated from the upper
unconsolidated and semi-consolidated glacial sediment depositions by an upper regional erosional
surface. The thickness of the glacial deposits varies from 15 m in the north to several hundred m
along the continental margin [11] Average sediment sound speeds are 1470 m/s at the surface and
1800 m/s in the lower part of the sediment. More details for the upper part of the sediment are
available in [12]. The southern region bedrock consists primarily of shales and claystones and
clay- and siltstones, with sound speeds of 2.1-3.5 and 1.8-2.8 km/s respectively, and shear speeds
of 0.6-1.8 and 0.4 -1.2 km/s.
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Figure 2: Barents Sea bathymetry. The red box indicates the area selected as representative.
(ODV).

There are three main types of water masses in the Barents Sea: Warm, salty Atlantic water
(temperature >3°C, salinity>35) from the North Atlantic drift, cold Arctic water (temperature
<0°C, salinity<35) from the north, and warm, but not very salty coastal water (temperature >3°C,
salinity<34,7). Between the Atlantic and Polar waters, a front called the Polar Front is formed. In
the western parts of the sea (close to Bear Island), this front is determined by the bottom
topography and is therefore relatively sharp and stable from year to year, while in the east
(towards Novaya Zemlya), it can be quite diffuse and its position can vary between years. The
sound speed profile will therefore change considerably depending on season and location.
Examples have been selected from the World Ocean Atlas for each season in the location 37.5° E,
71.5° N. Figures 3 through 6 show climatological temperature and salinity information for each
season in the Barents Sea.
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Figure 3: Clockwise from bottom left — Barents Sea bathymetry, average temperature profile at
37.5°E, 71.5° N, average salinity at 37.5° E, 71.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for winter (Jan-Mar). (ODV).

6 DRDC Atlantic ECR 2010-043





Temperature [*C] @ Depth [m]=first
B°N =

ﬂ 1 o .
» . = =%
". ' l-,.a‘ ‘.
50 41 501 L :
f \I.-' 75N
— 100 4 — 100 ra
£ £ |
] ] ] "
& 150 4 H 150 4 5 N
200 ‘ 200 e
1 1
/ i i 5N
/ ™
250 - - - - ! 250 - - !
2] 0 1 2 3 4 4.8 34.85 34.9
Temperature [*C] Salinity [psu] Temperature [°C]
. 'l-b-“ n' i' .. .. -
. - - - -
50 1 PRI P ARl = S~
”"F I - = - .
1, TR 100 | P04ttt e
-
', y E A 8 L B |
| £ 150 .. = - -
’ &
200 -—td—a—s—o - .
280 « = <+ e = . . - -
300 - :
-1 0 1 2 3
s Temperature [°C]

E

2rE

WrE

Figure 4: Clockwise from bottom left — Barents Sea bathymetry, average temperature profile at
37.5°E, 71.5° N, average salinity at 37.5° E, 71.5° N, surface temperature, and temperature

profiles along section (red box in bathymetry map), for spring (Apr-Jun). (ODV).

DRDC Atlantic ECR 2010-043






250

Depth [m]

B Oosen Dete View

348 3485 349 34
Salinity [psu]

Temperature [*C] @ Depth [m]=first
BO°N e =

Temperature [°C]

N

Hese s sm mw B

e L T

cmercs s we oo - .

e
mess®m ses
cmemsmsse e e &

Temperature [°C]
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37.5°E, 71.5° N, average salinity at 37.5° E, 71.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for summer (Jul-Sep).(ODV).

DRDC Atlantic ECR 2010-043





100

Depth [m]
g

8

250 | »

Ocaan Dats View

3 4 348 34.85

349

Salinity [psu]

34.95

Temperature [°C] @ Depth [m]=first
80°N e

Depth [m]
g

250 D

Temperature [°C]

Figure 6: Clockwise from bottom left — Barents Sea bathymetry, average temperature profile at
37.5°E, 71.5° N, average salinity at 37.5° E, 71.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for fall (Oct-Dec). (ODV).

Table 2: Barents Sea representative seasonal climatology: temperature and salinity.

Temperature [°C] Salinity [psu]
Depth [m] Winter Spring  Summer Fall Spring Spring  Summer Fall

0 1.78 2.2 7.2 3.85 34.84 34.81 34.75 34.79

10 1.73 2.22 7.07 3.83 34.83 34.82 34.75 34.79

20 1.7 2.09 6.61 3.82 34.83 34.82 34.74 34.79

30 1.69 1.94 5.53 3.81 34.83 34.82 34.76 34.79

50 1.65 1.68 3.45 3.61 34.83 34.83 34.82 34.79

75 1.63 15 2.73 3.3 34.82 34.85 34.84 34.82

100 1.59 1.3 2.27 2.99 34.82 34.84 34.84 34.82

125 1.53 1.15 1.93 2.67 34.83 34.86 34.86 34.84

150 1.44 0.96 1.59 2.33 34.84 34.86 34.87 34.85

200 1.03 0.45 0.79 1.55 34.85 34.85 34.88 34.88

250 0.18 -0.16 -0.16 0.17 34.93 34.93 34.93 34.94

300 0.15 -0.12 -0.21 0.13 34.93 34.94 34.93 34.94
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2.2 Gulf of Mexico

The geological and stratigraphic structure of the Gulf of Mexico, the bathymetry of which is
shown in Figure 7, has been described in a number of sources. The information in 1) through 7)
below is quoted from [13], and is based on [14].

1) Gulf of Mexico Basin: This portion of the Gulf of Mexico contains the Sigsbee Deep and
can be further divided into the continental rise, the Sigsbee Abyssal Plain, and the Mississippi
Cone. Located between the Sigsbee escarpment and the Sigsbee Abyssal Plain, the continental
rise is composed of sediments transported to the area from the north. The Sigsbee Abyssal Plain
is a deep, flat portion of the Gulf bottom located northwest of Campeche Bank. In this relatively
uniform area of the Gulf bottom, the Sigsbee Knolls and other small diapiric (salt) domes
represent the only major topographical features. The Mississippi Cone is composed of soft
sediment and extends southeast from the Mississippi Trough, eventually merging with other
sediments of the central basin. The cone is bordered by the DeSoto Canyon to the east and the
Mississippi Trough to the west, and has been described in detail by Ewing et al. [15].

2) Northeast Gulf of Mexico: Extending from just east of the Mississippi Delta near Biloxi to
the eastern side of Apalachee Bay, this region of the Gulf bottom is characterized by soft
sediments. To the west of the DeSoto Canyon, terrigenous (land-derived) sediments are thick
and fill the remnants of the Gulf basin. In the eastern portion of the region, Mississippi-derived
sediments cover the western edge of the Florida Carbonate Platform and a transition towards
carbonate sediments begins. The Florida Escarpment separates the Florida Platform from the
Gulf Basin and also forms the southeastern side of the DeSoto Canyon. In a region characterized
by sediment deposition, the presence of the DeSoto Canyon is poorly understood. Some theories
suggest that the canyon is the result of erosion caused by oceanic currents, possibly the Loop
Current [16].

3) South Florida Continental Shelf and Slope: A submerged portion of the larger emergent
Florida Peninsula, this region of the Gulf of Mexico extends along the coast from Apalachee
Bay to the Straits of Florida and includes the Florida Keys and Dry Tortugas. A generalized
progression towards carbonate sediments occurs from north to south ending in the thick
carbonate sediments of the Florida Basin. Evidence suggests that this basin was at one time
enclosed by a barrier reef system [17], [18], [19], [20]. In the Straits of Florida the Jordan Knoll
appears to be composed of remnants from this ancient reef system. Evidence suggests that this
reef may have once extended across the straits, adjoining the Florida reefs with those of
northern Cuba.

