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Abstract

The use of active sonar is deemed to be essential for naval operations, but its
potential impact on marine life has raised concerns worldwide. In a risk-assessment
framework, characterisation of risk of harm is accomplished by combining exposure
assessment and dose-response relationships. The overall topic of this thesis is an
evaluation of factors that influence exposure assessment, including analysis of how
sound levels received by cetaceans are affected by in-situ sound propagation and the
influence of diving, movement and possible avoidance behaviour of the whales

themselves.

Data from an international research programme based on controlled exposure
experiments (CEEs) were available for this study. During these experiments, low-
frequency active sonar (LFAS: 1-2 kHz band) and mid-frequency active sonar (MFAS: 6-
7 kHz band) signals were recorded by suction-cup tags attached to killer whales, long-
finned pilot whales and sperm whales, and by a hydrophone array towed near the
whales. Chapter two describes how the sonar signals recorded by these systems were
guantified, and investigates the influences of range, depth and propagation conditions
on the received sound levels. Chapter three focuses upon the effect of simulated
vertical and horizontal exposure-avoidance strategies of whales in response to an

approaching source on the received sound levels.

A total of 7,091 sonar signals were analysed from the towed-array (2,794) and tag
(4,297) recordings. Transmission loss (TL) and excess attenuation (EA) from a simple
20log(range) model were compared among species, signal types and acoustic
receivers. TLs followed expected geometric spreading versus range and TL coefficients
were 15.5-20.1 for LFAS and 18.8-23.6 for MFAS. One experiment where levels on the
animal-attached tag were attenuated due to ‘body shielding’ (when the animal’s body
is interposed between the sound recording tag and the sound source) was
documented, and other sources of variation in received level dataset were discussed.

Variations in EA with depth were consistent with TL patterns predicted using the



acoustic propagation model Bellhop with the highest EAs occurring near the sea
surface. The effect of depth on EA was clearest in killer and pilot whale experiments
which occurred at locations with stronger gradients in the sound-speed profile, while
sperm whale experiments in deeper homogenous offshore waters showed little
influence of depth on EA. The results indicate that a simple TL model like
20log(range)+absorption does not accurately predict attenuation levels over the
distances (0.1-11.1 km) from a sonar source to a freely-diving animal, but that the
overall patterns of TL can be fairly well explained using sound propagation models that
take into account local environmental conditions. A consistent different in TL between
LFAS and MFAS signals was not explained by the Bellhop model, however, indicating
that unidentified sources of variation do influence the sonar signals recorded on freely-

diving whales.

To evaluate the potential effect of avoidance strategies of whales on received
sound levels, whale positions were simulated with a Monte Carlo method in which a
simulated source vessel directly approached the whale. The cumulative sound
exposure level (SEL.,m) received by the whales was estimated using the Bellhop model.
Horizontally-stationary animals received the highest levels. The optimal course in
terms of reducing SEL.,n for animals moving in a straight line was 100° from the
heading of the source vessel, while 120-130° was optimal for animals dynamically
moving relative to the position of the source. Moving horizontally in the optimal
direction away from the vessel path yielded 9-17 dB reduction of SEL, and vertical
avoidance led to reductions of up to 10 dB in certain circumstances. Actual
observations of the whales during the sonar experiments indicated that animals often
move sideways out of the path of the approaching vessel, close to the optimal angle
predicted. The simulation approach is therefore potentially useful to predict how
whales react to an approaching sound source. This type of analysis may also be useful
to understand the patterns of cetacean strandings relative to the movement of sonar-

transmitting military vessels.
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Chapter 1. General introduction

1.1 Cetaceans and sonar

In water, light and radio waves are attenuated to a far greater degree than is
sound, making sound the most efficient means of transmitting information under
water (Urick, 1983). Sound travels almost five times faster in water than in air; and
very low-frequency sounds like the calls of some baleen whales can potentially be
detected by other whales over distances of many hundreds of miles under optimal
propagation conditions (Clark et al., 2009). In this environment the hearing system of
marine mammals, particularly cetacea, has evolved to be the primary sensory faculty.
Hence, sound plays a key role in orientation (VerfuR et al., 2005), prey detection and

capture (Miller et al., 2004) and communication (Tyack, 1981) in cetaceans.

Navies depend upon underwater sound for the same reasons as marine mammals.
Worldwide, naval fleets utilise sonar in order to acoustically monitor the environment,
navigate, and identify potential incoming threats. Passive sonar systems only ‘listen’
and do not transmit sound; active sonars transmit pulses and time the return echoes
to obtain the distance to a reflector (Hildebrand, 2009). Such active systems are used,
for example, to detect, locate, and classify submarines, to navigate torpedoes and to
find objects such as mines (Richardson et al., 1995). To use sonar effectively, operators
must train regularly under different kinds of realistic conditions. Sonar training
therefore takes place in both deep-ocean and coastal waters, and may occur within

the natural habitat of most cetacean species.