4) Campeche Bank: Campeche Bank is an extensive carbonate bank located to the north of the
Yucatan Peninsula [21]. The bank extends from the Yucatan Straits in the east to the Tabasco-
Campeche Basin in the west and includes Arrecife Alacran. The region shows many similarities
to the south Florida platform and some evidence suggests that the two ancient reef systems may
have been continuous [20], [22] . Continental drift and erosional processes are both theorized to
have played a role in the separation of the two geologically similar carbonate platforms.

5) Bay of Campeche: The Bay of Campeche is an isthmian embayment extending from the
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western edge of Campeche Bank to the offshore regions just east of Veracruz (~96 degrees W).
The Sierra Madre Oriental forms the south-southwestern border, and the associated coastal plain
is similar to the Texas-Louisiana coast in the northern Gulf. The bottom topography is
characterized by long ridges parallel to the exterior of the basin. Salt domes are prevalent in the
region, and the upward migration of salt is theorized to be a cause of the complex bottom
profiles [23]. Similar to the northern Gulf, large quantities of oil are produced here, and thick
terrigenous sediments predominate.

6) Eastern Mexico Continental Shelf and Slope: Located between Veracruz to the south and
the Rio Grande to the north, this geological province spans the entire eastern shore of Mexico.
The Gulf bottom of the region is characterized by sediment-covered folds that parallel the shore.
Apparently created by sediment-covered evaporites, evidence suggests that the folds have
impeded sediment transport from the Mexican coast to the Gulf Basin [24]. As sediment cover
increases from south to north, so does the relative complexity of the bottom structure.

7) Northern Gulf of Mexico: The northern Gulf of Mexico extends from Alabama to the U.S.-
Mexico border. North to south, the province extends from 200 miles inland of the present day
shoreline to the Sigsbee escarpment. Sediments in the region are generally thick with the
greatest sediment load provided by the Mississippi River. Widespread salt deposits are present
throughout the region[25, 26] and these structures act to create subsurface and emergent
topographic features on the continental slope such as the Flower Garden Banks off the
Texas/Louisiana coast, and the pinnacles region offshore of the Mississippi/Alabama coast.
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Figure 7: Gulf of Mexico bathymetry (ODV).
Given the specified depth of 2000 m, a section along 27.5° N (the continental rise from the

abyssal plain to the northern Gulf) was selected as a representative area. Here, sediments are
primarily clayey and silty, and sound speeds may also be affected by the presence of gas hydrates.
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Figure 8: Gulf of Mexico sediment thickness (data from [27]).

The sediment in this area is 8 to 12 km thick (see Figure 8). Measurements of sound speed and
density near the surface have values around c=1480 m/s, =1.45 g/cm’.

Figures 9 through 12 show representative climatological temperature and salinity information for
each season in the Gulf of Mexico. The data at a representative point is summarized in Table 3.
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Figure 9: Clockwise from bottom left — Gulf bathymetry, average temperature profile at 90.5°

Temperature [C] @ Depth [m]=first

i-"- §
. -
< 1000 .t»
H
L .
: i
. 2000 I-
: :
L l 3000 - l
i i
| i | | }
5 10 15 20 35 355 36 36.5 37
T C] Salinit
‘emperature [°C] alinity [psu] I
a - “.-
i
' i
5 10 15 20 25
Temperature [°C]

W, 27.5° N, average salinity at 90.5° W, 27.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for winter (Jan-Mar). (ODV).

14

DRDC Atlantic ECR 2010-043





i o o =
] e -~ Temperature [FC] @ Depth [m]=first
500 .-’-'-- ' + ' 500 ../.. T T o
. L
- .
i i
1000 :’ + 1000 L3 s
b H
g : 3
1500 { o I 1500 | o =
. L]
2000+ 2000 l P
I [
2500 § 2500 | N .
i ‘ i
e il [ | fey | | }
5 10 15 20 25 35 355 36 36.5 ar
Te rature [*C] Salinity [psu]
o & Temperature [°C]
0 T L
Pl e 25
-
-
-- = 20
< 15
10
. i
3 s
5 10 15 20 25
Temperature [°C]

Figure 10: Clockwise from bottom left — Gulf bathymetry, average temperature profile at
90.5° W, 27.5° N, average salinity at 90.5° W, 27.5° N, surface temperature, and temperature
profiles along section (ved box in bathymetry map), for spring (Apr-Jun). (ODV).
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Figure 11: Clockwise from bottom left — Gulf bathymetry, average temperature profile at
90.5° W, 27.5° N, average salinity at 90.5° W, 27.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for summer (Jul-Sep).(ODV).
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Figure 12: Clockwise from bottom left — Gulf bathymetry, average temperature profile at

90.5° W, 27.5° N, average salinity at 90.5° W, 27.5° N, surface temperature, and temperature

profiles along section (red box in bathymetry map), for fall (Oct-Dec). (ODV).
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Table 3: Gulf of Mexico representative seasonal climatology: temperature and salinity.

Temperature [°C] Salinity [psu]

Depth [m] Winter Spring  Summer Fall Spring Spring  Summer Fall

0| 2217 25.5 29.26 25.39 35.54 34.7 34.74 35.69
10| 22.16 25.29 29.14 25.41 36.15 35.93 35.49 36.01
20| 22.13 2491 28.85 25.46 36.26 36.19 36.03 36.12
30| 22.06 24.26 27.97 25.44 36.29 36.3 36.2 36.16
50| 21.84 22.79 25.02 24.9 36.31 36.33 36.34 36.24
75 21.4 21.42 22.42 2291 36.38 36.37 36.4 36.38

100 | 20.46 20.32 20.82 21.02 36.4 36.38 36.41 36.39
125 | 19.25 19.12 19.56 19.73 36.36 36.34 36.35 36.37
150 | 18.18 18.01 18.28 18.52 36.27 36.24 36.26 36.27
200 | 15.99 15.95 16.09 16.26 36.01 35.99 35.99 36.05
250 | 14.22 14.23 14.3 14.46 35.74 35.75 35.7 35.78
300 | 12.86 12.88 12.98 13.02 35.53 35.53 35.5 35.56
400 | 10.46 10.56 10.61 10.7 35.21 35.21 35.18 35.24

500 8.75 8.8 8.79 8.88 35.02 35.01 34.99 35.03
600 7.51 7.5 7.42 7.53 34.92 34.91 34.91 34.93
700 6.53 6.51 6.52 6.56 34.9 34.88 34.89 34.9
800 5.89 591 5.69 5.77 34.89 34.89 34.89 34.9
900 5.29 5.23 5.16 53 34.91 34.9 34.91 34.91
1000 4.86 4.88 4.8 4.88 34.93 34.92 34.92 34.92
1100 4.49 4.65 4.46 4.63 34.94 34.93 34.94 34.94
1200 4.4 4.45 4.34 4.58 34.97 34.94 34.95 34.95
1300 4.29 4.34 4.32 4.42 34.96 34.96 34.95 34.96
1400 4.22 4.29 4.28 4.34 34.96 34.96 34.95 34.96
1500 4.21 4.28 4.25 4.2 34.97 34.96 34.96 34.97
1750 4.2 4.25 4.2 4.23 34.96 34.96 34.97 34.98
2000 4.21 4.19 4.21 4.22 34.97 34.97 34.96 34.98
2500 4.24 4.22 4.25 4.26 34.97 34.97 34.96 34.97
3000 4.3 4.26 4.29 4.29 34.97 34.97 34.96 34.97
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2.3 North Sea
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Figure 13: North Sea area (from Wikipedia).