National policies reflect the importance of national security and the navies’ need
to use active sonar. Over the last two decades, however, concerns have been raised by
scientists and regulators as well as the general public about the potential impacts of
man-made ‘anthropogenic’ noise on the environment, in particular on the acoustically-
sensitive cetaceans (NRC, 2003, 2005; Cox et al., 2006). Concerns specifically regarding

high-intensity naval sonar were sparked by a number of mass strandings of primarily
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beaked whales that coincided in time and space with multi-ship sonar exercises
(Frantzis, 1998; Balcomb and Claridge, 2001; D’Amico et al., 2009; Filadelfo et al.,
2009).

The environmental concerns about active sonar led to a series of legal disputes
between the US Navy and several environmental NGOs regarding the risk assessments
conducted by the Navy prior to sonar exercises and its mitigation protocols (Reynolds
et al., 2009; McCarty, 2010). These legal cases emphasise the importance of balancing
the need for effective sonar training against the risk of harm that active sonar imposes

on marine mammals (Zirbel et al., 2011).

Besides stranding events, active sonar may also lead to a range of less overt, but
still detrimental impacts on marine mammals. Like all anthropogenic noise sources,
active sonar has the potential to mask biological sounds themselves, reducing the
distance over which animals can communicate with conspecifics or detect prey and
predators (Clark et al., 2009; Kastelein et al., 2009). Use of active sonar can lead to
changes in the vocal behaviour of cetaceans as a disturbance or in an apparent
attempt to compensate for acoustic interference (Watkins et al., 1985; Rendell and
Gordon, 1999; Miller et al., 2000), cause aversive behavioural responses (NMFS, 2005)
and induce hearing injury when animals are close to intense sources (Mooney et al.,
2009). Interpreting the influence of these impacts on vital rates, however, requires
detailed knowledge about the environment (e.g., quality of the area to the animals),
the duration of the response, the size of the population, and the species’ natural
behaviour. The magnitude and extent to which many of these potential impacts are
significant risks to the animals are largely unknown. Depending on the biological
context, both short-term and long-term responses may or may not be of concern

(Nowacek et al., 2007).
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1.2 Environmental risk assessment

Risk can be defined as the threat itself or the probability that something
hazardous will occur. Risk assessment is the quantification of this probability (Rowe,
1977), and risk management is concerned with minimising risk in the face of
uncertainty (Harwood, 2000). To assess what risk active sonar imposes on marine
mammals, or any risk for that matter, one can apply the analytical four-step risk-
assessment framework developed by the US Environmental Protection Agency (EPA,
1992; Boyd et al., 2008). These four steps indicate the phases of: 1) hazard
identification, 2) exposure assessment, 3) dose-response assessment, and 4) risk
characterisation. When a risk is characterised it can eventually be managed; actions
can be taken to reduce risk when thresholds with acceptable levels are exceeded. With
regards to marine mammal protection, the implementation of mitigation measures

(Barlow and Gisiner, 2006; Dolman et al., 2009) are part of risk management.

A number of quantitative risk-assessment frameworks that follow the above four-
step process have been developed to determine the risk, in terms of hearing injury and
behavioural disturbance, of underwater noise to marine life (e.g., AIM: Frankel et al.,
2002; ESME: Shyu and Hillson, 2006; SAKAMATA: Benders et al., 2004; SONATE:
Nordlund and Benders, 2008). These software tools allow the user to conduct
exposure assessments (step two in the analytical model) based on information on the
signal characteristics and movements of the source, the acoustic environment, and the
distribution and movements of the animals. Parameter values can be taken
automatically from global databases (sound speed profile, bathymetry, animal
distribution, etc.) or inputted manually. During exposure simulations, the locations of
the animals are determined by mechanistic movement models that operate according
to user-defined sets of rules (Houser, 2006). Dose-response relationships (step three)
can be varied but are usually based upon criteria from environmental guidelines for
noise exposure (Scholik-Schlomer, 2010; Tasker et al., 2010). Eventually, the risk of

harm (step four) per species or hearing sensitivity group is obtained by ‘weighting’ the
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results of the exposure assessment by the appropriate dose-response relationship,

and is expressed in units of animals or area affected.

Due to the importance of dose-response relationships in risk-assessment
frameworks, obtaining these empirical relationships for marine mammals has been
identified as an important research priority (Southall et al., 2007; Boyd et al., 2008).
Controlled exposure experiments (CEEs) conducted with animals in their natural
environment are especially fit to address this research need because these
experiments are designed to imitate real-life exposure situations, and provide a
significant degree of control over the sound source (Tyack et al., 2003; Tyack, 2009).
For this reason, CEEs were performed on killer whales (Orcinus orca), long-finned pilot
whales (Globicephala melas) and sperm whales (Physeter macrocephalus) during the
3S-06, 35-08 and 3S-09 research cruises in Norwegian waters (Miller et al., 2011a).
During the experiments, whales were tagged with sound and movement-recording
sensors “Dtags” (Johnson and Tyack, 2003), carefully exposed to low-frequency active
sonar (LFAS; 1-2 kHz) and mid-frequency active sonar (MFAS; 6-7 kHz) by means of a
towed sound source, and tracked using visual observations and towed array acoustics.
A summary of events for each experiment and detailed descriptions of the methods
are published in Miller et al. (2011a), and current work in this area is focussed on
deriving dose-response relationships from the experimental results (Miller et al.,

2011b).