The North Sea is bounded by the Orkney Islands and east coasts of England and Scotland to the
west and the northern and central European mainland to the east and south. In the south-west,
beyond the Straits of Dover, the North Sea becomes the English Channel, connecting to the
Atlantic Ocean. In the east, it connects to the Baltic Sea via the Skagerrak and Kattegat, narrow
straits that separate Denmark from Norway and Sweden respectively. In the north it is bordered
by the Shetland Islands, and connects with the Norwegian Sea, which lies in the very north-
eastern part of the Atlantic.

The North Sea receives freshwater from a number of European continental watersheds, as well as
the British Isles island watersheds. A large part of the European drainage basin empties into the
North Sea including water from the Baltic Sea.

For the most part, the sea lies on the European continental shelf with a mean depth of
approximately 90 metres, with the Norwegian trench, which extends parallel to the Norwegian
shoreline, being up to 725 m deep. Figure 14 shows the bathymetry of the North Sea, as well as
sediment thicknesses in the North Sea.

The main pattern to the flow of water in the North Sea is an anti-clockwise rotation along the
edges, with significant tides near the English coast.
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Figure 14: North Sea sediment thickness (data from [27]).and bathymetry (from
ETOPOS). (ODV).

There is a great deal of information available on the geology of the North Sea, to fairly high
degrees of detail, including several books on the petroleum geology of the area (e.g. [28]).
Reports from the British Geological Survey on the DTI Strategic Environmental Assessment
Areas are also available, providing information on the geology of the North Sea (see e.g. Figure
15, from [29]).
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Figure 15: North Sea SEAS5 seabed sediment types (from [29]).

Examining the area near 60.5° N, 1.5° E as a representative example near the suggested depth, the
upper sediment is primarily sand with some silt/clay.

Representative climatological temperature and salinity information for each season in the North

Sea is shown in Figures 16 through 19, and the temperature and salinity profiles at a
representative point are given in Table 4.
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Figure 16: Clockwise from bottom left — North Sea bathymetry, average temperature profile at
1.5° E, 60.5° N, average salinity at 1.5° E, 60.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for winter (Jan-Mar). (ODV).
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Figure 17: Clockwise from bottom left — North Sea bathymetry, average temperature profile at
1.5° E, 60.5° N, average salinity at 1.5° E, 60.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for spring (Apr-Jun). (ODV).
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Figure 18: Clockwise from bottom left — North Sea bathymetry, average temperature profile at
1.5° E, 60.5° N, average salinity at 1.5° E, 60.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for summer (Jul-Sep).(ODV).
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Figure 19: Clockwise from bottom left — North Sea bathymetry, average temperature profile at
1.5° E, 60.5° N, average salinity at 1.5° E, 60.5° N, surface temperature, and temperature
profiles along section (red box in bathymetry map), for fall (Oct-Dec). (ODV).

Table 4: North Sea representative seasonal climatology: temperature and salinity.

Temperature [°C] Salinity [psu]

Depth [m] Winter Spring  Summer Fall Spring Spring  Summer Fall
0 7.16 8.42 12.77 9.58 35.08 34.82 34.54 34.95
10 7.22 8.27 12.64 9.59 35.09 34.89 34.6 34.97

20 7.25 8.02 12.04 9.61 35.1 34.99 34.86 35
30 7.3 7.78 10.9 9.64 35.12 35.1 35.1 35.04
50 7.35 7.49 9.19 9.55 35.16 35.21 35.25 35.15
75 7.36 7.31 8.44 9.19 35.19 35.26 35.29 35.23
100 7.43 7.26 8.12 8.87 35.2 35.26 35.29 35.24
125 7.58 7.33 8.09 8.89 35.23 35.28 35.29 35.26
150 7.66 7.35 8.04 8.96 35.25 35.28 35.28 35.28
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2.4  West Coast of Africa (offshore Nigeria or Angola)
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Figure 20: Offshore Nigeria sediment thickness (data from [27]) and bathymetry (from
ETOPOS).

The geology of the Nigerian continental slope, particularly as regards gas hydrates present
offshore, has been examined in several papers and books (e.g. [30, 31, 32]). The upper sediment
on the continental slope consists mainly of silty clays, with some outcroppings of quartz sand
with quantities of shells [33]. Figure 20 shows sediment thickness and bathymetry of the area off
the West African coast.

Representative climatological temperature and salinity information for each season in the Atlantic

off the Nigerian coast is shown in Figures 21 through 24, and the temperature and salinity profiles
at a representative point are given in Table 5.
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Figure 21: Clockwise from bottom left — bathymetry, average temperature profile at 7.5° E,
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2.5° N, average salinity at 7.5° E, 2.5° N, surface temperature, and temperature profiles along
section (red box in bathymetry map), for winter (Jan-Mar). (ODV).
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Figure 22: Clockwise from bottom left — bathymetry, average temperature profile at 7.5° E,
2.5° N, average salinity at 7.5° E, 2.5° N, surface temperature, and temperature profiles along
section (red box in bathymetry map), for spring (Apr-Jun). (ODV).

28

DRDC Atlantic ECR 2010-043





Temperature [C] @ Depth [m]=first

Ocean Dats View

- ] —
0 ] L 4
o
oAl -
500 -" ' ! ! 500 .‘_ 26
- .
- .
. .
# L]
1000 ¢ ! ! 1000 L9 28
T ¢ .
— . |
1500 { + . ! 1500 t
| 2
[ 1
2000 |+ ! ! 2000 .
I 2
|
2500 @ 1 2500 .‘ !
i [ i .
3000 ; 3000 | 3 #E §E €E TE FE ¥E 1°E
5 10 15 220 25 W I 31 32 33 3 35 36
Temperature ['C] Salinity [psu]
Temperature [°C]
o . Ty
500 e .
1000 <.
—~ -
£ i
g 1500 -
2000
2500 |-
3000 T T T T
5 10 15 20 25
Temperature [°C]

#E FE FE T'E FE TFEWE

Figure 23: Clockwise from bottom left — bathymetry, average temperature profile at 7.5° E,

2.5° N, average salinity at 7.5° E, 2.5° N, surface temperature, and temperature profiles along

section (red box in bathymetry map), for summer (Jul-Sep).(ODYV).
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Figure 24: Clockwise from bottom left — bathymetry, average temperature profile at 7.5° E,
2.5° N, average salinity at 7.5° E, 2.5° N, surface temperature, and temperature profiles along
section (red box in bathymetry map), for fall (Oct-Dec). (ODV).
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Table 5: West Africa coast representative seasonal climatology: temperature and salinity.

Temperature [°C] Salinity [psu]

Depth [m] Winter Spring  Summer Fall Spring Spring  Summer Fall

0| 28.77 279 25.98 27.71 30.39 31.73 32.83 28.14
10 | 28.62 27.74 26.07 27.55 31.42 32.18 32.98 30.87
20| 27.95 26.99 25.87 27.02 33.25 33.31 33.37 33.14
30| 25.78 24.13 24.93 25.23 34.8 34.99 34.52 34.56
50| 20.54 19.85 18.7 20.81 35.78 35.81 35.76 35.68
75| 18.46 17.97 16.46 17.54 35.81 35.81 35.7 35.78

100 171 16.76 15.79 16.41 35.75 35.73 35.6 35.73
125 | 16.42 15.75 15.41 15.86 35.68 35.63 35.59 35.68
150 | 15.72 151 14.85 15.37 35.61 35.55 35.49 35.61
200 | 14.24 13.83 13.96 145 35.44 35.41 35.33 35.49
250 | 12.47 11.95 12.46 13.14 35.23 35.18 35.23 35.33

300 | 10.65 10.53 10.6 11.42 35.07 35 34.99 35.16
400 8.59 8.6 8.52 9.07 34.82 34.8 34.74 34.89
500 7.09 7.22 7.25 7.48 34.67 34.68 34.62 34.72
600 6.12 6.23 6.18 6.44 34.57 34.6 34.55 34.6
700 5.39 5.3 5.39 5.55 34.52 34.54 34.51 34.56
800 4.9 4.84 4.89 5.04 34.52 34.49 34.48 34.54
900 4.58 4.4 4.47 4.53 34.56 34.58 34.55 34.59
1000 4.5 4.27 4.37 4.41 34.63 34.66 34.63 34.65
1100 4.4 4.37 4.5 4.53 34.71 34.76 34.71 34.73
1200 4.38 4.34 4.43 4.52 34.79 34.83 34.8 34.83
1300 4.28 4.24 4.32 4.46 34.87 34.88 34.9 34.88
1400 4.22 4.1 4.27 4.34 34.9 34.89 34.94 34.91
1500 4.12 4.2 4.13 4.26 34.94 34.93 34.96 34.93
1750 3.99 3.99 3.84 3.92 34.95 34.96 34.96 34.94
2000 3.44 3.38 3.41 3.4 34.97 34.95 34.95 34.95
2500 2.89 2.93 2.9 2.97 34.93 34.92 34.92 34.94
3000 2.62 2.63 2.62 2.74 34.91 34.9 34.91 34.92
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2.5 Northwest Shelf, Australia
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Figure 25: Physiographic divisions of Northwest shelf region (from [34]).

The physiographic divisions of the Northwest shelf region of Australia are shown in Figure 25.
Given the depth selected, it is the outer shelf and slope that are the areas of interest off the
Northwest coast of Australia. Here, the bottom sediments are primarily carbonate sands, with
increasing proportions of mud (modern pelagic ooze and aragonitic needle, rich micrite [35]) with
deepening water. Along the slope, 20-80% of the composition is mud [34]. Figures 26 and 27
illustrate the bathymetry, sediment thickness, and sediment types found in the area.
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Figure 26: Northwest shelf sediment thickness (data from [27]) and bathymetry (from
ETOPOS).
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Figure 27: Sedimentary facies model of the northwest shelf [36] (from [34]).

Representative climatological temperature and salinity information for each season for the NW
Australian Shelf area is shown in Figures 28 through 31, and the temperature and salinity profiles
at a representative point are given in Table 6.
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Figure 28: Clockwise from bottom left — NW Australia bathymetry, average temperature
profile at 118.5° E, 17.5° S, average salinity at 118.5° E, 17.5° S, surface temperature, and
temperature profiles along section (red box in bathymetry map), for winter (Jan-Mar). (ODV).
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Figure 29: Clockwise from bottom left — NW Australia bathymetry, average temperature
profile at 118.5° E, 17.5° S, average salinity at 118.5° E, 17.5° S, surface temperature, and
temperature profiles along section (red box in bathymetry map), for spring (Apr-Jun). (ODV).
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profile at 118.5° E, 17.5° S, average salinity at 118.5° E, 17.5° S, surface temperature, and
temperature profiles along section (red box in bathymetry map), for summer (Jul-Sep).(ODYV).
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Figure 31: Clockwise from bottom left NW Australia bathymetry, average temperature profile
at 118.5° E, 17.5° S, average salinity at 118.5° E, 17.5° S, surface temperature, and
temperature profiles along section (red box in bathymetry map), for fall (Oct-Dec). (ODV).
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Table 6: NW Australia Shelf representative seasonal climatology: temperature and salinity.

Temperature [°C] Salinity [psu]
Depth [m] Winter Spring  Summer Fall Spring Spring  Summer Fall
0| 28.95 28.11 25.21 27.41 34.94 34.73 34.63 34.91
10 | 28.85 28.07 25.15 27.31 34.94 34.71 34.63 34.92
20| 28.71 28.05 25.1 27.11 34.91 34.7 34.61 34.9
30| 28.37 27.98 25.01 26.71 34.89 34.72 34.61 34.89
50 | 26.99 27.6 24.87 25.69 34.81 34.73 34.62 34.85
75| 24.96 26.11 24.64 24.59 34.8 34.68 34.67 34.87
100 | 23.06 24.08 23.88 23.41 34.82 34.66 34.66 34.88
125 | 21.37 22.36 22.43 22.08 34.84 34.69 34.67 34.9
150 | 19.56 20.59 20.72 20.36 34.84 34.73 34.74 34.92
200 | 16.17 16.9 17.16 16.69 34.86 34.85 34.89 34.93
250 | 13.72 14.57 14.28 13.91 34.83 34.83 34.93 34.86
300 | 11.83 13.11 13.15 12.04 34.82 34.81 34.87 34.82
400 9.64 10.24 10.23 9.75 34.76 34.77 34.81 34.74
500 8.45 8.4 8.29 8.27 34.69 34.66 34.66 34.66
600 7.7 7.5 7.3 7.24 34.64 34.65 34.63 34.63
700 6.82 6.76 6.48 6.47 34.63 34.65 34.64 34.63
800 5.92 6.16 6 5.91 34.63 34.63 34.63 34.64
900 5.38 5.37 5.34 5.4 34.63 34.61 34.63 34.64
1000 5 5.03 4.99 5 34.64 34.61 34.63 34.64
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2.6 Persian Gulf

The geology of the Persian Gulf has been well-studied in relation to the production of petroleum.
The bathymetry of the Gulfis pictured in Figure 32.

30°N
50 m

28°N 100 m

250 m

26°N

24°N

48°E 50°E 52°E 54°E  56°E 58°E

Figure 32: Persian Gulf bathymetry (from ETOPOS).

The Gulf is typically no more than 100 m deep, with a number of islands that are primarily salt
domes or coral or shell debris. The surface sediments in the deeper parts of the Persian Gulf lying
near the coast of Iran are mostly carbonate-rich fine muds, while the shallower areas in the south-
west are skeletal sands and carbonate muds. The sea floor has also been hardened in many areas
by calcium carbonate (limestone) deposition, and much of the underlying sediment is also
limestone.

The Gulf is very warm and salty, although less so near the mouths of the Tigris/Euphrates. A
reasonably representative spot was chosen at 51.5° E, 26.5° N. Representative climatological
temperature and salinity information for each season in the Persian Gulf is shown in Figures 33
through 36, and the temperature and salinity profiles at a representative point are given in Table
7.
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Figure 33: Clockwise from bottom left — Persian Gulf bathymetry, average temperature profile
at 51.5°E, 26.5° N, average salinity at 51.5° E, 26.5° N, surface temperature, and
temperature profiles along section (red box in bathymetry map), for winter (Jan-Mar). (ODV).
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Figure 34: Clockwise from bottom left — Persian Gulf bathymetry, average temperature profile
at 51.5°E, 26.5° N, average salinity at 51.5° E, 26.5° N, surface temperature, and
temperature profiles along section (red box in bathymetry map), for spring (Apr-Jun). (ODYV).
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Figure 35: Clockwise from bottom left — Persian Gulf bathymetry, average temperature profile
at 51.5°E, 26.5° N, average salinity at 51.5° E, 26.5° N, surface temperature, and
temperature profiles along section (red box in bathymetry map), for summer (Jul-Sep).(ODYV).
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Figure 36: Clockwise from bottom left — Persian Gulf bathymetry, average temperature profile
at 51.5°E, 26.5° N, average salinity at 51.5° E, 26.5° N, surface temperature, and
temperature profiles along section (red box in bathymetry map), for fall (Oct-Dec). (ODV).