Robust noise risk assessment requires a level of understanding about the hearing
of marine mammals (especially the received level that can cause hearing damage or
disturbance), spatial and temporal distributions of species, and the way animals move
in relation to a sound source that is far greater than current knowledge permits.
Because received sound levels depend strongly on the source range, depth and relative
speed between source and receiver (D’Spain et al., 2006), the lack of knowledge about
the natural behaviour of marine mammals of and their movements in relation to

disturbing sound sources gives rise to much uncertainty in the risk estimates.
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1.3 Current study

Typically, the sound levels received by simulated whales in risk-assessment tools
are calculated from transmission losses that are predicted by geometrical spreading or
a sound propagation model. Transmission loss depends greatly on depth, range and
environmental characteristics (sound speed, bottom type, etc.), and not every
propagation model performs well or is equally valid in every situation (Siderius and
Porter, 2009). Transmission loss predictions should therefore be ground-truthed with
measurements taken at the location of the actual animal. In the 3S study, acoustic
recordings were made with devices near or attached to whale subjects. This provides
an ideal setting to explore predictions of whale exposure levels, and the sources of

variation in received level in their natural environment.

This MPhil project uses data collected during the 3S research cruises, and seeks to
advance our understanding of step two in the analytical risk-assessment framework;
the exposure assessment. Chapter two focuses upon using animal-borne sound
recorders to evaluate commonly used tools to conduct exposure assessment. The
steps in this chapter include 1) measuring and processing sonar signals recorded with
animal-attached tags, 2) the influences of range, depth and propagation on the sound
field surrounding the animals, and 3) the predictions of common propagation models
such as 20log(range)+absorption and the beam-tracing model Bellhop (Porter and
Bucker, 1987). Chapter three considers the potential influence or effect on exposure
assessment that a behavioural response to the sounds, specifically horizontal and
vertical avoidance, can itself alter the exposure level received by the animal. Indeed,
marine mammals might specifically respond in order to reduce sound levels (Kastelein
et al., 2005; 2006a; 2006b, 2008). The effects of simple horizontal and vertical
exposure-avoidance strategies of whales on cumulated sound levels are investigated
using Monte Carlo movement simulations of source-whale encounters. Animal
movement strategies are compared to avoidance responses described in literature and

patterns of sonar-related whale strandings.
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Chapter 2. The effects of range, depth and acoustic propagation
on sonar levels received by Killer, long-finned pilot and sperm

whales
Chapter summary

The use of high-intensity active sonar is deemed to be essential in naval
operations, but its impact on marine life has raised concerns worldwide. High intensity
sonar can lead to direct physical injury or cause aversive behaviour effects. The
relationship between sonar and behavioural response was examined during controlled
exposure experiments conducted in the Vestfjorden area of Norway. Low-frequency
active sonar (LFAS; 1-2 kHz) and mid-frequency active sonar (MFAS; 6-7 kHz) signals
transmitted at realistic source levels were recorded at ranges from the source of 0.1 to
11 km using a hydrophone array and acoustic tags attached to killer whales, pilot
whales and sperm whales. In this chapter, the recorded sonar signals were quantified
and influences on the sound field surrounding the animals were investigated.
Maximum sound pressure levels (200-ms RMS average) and cumulative sound
exposure levels ranged from 67 to 180 dB re 1 uPa and from 65 to 186 dB re 1 uPa’s,
respectively. Transmission loss (TL) as function of range and excess attenuation (EA) as
function of depth were calculated and compared among species, signal types and
acoustic receivers. Measured TLs generally followed basic geometric spreading laws
and TL coefficients ranged from 15.5 to 20.1 for LFAS and from 18.8 to 23.6 for MFAS.
Generally, TLs for LFAS were lower than for MFAS. Variations in EA with depth in the
top 100-m layer were consistent with TL predictions made using the beam-tracing
model Bellhop. EAs were highest (thus received levels lowest) near the water surface
at 0-10 m depth. An experiment in which levels were attenuated due to the body of
the whale between the sound receiving tag and the sonar source was evaluated. This
type of ‘body shielding’ and other sources of variation in received level dataset were

discussed.
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2.1 Introduction

A wide spectrum of sounds is present under water. The world’s oceans contain
sounds from biotic sources like snapping shrimps, fish and marine mammals and from
abiotic sources like raindrops on the surface or geological sources (Wenz, 1962).
Besides naturally-occurring sounds, humans increasingly contribute to the background
noise in the ocean by employing shipping, seismic surveys, pile driving, echosounders
and fisheries sonars, as well as military sonar systems (Hildebrand, 2009). In fact, from
early 1960s to around 1980, the deep ocean ambient noise in the low-frequency range
(10-400 Hz) increased by 5 dB/decade due to human activities like shipping (Ross,
1976) and has since been increasing with a rate of 3 dB/decade (Chapman and Price,

2011).