Table 7: Persian Gulf representative seasonal climatology: temperature and salinity.

Temperature [°C] Salinity [psu]
Depth [m] Winter Spring  Summer Fall Spring Spring  Summer Fall
0| 20.45 25.93 31.61 27.39 39.86 38.82 39.09 39.58
10 20.3 25.29 31.3 27.28 40.03 39.24 39.12 39.54
20| 20.31 23.86 29.76 27.03 40.08 39.81 39.62 39.43
30| 20.38 22.69 27.09 26.97 40.13 40.02 39.73 39.4
50 | 20.17 20.41 22.57 24.9 40.09 40.2 40.44 40.11
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3 Marine Mammal within E&P Environments

To develop an understanding of the types of marine mammals in the six environments above, a
list of 86 species of marine mammals and their habitat was cross referenced with the six locations.

3.1 Introduction

A list of 86 marine mammals was compiled from information on the International Union for
Conservation of Nature (IUCN) website. The habitats of these marine mammals (as described on
the IUCN website) were cross referenced with the six environments identified in the previous
section of this Volume to provide a summary of the marine mammals present in the areas.

Table 8 below contains the list of marine mammals, including their size, diving behaviour and
IUCN status. The last six columns of the table are the six environments represented by S1 — S6
(see description in previous section, Table 1). A solid dot in the columns S1 through S6 indicates
the presence of a particular mammal in that environment.

3.2 Background on the IUCN

The population health (threatened, endangered, etc.) of a species is monitored and categorized by
the International Union for Conservation of Nature (IUCN)[37].

The TUCN (International Union for Conservation of Nature) serves as the largest global
environmental network. Its membership includes more than 1,000 government and non-
government organizations (NGO). It supports collaboration among interested parties in research,
development, and implementation of policy, laws, and best practices. The IUCN Redlist is
recognized as a global authoritative list of designated species.

The TUCN designates species within nine categories. Designations for the IUCN Redlist are
presented in reference [38]:

EXTINCT (EX)

A taxon is Extinct when there is no reasonable doubt that the last individual has
died. A taxon is presumed Extinct when exhaustive surveys in known and/or
expected habitat, at appropriate times (diurnal, seasonal, annual), throughout its
historic range have failed to record an individual. Surveys should be over a time
frame appropriate to the taxon's life cycle and life form.

EXTINCT IN THE WILD (EW)

A taxon is Extinct in the Wild when it is known only to survive in cultivation, in
captivity or as a naturalized population (or populations) well outside the past
range. A taxon is presumed Extinct in the Wild when exhaustive surveys in known
and/or expected habitat, at appropriate times (diurnal, seasonal, annual),
throughout its historic range have failed to record an individual. Surveys should
be over a time frame appropriate to the taxon's life cycle and life form.
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CRITICALLY ENDANGERED (CR)

A taxon is Critically Endangered when the best available evidence indicates that
it meets any of the criteria A to E for Critically Endangered (see Section V), and
it is therefore considered to be facing an extremely high risk of extinction in the
wild.

ENDANGERED (EN)

A taxon is Endangered when the best available evidence indicates that it meets
any of the criteria A to E for Endangered (see Section V), and it is therefore
considered to be facing a very high risk of extinction in the wild.

VULNERABLE (VU)

A taxon is Vulnerable when the best available evidence indicates that it meets
any of the criteria A to E for Vulnerable (see Section V), and it is therefore
considered to be facing a high risk of extinction in the wild.

NEAR THREATENED (NT)

A taxon is Near Threatened when it has been evaluated against the criteria but
does not qualify for Critically Endangered, Endangered or Vulnerable now, but
is close to qualifying for or is likely to qualify for a threatened category in the
near future.

LEAST CONCERN (LC)

A taxon is Least Concern when it has been evaluated against the criteria and
does not qualify for Critically Endangered, Endangered, Vulnerable or Near
Threatened. Widespread and abundant taxa are included in this category.

DATA DEFICIENT (DD)

A taxon is Data Deficient when there is inadequate information to make a direct,
or indirect, assessment of its risk of extinction based on its distribution and/or
population status. A taxon in this category may be well studied, and its biology
well known, but appropriate data on abundance and/or distribution are lacking.
Data Deficient is therefore not a category of threat. Listing of taxa in this
category indicates that more information is required and acknowledges the
possibility that future research will show that threatened classification is
appropriate. It is important to make positive use of whatever data are available.
In many cases great care should be exercised in choosing between DD and a
threatened status. If the range of a taxon is suspected to be relatively
circumscribed, and a considerable period of time has elapsed since the last
record of the taxon, threatened status may well be justified.

NOT EVALUATED (NE)
A taxon is Not Evaluated when it is has not yet been evaluated against the
criteria.

3.3 Marine Mammal Species
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Table 8: Suborder Mysticeti (The Baleen Whales)

Family Species Common Name(s) Size (m) Be[?:;/\ll?gur Slgﬁjtll S1[S2|S3|S4|S5/S6
Balaenidae Right whales
*North Atlantic right whale
Eubalaena =Black right whale 14-18
glacialis *Northern right whale Shallow EN ¢
*Right whale
Eubalaena =Southern right whale 11-17
australis =*Chile-Peru right whale Shallow LC (CR)
Eubalaena =North Pacific right whale
Japonica *Northeast Pacific right 14-18 Shallow EN (CR)
whale
. *Bowhead whale *Bowhead LC (LR
Balaena mysticetus | Greenland right whale 12-20 Shallow EN. CR) °
Neobalaenidae Pygmy right whale
Caperea marginata | *Pygmy right whale 4-6.5 Shallow DD

'TucN Designations described in Section 3.2: EX: Extinct, EW: Extinct in the Wild, CR: Ceritically Endangered, EN: Endangered, VU: Vulnerable,
NT: Near Threatened, LC: LR: Lower risk, Least Concern, DD: Data Deficient, NE: Not Evaluated. Designations in parenthesis relate to specific sub-
populations.
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Table 9: Suborder Mysticeti (Continued)

. ) . Diving IUCN
Family Species Common Name(s) Size (m) Behaviour Status S1|S2|S3|S4|S5]|5S6
Eschrichtiidae Gray whale
*Gray whale
*Devil fish
Eschrichtius .gig Eizll(e 11-15 Shall LC (CR)
- allow
robustus -Hard Head
*Mussel Digger
*Rip Sack
Balaenopteridae Rorquals
Megaptera *Humpback whale 11-19
novaengliae *Humpbacked whale Shallow LC(EN) | @ | o | o | o | o o
*Minke whale
Balaenoptera *Common minke whale
acutorostrata *Dwarf minke whale 6.5-11 Shallow LC o |l o | o | o | o | @
*Lesser rorqual
=Little piked whale
Balaenoptera .
bonarenf s *Antarctic minke whale 8.5-9 Shallow DD | e

2 JUCN shows some overlap with Minke whale habitat and S1.

3 JUCN shows the Antarctic Minke whale habitat ending slightly south of S4.
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Table 10: Suborder Mysticeti (Continued)

. ) . Diving IUCN
Family Species Common Name(s) Size (m) Behaviour Status S1|S2|S3|S4|S5]|5S6
*Bryde’s whale
Balaenoptera *Eden’s whale complex
brydei *Common Bryde's whale 12-15.5 Shallow DD ° o | o | o
Balaenoptera edeni | "Pygmy Bryde's whale
*Tropical whale
Balaenoptera . R 4 s
omurdi Omura’s whale DD °
*Sei whale
Balaenoptera *Coalfish whale 6
borealis =Pollack whale 12.5-21 Shallow EN A S S A A
*Rudophi's rorqual
*Fin whale
*Common Rorqual
Balaenoptera *Fin-backed whale
. .Finback 18—27 Shallow EN Y Y Y Y Y Y
physalis .
*Finner
*Herring whale
=Razorback
*Blue whale EN (DD
Balaenoptera *Pygmy Blue whale >
musculus =Sibbald's rorqual 20-3% | Shallow CR,VU, | @ | e | & o o o
*Sulphur-bottom whale LR)
* Balaenoptera omurai is a newly discovered species (2003) with little known of its size.
> JUCN shows the Omura’s whale habitat ending slightly north of S5.
8 JUCN shows some overlap with Sei whale habitat and S1.
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Table 11: Suborder Odontocete (Toothed whales))

. . . Diving IUCN
Family Species Common Name(s) Size (m) Behaviour Status S1|S2|S3|S4|S5]|S6
Physeteridae Sperm whale
*Sperm whale
Physeter *Cachelot 11-20
macrocephalus *Pot whale Deep Vu || 6 6 o o
*Spermacet whale
Kogiidae Pygmy sperm whales
Kogia breviceps *Pygmy sperm whale 2.6-3.4 Deep DD e || o | @ | @
Kogia simian *Dwarf sperm whale 2.2-2.7 Deep DD ° e | o | @
Ziphiidae Beaked whales
Ziphius cavirostris | *Cuvier’s beaked whale 5.1-6.9 Deep LC e |l ol ol @ | @
Berardi .. *Arnoux's beaked whale 10-12
erardius arnuxi =Southern four-toothed whale i Deep DD
*Baird's beaked whale
*Giant Bottle-nosed whale
Berardius bairdii *North pacific bottlenose 9-13 Deep DD

whale
*Northern four-toothed whale

"TUCN shows some overlap with Pygmy Sperm whale habitat and S3.
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Table 12: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status

*Indo-pacific beaked whale

Indopacetus , K

acificus “Longman's beaked whale 6-8 Deep DD o | o

P *Tropical bottlenose whale
*North atlantic bottlenose

Hyperoodon whale

ampullatus =Bottlehead 7-10 Deep DD °
*Northern bottlenose whale

Hyperoodon *Southern bottlenose whale 210

planifrons *Flatheaded bottlenose whale Deep LC

Mesoplodon *Gervais' beaked whale 4559

europaeus *Gulf Stream beaked whale T Deep DD ¢ °
*North sea beaked whale

Mesoplodon bidens | Sowerby's beaked whale 5-5.5 Deep DD °
*North atlantic beaked whale

. *Gray's beaked whale
Mesoplodon grayi -Southern beaked whale 5.3-5.7 Deep DD
. | "Hector's beaked whale
Mesoplodon hectori -Skew-beaked whale <4.2 Deep DD
Mesoplodon *Pygmy beaked whale
i *Lesser beaked whale ~4.5 Deep DD

peruvianus *Peruvian beaked whale

Mesoplodon *Andrew's beaked whale

bowdoini *Andrews' beaked whale 4.5-4.9 Deep DD

*Splaytooth beaked whale
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Table 13: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
Mesonlodon *Hubbs' beaked whale
carth bhsi Arch-beaked whale <54 Deep DD
*Hubbs's beaked whale

Mesoplodon -Ste]peger s beaked whale
steineoeri *Bering Sea beaked whale 2.1-23 Deep DD

Jrneg =Saber-toothed whale
Mesoplodon *Layard’s beaked whale 55.6
layardii »Strap-toothed whale ‘ Deep DD
Mesoplodon mirus | *True’s beaked whale <53 Deep DD °
Mesoplodon *Spade-toothed whale
traversii *Bahamondi's beaked whale 555
Mesoplodon *Traver's beaked whale ) Deep DD
bahamondi *Bahamonde’s beaked whale
Mesoplodon perrini | =Perrin’s beaked whale 3.9-44 Deep DD
Mesoplodon C
densirostris Blainville’s beaked whale 4-6 Deep DD ° o | o
Tasmacetus .
shepherdi Shepherd’s beaked whale 7 Deep DD
Mesoplodon .
ginkgodens Ginko-toothed whale <4.9 Deep DD
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Table 14: Suborder Odontocete (Continued)

Family

Species

Common Name(s)

Size (m)

Diving
Behaviour

IUCN
Status

S1

S2

S3

sS4

S5

S6

Platanistidae

Indian river-dolphin

Platanista
gangetica

*Indian river-dolphin
*South asian river dolphin
*Blind river dolphin
*Ganges dolphin

*Ganges river dolphin
*Ganges susu

*Indus river dolphin

2-2.6

Shallow

EN

Iniidae

Amazon river-dolphin

Inia geoffrensis

*Boto

*Amazon river dolphin
*Boutu

*Pink river dolphin

1.5-2.7

Shallow

DD

Lipotidae

*Chinese river-dolphin

2.3-25

Shallow

Lipotes vexillifer

*Changjiang dolphin
*Chinese lake dolphin
*White Flag dolphin
*Whitefin dolphin
*Yangtze river dolphin,
*Baiji

2-2.4

Shallow

CR,
Possibly
EX
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Table 15: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
Pontoporiidae La Plata dolphin
*Franciscana
Pontoporia *La Plata river dolphin 16-18
blainvillei *Rio Grand do Sul/ Uruguay T Shallow Vu
franciscana

Monodontidae Beluga and narwhal

Monodon *Narwhal 3.4-6.2

monocerus *Unicorn whale o Shallow NT

Delphinapterus *Beluga

leucas +White whale 3-55 | Shallow | NT(CR) | o
Delphinidae Dolphins

Cephalorhynchus *Commerson’s dolphin

commersonii =Piebald dolphin 1.4-1.5 Shallow DD

Cephalorhynchus Chilean dolphm

ropi *Black dolphin 0.17 Shallow NT

eutropia -White-bellied dolphin

Cephalorhynchus *Heaviside’s dolphin

heavisidii *Benguela dolphin 0.18 Shallow DD

Cephalorhynchus , .

heciori Y *Hector’s dolphin 1.2-1.5 Shallow EN (CR)
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Table 16: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5
Behaviour Status

S6

Steno bredanensis | *Rough-toothed dolphin 2.2-2.6 Shallow LC ° o | o

= Atlantic humpback dolphin
Sousa teuszii® *Teusz's dolphin 2-2.4 Shallow vU
*plumbea

Sousa plumbea =*Indian humpback dolphin Shallow 299

*Pacific humpback dolphin
*Indo-pacific humpbacked
. . dolphin

Sousa chinensis | cpinese white dolphin 2-3.2| " Shallow | NT(CR) .
*Eastern Taiwan Strait
humpback dolphin

*Estuarine dolphin
*Gray dolphin

*Guianian river dolphin 1.4-2.2 Shallow DD
*Tucuxi

Sotalia fluviatilis

*Common bottlenose dolphin

. =bottle-nosed dolphin
Tursiops truncatus bottlenose dolphin 2.3-3.8 Shallow LC (EN) el o | o | @