In water, light and radio waves are attenuated to a far greater degree than is
sound, making sound the most efficient means of transmitting information (Urick,
1983). Also, sound travels almost five times faster in water than in air. In this
environment sonar is the most effective way of detecting objects. Passive sonar
systems only ‘listen’ and do not transmit sound. Active sonars transmit pulses ‘pings’
and time the return echoes to obtain the distance to the reflector. Such systems are
used by navies for example to detect, classify and locate submarines, to navigate
torpedoes and to locate mines or other obstacles. Sonar frequencies range from a
hundred hertz for long-range search sonars to hundreds of kilohertz for sonars used

for mine-hunting or mapping of the seafloor (Richardson et al., 1995).

The performance range and spatial resolution of sonars are inversely related; low-
frequency sonars can be used over hundreds of kilometres but detect only large
objects, while high-frequency sonars can detect smaller objects but have narrow
operational ranges because of high absorption losses at those frequencies (Ainslie,
2010). Sonars used for detecting submarines operate at low- and mid-frequencies
(~0.1-12 kHz) and source levels of up to 235 dB re 1 pPa m or more (e.g., US Navy’s
SURTASS LFA and AN/SQS-53C sonars; D’Amico and Pittenger, 2009; Hildebrand,
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2009). A number of European navies presently use mid-frequency active sonar (MFAS)
systems with pulses in the 5-9 kHz band. The pulses are usually of short duration
(0.3-1.2 s) and the pulse interval (usually between 10 and 30 s) depends on the
expected distance to the target submarines (Funnel, 2009). In the coming 5 to 10
years, surface ships will also make more use of new European low-frequency active
sonar (LFAS) systems transmitting pulses in the 1-2 kHz band. Such systems are
currently being implemented to detect submarines at greater distances. The sweep
duration of these new systems will be up to several seconds; the sweep interval is

expected to be around 30 s.

The use of active sonar is deemed to be essential for naval operations, but its
impact on marine mammals has raised concerns worldwide. Hearing is the primary
sensory faculty of cetacea and they sense their surroundings through passive listening
(Barrett-Lennard et al., 1996) or actively through echolocation (Au, 1993). Hence,
sound plays a key role for cetacea in orientation (Verful’ et al., 2005), prey detection
and capture (Miller et al., 2004) and inter-animal communication (Tyack, 1981).
Although exposure to sonar may sometimes have beneficial outcomes for the whale
(e.g., avoidance of ship-strikes) and often no effect at all (positive or negative), it may
also lead to negative impacts. For example, noise can mask biological-significant
sounds, reducing the range over which animals can communicate with conspecifics or
detect prey and predators (Clark et al., 2009; Kastelein et al., 2009). Active sonar can
also cause changes in acoustic behaviour (Watkins et al., 1985; Rendell and Gordon,
1999), aversive behavioural responses (NMFS, 2005), stranding events (D’Amico et al.,
2009; Filadelfo et al., 2009) and hearing injury when animals are close to the source
(Southall et al., 2007; Mooney et al., 2009). On the population level, sonar may reduce
survival, reproductive success and feeding opportunities if marine mammals avoid

important areas or have negative responses to sonar over long periods of time.

In addition to determining what types of effects sonar might have on marine

mammals, it is important to identify what acoustic levels or other features of the sonar
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(the sonar ‘dose’) trigger behavioural responses. Dose-response relationships of
behavioural responses of marine mammals to sonar have been investigated by
conducting controlled exposure experiments (CEEs). CEEs were performed on killer
whales (Orcinus orca), long-finned pilot whales (Globicephala melas) and sperm whales
(Physeter macrocephalus) during the 35-06, 35-08 and 3S5-09 research trials in
Norwegian waters (Kvadsheim et al., 2009). During the experiments, whales were
tagged with sound- and movement-recording tags and the animals were exposed to
LFAS and MFAS sonar using a towed high-intensity sonar source. A summary of each
experiment and detailed descriptions of the methods are published in Miller et al.
(2011a). Observations indicated a large number of changes in behaviour during

exposure to sonar that can be considered ‘putative effects’ of the sonar.