*Bottlenosed dolphin

¥ The taxonomy of the Sousa genus is complicated and disputed. As many as five species have been proposed: S. chinensis (Humpback
Dolphin, Indo-Pacific Humpback Dolphin, Pacific Humpback Dolphin, Chinese White Dolphin); S. plumbea (Indian Humpback Dolphin,
Plumbeous Humpback Dolphin); S. teuszi (Atlantic Humpback Dolphin); S. lentiginosa;S. borneensis
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Table 17: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
*Indo-pacific bottlenose
. dolphin
Tursiops aduncus *Indian Ocean bottlenose <2.6 Shallow DD ¢ | e
dolphin
*Pantropical spotted dolphin
Stenella attenuata | *Bridled dolphin 1.9-2.6 Shallow LC ° o | o | o
*Narrow-snouted dolphin
. =Atlantic spotted dolphin
Stenella frontalis -Bridled dolphin 2-23 Shallow DD ° °
*Spinner dolphin
Stenella *Long-beaked dolphin 1724
longirostris *Long-snouted dolphin o Shallow DD (VU) o e o o
*Eastern spinner dolphin
*Clymene dolphin
Stenella clymene *Atlantic spinner dolphin 1.9-2.0 Shallow DD ° °
*Helmet dolphin
Stenella =Striped dolphin 1926
coeruleoalba *Euphrosyne dolphin o Shallow LC ¢ M R
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Table 18: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
*Common Dolphin
*Short-beaked common
dolphin
=Atlantic dolphin =Pacific
dolphin
Delphinus delphis | *Saddle-backed dolphin 1522 | shallow | FE€VUs ol ol e
=Short-beaked Saddleback EN)
dolphin
*Black sea common dolphin
*Meaditerranean common
dolphin
;3;2104 Z:Lct:izpensis *Long-beaked common
=Delphinus dolphin _ 1.9-2.6 Shallow DD °
. o *Arabian common dolphin
capensis tropicalis
Lagenodelphis *Fraser's dolphin
hosei »Sarawak dolphin 2.2-2.6 Shallow DD . e | o o
Lagenorhynchus . .
u Zb%ros triz *White-beaked dolphin 2.4-3 Shallow LC ° °
Lagenorhynchus . o .
*Atlantic white-sided dolphin 2.2-2.7 Shallow LC o | o
acutus
Lagenorhynchus | b, ¢ white-sided dolphin 1.7-2.4
obliquidens P B Shallow LC
Lagenorhynchus . .
obscurs Dusky dolphin 1.9-2.2 Shallow DD
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Table 19: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
Lagenorhynchus *Peale's dolphin 21
australis *Blackchin dolphin ' Shallow DD
Lagenorhynchus . .
cruciger Hourglass dolphin 1.5-1.9 Shallow LC
Lissodelphis *Northern right-whale
borealis dolphin 2.2-3 Shallow LC
Lissodelphis *Southern right-whale
peronii dolphin 2.2-24 1 Shallow DD
Grampus griseus *Risso’s dolphin 2.6-3.8 Shallow LC o |l el o | o | @
Peponocephala -Melonheaded whal 2.2-2.7
electra clonheaded whale s Shallow LC ° o | o | o
*Pygmy killer whale
Feresa attenuate -Slender Blackfish 2-2.9 Shallow DD ° e | o | o
Pseudorca .
crassidens =False killer whale 3.5-59 Shallow DD e | ol o | 0| @
Orcinus orca =Killer whale 4.6-9 Shallow DD o | o | e | o |sel| @
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Table 20: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
Globicephala melas
Globicephala
edwardii
*Globicephala *Long-finned pilot whale 3.5-7.6 Shallow DD ° e | o | o
leucosagmaphora
*Globicephala
melaena
Globicephala =*Short-finned pilot whale 51-6.7
macrorhyncus =Pacific pilot whale o Shallow DD ¢
*Ayeyarwady River
Irrawaddy dolphin
*Mahakam River Irrawaddy
*Malampaya Sound
Orcaella Irrawaddy dolphin 2907
brevirostris *Mekong River Irrawaddy - Shallow VU (CR)
dolphin
*Songkhla Lake Irrawaddy
dolphin
*Snubfin dolphin
Orcaella heinsohni | =Australian snubfin dolphin Shallow NT
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Table 21: Suborder Odontocete (Continued)

Family Species Common Name(s) Size (m) Diving IUCN S1|S2|S3|S4|S5]|S6
Behaviour Status
Phocoenidae Porpoise
*Finless porpoise
Neophocaena *Black finless porpoise
phocaenoides =Finless black porpoise 1.4-1.9 Shallow VU (EN) d
*Yangtze Finless porpoise
*Harbour porpoise
Phocoena *Common porpoise 19 LC (EN,
phocoena *Baltic Sea Harbour porpoise : Shallow CR) ¢ ¢
*Black Sea Harbour porpoise
. *Golfa de California porpoise
Phocoena sinus ~vaquita A4-.5 Shallow CR
Phocaena dioptrica | =Spectacled porpoise
Shallow DD
Phocoena *Black porpoise 0.150
spinipinnis *Burmeister's porpoise Shallow DD
Phocoenoides dalli | *Dall's porpoise 1.9-2.4
Phocoenoides *White-flanked porpoise Shallow LC
truei
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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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This report (Volume IV) provides a description of six environments relevant to E&P Operations
with unique acoustic characteristics. The acoustic description is included for each environment.
In addition, a survey of marine mammals including their use of the six E&P environments is
included. For each species, the [IUCN (International Union for Conservation of Nature) status is
included as an indication of species health.

The potential performance of AAM systems in these six environments is investigated in the
potential performance assessment (Volume V), and is summarised in Volume 1.
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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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This report (Volume V) 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.
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Executive summary

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

B. Maranda; L. Gilroy; J. Theriault; E. MacNeil; DRDC Atlantic ECR 2010-044;
Defence R&D Canada — Atlantic; March 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. The study did not include any direct
experimentation.

Results: The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This Volume provides a technical basis for considering the performance of AAM systems. The
active sonar equation is presented. The impact of system parameters and the environment are
considered through the discussion. Particular attention is paid to the target echo strength. With
little known of the acoustic scattering from marine mammals, target strength models are
employed to investigate the phenomena.

Significance: The study documents the feasibility of using AAM technologies for mitigating
potential impacts of E&P acoustic emissions on marine mammals. There exist technologies that
could provide a basis for actively detecting marine mammals between 500 and 1000 m. This
Volume presents the analysis which could be used for evaluating specific design features.
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1 Introduction

1.1 Background

The International Association of Qil 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) has funded a proposal by Defence R&D Canada Atlantic, in
partnership with Akoostix Inc., to deliver this study which has completed a review and inventory
of current active acoustic methods and technologies and has identified potential further
development areas for the detection of marine mammals during E&P activities offshore. The
study has been 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.

The study proposal details are contained in response to Request for Proposals JIP08-05.

1.2 Document Objective and Structure

This report is the final report for contract JIP08-05. The report (Volume V) is the last of the series
of five volumes.

e Volume I contains an overview and summary of the survey and analysis. Annex B to
Volume I includes a Microsoft Excel file, with the detailed responses from each of the
system suppliers, along with the evaluation.

e Volume II is the complete contract proposal.

e Volume III is the complete sub-contract report from Canadian Seabed Research on E&P
Operations.