In this chapter, the sonar signals transmitted during the CEEs were quantified and
influences of range, depth and propagation on the sound field surrounding the animals
were investigated. Quantitative analyses of the effects of the sonar on the whales are
currently in progress and will be presented elsewhere. In this analysis of the factors
affecting received sonar signals, influences of the environment (e.g., sound
propagation conditions), or animal behaviour (e.g., diving, movement) are considered.
In addition to describing what occurred during the experiments, themselves, this
analysis should improve our ability to predict how marine mammals in their natural
environment are exposed to actual navy exercises that use sonar. Madsen et al.
(2006a) found that signals from an airgun array received by a tag attached to diving
sperm whales were strongly affected by their diving depth and distance from the
source. The received pattern of airgun sounds was complex, most likely reflecting the
sound transmission and propagation characteristics of airgun sounds (DeRuiter et al.,
2006; Madsen et al., 2006a). This study is therefore an opportunity to explore how
more tonal and longer duration sonar signals are received by tags attached to freely-
diving cetaceans, and how animal depth and distance influence those signals in real-

world sound propagation conditions.
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2.2 Materials and methods

2.2.1 Study species and sites

CEEs were performed during the 35-06, 35-08 and 3S-09 research cruises in the
Vestfjorden area of Norway (Kvadsheim et al., 2007; 2009). Experiments were
conducted along the coast of Norway between 67° and 70° northern latitude (Figure 1)
in the winter of 2006 and the summers of 2008 and 2009. In 2006, the study species
was the killer whale within the marine valley and fjords (Thorsnes et al., 2009) of the
Vestfjord area. In 2008 and 2009, the study area also included the continental shelf
plain, the continental slope, and the deep sea plain northwest of Lofoten Islands.
Concurrent with this change in field site and timing after 2006, the study species were

also expanded to include sperm whales and long-finned pilot whales.

70

a: 0006_317
b: 0006_327
c: 0008_149
d: gm08_150
e: sw08_152
f: gm08_154
g: gmO08_158*
h: gm08_159
j:gm09_138
k: sw09_141
I: sw09_142
m: 0009_144
n: gm09_156
0: sw09_160

Latitude (°N)

Longitude (°E)

Figure 1: Map of the study area surrounding Lofoten Islands including the locations of the sonar
experiments and the 250-m to 3-km depth contours (red to blue; 250-m intervals). The depth data on
the map is limited to the offshore and Vestfjorden areas (GEBCO; IOC et al., 2003); data for the inner
fjord systems is not shown. The experiment ID by which each experiment is labelled consists of a species
code (‘o0’ for killer whale; ‘gm’ for long-finned pilot whale; ‘sw’ for sperm whale), the last two digits of

the cruise year, and the Julian day of the experiment. *: Tag data was lost for this experiment.
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2.2.2 Controlled-exposure procedure

CEEs were conducted using the 55-m R/V H.U. Sverdrup Il as the source vessel.
Concurrently, the 12-m R/V Ngkken (2006) or the 29-m MS Strgnstad (2008-2009)
served as independent tracking and observation vessel. Both the source vessel and
observation vessel had dedicated observer teams on board who located and tracked

whales using towed array acoustics and visual observation.

In the tagging phase, movement- and sound-recording sensors “Dtags” (Johnson
and Tyack, 2003) were attached to the whales off the Sverdrup’s workboats using a
long carbon fibre pole or a pneumatic tag launching system “ARTS” (Heide-Jgrgensen
etal., 2001). When one or two whales were tagged, the operation entered the post-
tagging phase in which tracking of the whale was established. Thereafter followed
consecutively the pre-, during-, and post-exposure phases of the first vessel approach.
Once a tag was attached, tracking and behavioural observations were done in a

consistent manner throughout all phases of the experiment.

Vessel approaches with active sonar ‘sonar runs’ or started when the source
vessel was positioned 6-8 km away from the focal animal. The source vessel then
steadily moved towards the subject, only adjusting course to approach the animal. At
one-kilometre distance, the vessel no longer turned, but passed the subject and then
ceased transmission five minutes after the closest point of approach (CPA). To
minimise the risk of inducing hearing injury in undetected nearby animals, and to
increase the range of levels received by the tagged animals, the source level was
gradually increased over 10 min according to a ramp-up scheme designed in the risk
mitigation tool SAKAMATA (Benders et al., 2004). Transmission was also stopped when
animals entered the 100-m safety zone around the source. A safety shut-down
occurred once during a sonar run with sperm whales and three times during sonar runs

with pilot whales (Miller et al., 2011a).
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One to four vessel approaches were performed within one CEE, with a maximum
of three sonar runs per experiment. Besides the active sonar transmissions two
controls were also used: 1) a silent vessel approach with the same experimental
protocol but where the source transmitted an empty sound file, and 2) killer-whale
sound playbacks from one of the workboats with either herring-feeding or mammal-
feeding killer whale sounds. Only sound levels received during sonar runs when the

source was actively transmitting were considered in this study.

2.2.3 Sonar source

Sonar pulses were transmitted using a multi-purpose towed acoustic source
(Socrates, developed by TNO). Socrates model | was used in 2006, and model Il,
identical to the first but with a higher maximum power output, was used in 2008 and
2009. These military experimental sonars both consist of a towed body with two free-
floated ring transducers; one low frequency (LF) ring for transmitting 1-2 kHz signals,
and one mid frequency (MF) ring for transmitting 6-7 kHz signals. The source also
contains a hydrophone, a depth-pitch-roll sensor, and a temperature sensor. The LF
transducer is omnidirectional in the horizontal plain and has a 3-dB beamwidth of 74°
in the vertical plain (Gerk, 2003). The MF transducer is horizontally-omnidirectional in
the free-field and has a vertical 3-dB beamwidth of 90°. Inside the towed body the MF
transducer may not be fully omnidirectional because the larger pressure box and LF

ring are positioned in front of the MF ring (Figure 2).
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Figure 2: Schematic representation of the towed body of the Socrates source with the: (i) LF ring, (ii)
pressure box, (iii) hydrophone, and (iv) MF ring. Figure courtesy of TNO.

The sound source transmitted one of three signal types per sonar run: 1-2 kHz
hyperbolic frequency-modulated (HFM) upsweeps (LFAS-UP), 1-2 kHz HFM
downsweeps (LFAS-DO), or 6-7 kHz HFM upsweeps (MFAS-UP). The signal duration
was always 1 s including two 50-ms cosine-shaped tapers, thus the steady portion of
the signal was 900 ms. Initially only 1-2 kHz and 6-7 kHz upsweeps were tested,
because of their resemblance to signals from new European LFAS and MFAS systems.
In 2008 downsweeps were added as test signal because it was hypothesized that
upsweeps may cause an anti-predator response and stronger avoidance in animals
(killer whale hypothesis; Zimmer and Tyack, 2007).

The source level started at 152 and 156 dB re 1 pPa m (150 and 138 dB in 2006),
and was gradually increased during ramp-up to 214 and 199 dB re 1 puPa m (209 and
197 dB in 2006) for LFAS and MFAS, respectively. The inter-pulse interval (IPl) was 20 s
during both ramp-up and full-power transmission, except in 2006 when the IPl was 10

s during ramp-up.
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2.2.4 Acousticreceivers

Before an experiment began, one or more whales were tagged with a miniature
movement- and sound-recording suction-cup tag “Dtag” (version two; Johnson and
Tyack, 2003). The tag contains a VHF transmitter for tracking the tagged whale and for
finding the tag after release. All sensor data are stored in flash memory, so the tag
must be retrieved in order to obtain the data. The tag records stereo sound at a
sampling rate of 96 or 192 kHz using a 16-bit resolution sigma-delta analog-to-digital
converter (ADC). To increase the recording dynamic range, the internal gain in one of
the two channels was set to 12 dB during experiments. The tag also records depth,
temperature, three-dimensional acceleration, and three-dimensional magnetometer
data that are synchronised with the audio recording. The non-acoustic sensors are

sampled at 50 Hz, allowing a fine-scale reconstruction of the movements of the whale.

Figure 3: Dtag version two inside its housing. The hydrophones are located in the front of the tag (left in

photo). Figure courtesy of WHOI.

The hydrophones and acoustic processing of five Dtags used during the 3S cruises
were calibrated in an anechoic pool at TNO, The Netherlands. From 1-4 kHz, the mean
sensitivity (+SD) was —185 (+2) dB re 1 pPa . All Dtags appeared to be slightly less
sensitive between 4 and 25 kHz, with the mean sensitivity being reduced by 6 dB at 10
kHz. However, these tags were calibrated without the housing, floating body and
suction cups. Extensive testing of the Dtags with and without housing at the Acoustic
Test Facility at the Naval Undersea Warfare Center in Newport, US, resulted in similar
frequency responses for tags without housing, but the effect of the housing was not

consistent among tags or frequencies and ranged from 1 to 4 dB reduction in
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sensitivity. These results combined suggested an overall sensitivity of -188 dB re 1

uPa_1 between 1 and 40 kHz for Dtags with housing with an uncertainty range of +5 dB.

The towed hydrophone array “Beamer” (Miller and Tyack, 1998) was deployed
from the observation vessel for monitoring of the sound field near the subject animals
and recording the sonar signals during experiments. The array’s 130-m tow cable is a
streamer cable (Cortland Cable) with 18 twisted pairs, an outer weave (Kevlar) for
towing, and external fairing threads to reduce tow noise. The active section consists of
16 hydrophones (Benthos AQ-2S) with custom 40-dB preamplifiers located next to
each hydrophone at 13-cm spacing. Signals from 12 channels of the array were
recorded with a digital harddisk recorder (Alesis HD24) that samples at 96 kHz with 24-
bit resolution. The sonar signals that were analysed in this study were recorded on
channel 11 of the array. The hydrophone and acoustic processing of this channel was
calibrated at TNO and had a sensitivity of -171 (+t1) dBre 1 ;,lPa'1 between 4 and 20
kHz and a low-frequency rolloff over 10 dB between 1 and 4 kHz. The array was

located at a depth of 5-10 m at typical tow speeds.

2.2.5 Source-to-receiver range

The sound source closely followed the trail of the ship at typical water current,
tow speeds and turning angles. The source’s track was therefore similar to the ship’s
track but with a time delay caused by the length of the deployed tow cable, the source
depth, and speed of the ship. Because all this information was available, the lat/lon
positions of the source when pings were transmitted were derived from the track of
the ship after correction for the offset in time due to the position of the source behind

the vessel.