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

e Volume V (this document) is a detailed analysis of the factors affecting the performance
of an AAM system.
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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 xPa’-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 xPa*/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 T 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+10log4,
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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-10log4,

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-10logA4-DT. (2)
Details on the computation of the patch size A4 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—2 TL—((NL—AG) ®RL,)-DT, (3)
where

RL,=ESL—2TL+S+10log 4. 4)

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*"* +10Y/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 Pa® 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<0<27z and —;7<¢<17). We denote by b,(6,¢) the transmit beam power
response, normalized such that it has value 1 on the maximum response axis (MRA); then

4
J'ZzzJ'/r/Zbe dde
7 b 0g)cos gy

Here we have used the fact that the element of solid angle is given in the spherical coordinates by
dQ=cos¢gdpdl. 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
would have to be designed to always insonify the sea surface in order to detect near-surface
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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 7 is the range in meters and « 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 a7, where « 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=01 2070 95%107) 12 +0.003, (®)
1+ 4100+ f

where « 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,

_SNah
T ac 2 27
35T+

with each term accounting for a different physical loss mechanism. The coefficients S,a,, and
/, 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,=0.5%x107"% fi=50x10" "%
a,=0.1x107"® £,=0.9x10" "7
ay =0.03x107"® fi=4.5%x10" "

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

Curves of the absorption coefficient o 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 fair amount of
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=8.0, 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.

8 DRDC Atlantic ECR 2010-044





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,¢):

4
27 (7/2 :
jo J.iﬁ/zb,(ﬁ,¢)cos¢d¢d0

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

AG =DI, =10log

(10)

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

2.7.3.1 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 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 & 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,-$0<60<6,+1 6 and —1¢4'<$ <14, where the azimuthal steering angle is €, and

the vertical steering angle is taken to be zero. The angles & 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

4 27

v ; =10log———-.
Ig” e R cospdgdd dsin(¢'/2) (11)
0,-0'12 4 -¢'/2

DI, =10log

When ¢' is small, the argument of the logarithm is approximately 47/ ¢'; that is, the solid
angle of the beam is approximated by a rectangle of sides & 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
o 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 21.4
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 23.3 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, F,, 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=10log y, where y is the signal-to-noise ratio (SNR).
Here y=E/N,, where E is the pulse energy (in zPa’-s) and N, the power spectral density of the
ambient noise (in xPa’/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(27.1[-2nF, ) (12)

where Q denotes the Marcum Q-function. A graph of P, as a function of SNR for various
values of Py, 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

DRDC Atlantic ECR 2010-044 11





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 y 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 A4 actually insonified by the sonar pulse. The formula for 4 is

A=£®r,
2

where c is the speed of sound, © is the effective azimuthal beamwidth, and 7 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, 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:

2
0= ngt(@(ﬁo)br(&%)d@, (14)
0
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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
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.
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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.

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
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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
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
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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
2 TL+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, 1, —16.6log(f), (16)

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

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

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

J(f)=2a(f)r-16.6log f. (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=27z/4 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

o S 4
;"2 o (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

20 DRDC Atlantic ECR 2010-044





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 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.
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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>TS;py =2 TL+NL-SL-10log T — 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

TSpoym =40logr+NL, p, +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 » 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 dBre uPa’at 1 m | 220 215 215
T (pulse length) ] 0.025 0.0025 0.0025
NL at 1 kHz dB re pPa’/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, =5x107°. 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, as a function of frequency for a range » =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 7 =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.

DRDC Atlantic ECR 2010-044 23





2.12.2 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 4+ DT. 1)

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 A4 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°or 0.07 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 4 =131m?, or
10log4 =21 dBre 1 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 TS, 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) TSiom (dB) Detection performance
>20 -30 3 Only strong targets
10 -50 -17 Generally good; marginal for dolphins
<5 -65 -32 Excellent

2.12.3 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
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reduction in @, 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

Maximum depth (m)

| 0° depression angle |

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

Vertical separation angle (deg)

0 0.2 0.4 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.

2.12.4 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

Af=27vfo, 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]

| 200,49 =sinc*(zAf T), (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)

20log( 7 |Af|T) = 2010g(Mj, (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™' = . The total scattering term in the sonar equation is given by

S+101og[%®rj—201og(;z|Af|T). (25)

Note that if the pulse length 7' 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
in the Doppler dimension. The total improvement in signal excess would be about 8 dB: the
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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.

2.12.5 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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Source Shadow zone

Ocean bottom

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 (f;), or TS=10log,,(Z,/I,),
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 = 2010g10[&j+ 2010g10[ij (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, ) in the far field while p; is measured
at the target location. The second term in the equation corrects to the reference measurement
distance (7y) 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 which 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. These are shown in
references [16] through [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 case examined at a number of frequencies. The results
are summarized in the following subsections.
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3.2.1

3.2.2

3.2.3

32

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

Figure 11: Atlantic Bottlenose Dolphin

3.3 Predicting TS

Defence Research and Development Canada (DRDC) 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, Ty 2.8 m 4.2 m 4.1m
Cylinder radius, R, 09m 1.35m 1.4m
Bow ellipsoid length, Lg 2.6m 39m 3.5m
Bow and cone radius, Rg 0.8m 1.2m 1.2m
Conical small radius, R, 0.1m 0.15m 03m

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 to the experimental results.
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Figure 12: BASIS Results for Whale Target Strength

The broadside values are significantly high than the measured values indicating that the whales
cannot, not surprisingly, easily be modeled as perfectly reflecting cylinders. These estimates do
match the measured values in a quantitative sense. The value for the 14m gray at 23 kHz and the
15m 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 Rommel et al/, the lungs of
the whales were modeled on the cetacean presented and scaled in a simple linear fashion. While
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this 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,
R;, and minor semi-axis, Rs, were determined as:

R, =0.18L/2
Ry=0.36R,

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 which have been
discretized into paneled meshes. Note that discretization of the structure is required on only 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 tradeoff 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 14m gray whale was selected and a
geometric model was created. This geometric model was meshed with a variety of panel sizes
from 50mm to 20mm depending on the frequency of interest. Note that the 20mm 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 as roughly the square of the decrease in the panel size. Figure 7 shows the 50mm panel size
model. 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. While only
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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.
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Figure 14: AVAST Gray Whale Model
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Figure 15: AVAST Gray Whale Target Strength Prediction

For cylindrical models, there are issues with Fresnel zone effects (reference 9) which results in a
range variation of TS unless the measurement is made outside of a minimum range (7,,;,,) given by
Fmin > L?/2, where L is the length of the cylinder. Using the whale length of 14m, this results in a
Fmin Of 2.6 km at 20 kHz. The TS was calculated at a variety of ranges from 250m to 5000m 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 at frequencies up to
30 kHz, the TS is not range dependent.

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.
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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 14m 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 14m whale model was scaled down to 2.2m to match the
experimental work done in Reference [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 underpredicted the broadside
TS. It is not clear how to resolve this. Note that the model also showed no range dependence
from 1000m to 7.4m (the measurement range).
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Figure 17: AVAST Dolphin TS Estimate

In Reference [16] (Love) an equation for fish broadside TES 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 7.9 dB 7 dB

Gray 23 kHz 7.4 dB 8.7dB

Sperm 1 kHz 6.3dB 0-10 dB

Dolphin 23 kHz -11.0dB -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.

The AAM study encompassed multiple work components. 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 (e.g., high-frequency backscattering from the ocean
boundaries). This part of the study was 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. The parametric analysis included several generic examples, and was also applied to the
six specific ocean areas; however, computer modeling of the six environments was beyond the
scope of the study.

This document is one of five 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:

e 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.

e (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.

e 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.

e 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.
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e 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.

e 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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