The lat/lon position of the acoustic array towed by the observation vessel was
estimated using the same method. The source-to-array range was then calculated for

every received ping from the geographical coordinates of the source and the array.
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The one-way travel time, or ‘time of flight’ of the pings and an assumed
underwater sound speed of 1500 m/s were used to estimate the source-to-whale
range. Ping transmission times were stored in UTC by the Socrates with high precision,
but ping arrival times derived from the tag attachment time often created an offset in
the range estimates. Using ordinary-least-squares, this offset was minimised for killer
and pilot whale experiments by fitting the time-of-flight range function to the range
data derived from the whale sightings (Figure 4). The average (N=23) root-mean-
square error (RMSE) of the fits was 80 metres (range: 39-145 m), thus £100 m is
considered to be a conservative estimate of the uncertainty for the range
measurements. For sperm whales, the time-of-flight range function was fixed using the

nearest sighting of the whale beginning a dive by raising its flukes.
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Figure 4: The ‘time-of-flight’ range function was fitted to the ranges derived from the sightings to

determine the distance from source to whale over the entire sonar run.

2.2.6 Sound level measurements

2.2.6.1 Ping selection

Sonar signals recorded with the tags and hydrophone array were processed using
a custom-written MATLAB (The Mathworks, 2007) program “CEE_Analyser” (Appendix |
for user’s guide). Waveform and spectrogram views of the signals guided every step of
the analysis, and a strict protocol was followed to address challenges imposed by

interfering noises.
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A flip-template matched filter (Burdic, 1991) was used to identify the first arrival
of the signal, and afterwards a time cue was stored. After visual inspection of the
signal a 200-ms window of stationary noise preceding the ping was marked. If a noise
overlapped with the beginning of the ping and caused the automatic method to be in

error, an alternative start-time cue was manually selected and stored.

2.2.6.2 Metrics and level computation

Most received sonar signals had time-varying pressure envelopes [Figure 5(b)(e)]
as they result from multiple arrivals of different phase and amplitude. To account for
this temporal effect the maximum sound pressure level (SPLyay; in dB re 1 uPa) was
calculated; the highest value of SPL that occurred during a specified time interval after
a running average was performed on the instantaneous or mean square pressures
(Morfey, 2001). The sliding windows had RMS averaging times of 10 and 200 ms,
resulting in two time-weighted sound pressure levels, SPL1g and SPL,qq, respectively
[Figure 5(a)(d)]. The maximum of SPL,qq is reported here as SPLy,x. The time window of
200 ms was considered relevant in terms of sensation for the frequencies used in this
study, because for non-transients sounds the mammalian ear integrates sound
intensity over ~200 ms for signal detection (Plomp and Bouman, 1959; Fay, 1988).
Comparable integration time constants were reported for the bottlenose dolphin (1-4
kHz, ~200 ms; Johnson, 1968), and the harbour porpoise (1-8 kHz, ~200-600 ms;
Kastelein et al., 2010).

In some cases clicks from sperm whales interfered with the received sonar signals.
Where needed, echolocation clicks of sperm whales were removed from the
estimation of ping levels. An algorithm automatically identified these transient signals
when the difference between the SPL;o (one-way running average) and SPL;qo (two-
way running average, to prevent phase shifts) was more than 6 dB. Clicks were also
selected manually. Each click in the SPL,o data was replaced through interpolation
between the minima on either side of the peak, and the SPL,oy was recalculated from

the 10-ms data.
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The signal duration t94g Was defined as the time during which the SPL;q exceeded
a 20 dB threshold below the maximum. Because more than one threshold crossing
could occur in each direction, the first crossing with increasing SPL and the last
crossing with decreasing SPL that occurred over a 10-s period starting from the first-
arrival time cue were selected. Within the 10-s period the reverberation level had
always dropped below the threshold, even when late echoes of the transmission
contained most of the sound energy. For pings overlapped by noise, the alternative-
start time cue was used as the start point and/or the 10-s window was shortened to
prevent the noise from influencing the duration measure. The final values reported for
SPLyaxand SEL (next paragraph) were computed using T,oq4s as integration time T

(Equation 1).

A common measure for calculating received sound levels is the sound exposure
level (SEL;indBre 1 uPazs), defined as the level of the cumulative sum-of-square
pressures (Morfey, 2001). As it accounts for signal duration, SEL is also useful for

guantifying intermittent noise events like sonar:

N T
> [ pi-ar
SEL =10-log,,| & ——

2
p ref ’ tref

(1)

where N is the number of transmitted pings, T is the ping duration (in s), and pj(t) is
the square pressure of the n™ transmission as function of time (in wPa®). Reference

pressure pfef and reference time 7, are 1 uPa2 and 1 s, respectively.

The single-ping SEL [N=1; Figure 5(b)(e)] and the cumulative ‘total’ SEL (N>1) per
exposure run were calculated for each ping. As a consequence of the click removal

procedure, SELs were computed by cumulative summation of the mean square
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pressures p> (t).To eliminate the influence of background noise on the exposure

levels, the mean square pressure of the noise segment preceding the ping was

subtracted from p’ (1) before each SEL was calculated.
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Figure 5: (a)(b)(c) Different representations of a LFAS upsweep signal followed by a sperm whale click,
and of (d)(e)(f) a MFAS upsweep signal. (a)(d) The 10-ms average (grey line) and 200-ms average (black
dashed/solid line: before/after click removal) time-weighted SPLs, and 3 measures derived from SPL: the
signal-to-noise ratio (SNR), signal duration (T,4s), and SPL ratio (6) used for click detection. (b)(e) The
pressure waveform (black line) and SEL (grey line), with the numerical values for SPL,x and SEL. (c)(f)
Power spectrogram (Hann window, FFT length 512, 50% overlap) showing the relative power between

the fundamental and harmonics.

Occasionally, when pings were intense and flow noise levels low, reverberation
had not completely vanished after 20 seconds. In such cases the signal-to-noise ratio
(SNR; defined here as the difference between the SPLya, and the SPL of the 200-ms
noise segment preceding the ping) was in fact a signal-to-reverb ratio. The lowest
observed signal-to-reverb ratio was about 40 dB, thus the noise subtraction procedure

did not significantly influence the level of such pings.

Sometimes a signal could not be measured but was still likely received by the
animal. A ping was scored as ‘received at full level’ when a tagged sperm whale rested

at the surface, or when pilot or killer whale vocalisations or splashing water sounds
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coincided with the signal. It is possible that some animals may use their surfacing to
reduce sound exposure, by placing their hearing organs in the region of pressure-
release just below the sea surface. A ping was scored as ‘not received at full level’ by
the animal when a tag on a killer or pilot whale was completely out of the water over
the full duration of the signal. Only for pings marked as ‘received at full level’ single-
ping levels were estimated from the adjacent ping levels by linear interpolation, and
the cumulative SEL over the experiment was recalculated. To estimate the received
level in the beginning of the ramp-up period, the first measured ping level was
extrapolated and levels were corrected for differences in source level. This approach
was taken because one group of animals (0004 _144) appeared to respond vocally to
the sonar before any ping could be measured using the strict criteria employed here

(Miller et al., 2011a).

2.2.6.3 Spectral content and frequency weighting

The SPL and SEL of each ping were calculated for the 1-40 kHz 1/3-octave
frequency bands. To avoid the influence of background noise, levels of frequency
bands in which the signal-to-noise ratio (SNR) was 10 dB or higher (Madsen et al.,
2006a) were integrated to obtain the broadband SPL,ax and SEL. The filter width of
1/3-octave is in agreement with common practice in underwater acoustics (Madsen et
al., 2006b) and was considered practical, even though the exact widths of the critical
bands and auditory filters of cetaceans are still uncertain (Au and Moore, 1990;
Finneran et al., 2002). A spectrogram and associated band levels were checked visually
for sounds from sources other than the sonar, and 1/3-octaves in which such sounds
were found to interfere with the SPL were excluded from the analysis. All bandpass

filters were implemented in the time domain using sixth-order Butterworth filters.

The sound source produced harmonic distortion at higher source levels [Figure
5(c)(f)]. The presence of harmonics raised the concern that the animals may have been
responding to the harmonics instead of to the fundamental, as the hearing of

odontocetes is generally more sensitive to higher frequencies (killer whales: Szymanski
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et al., 1999; pilot whales: Paucini et al., 2010; Schlundt et al., 2011). For killer whales,
this concern was addressed by applying a frequency weighting based on killer whale
hearing threshold data (Figure 6) to emphasize or de-emphasize spectral components
in the sound (pilot whale and sperm whale audiograms were not available when the
analysis was carried out). Wensveen and Van Roij (2007) created this weighting
function for sounds received by killer whales by inverting an idealised audiogram and
normalising it at its maximum sensitivity (see also Ainslie, 2010). The idealised hearing
threshold (HT) consisted of three separate power functions that were fitted to the raw
killer whale threshold data from Hall and Johnson (1972) and Szymanski et al. (1999),

and is mathematically described as:

4452 0031344 4 0.5< <113
HT(f) — 242.9.f—0.7578+0.5643 .f1.076 11.3 < f < 46.2
2.792- f*77-2.064 46.2< f <80

(2)

with fin kHz. The weighting (in dB) is then:

W(f) =min(HT) - HT(/) (3)

with min(HT) =39.0 dB re 1 pPa.
The resulting weighting function was used to obtain weighting correction factors
for the 1/3-octave bands between 1 and 40 kHz, and the weighted broadband

maximum SPL and weighted broadband SEL were calculated after applying the

weightings in the 1/3-octave bands.
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Figure 6: (left) Hearing threshold data for killer whales (green diamonds: behavioural thresholds from
Hall and Johnson, 1972; red circles and blue squares: AEP and behavioural thresholds, respectively, from
Szymanski et al., 1999), and the idealised audiogram (black line; Wensveen and Van Roij, 2007) based on
these data. (right) Auditory weighting function derived from the audiogram (black line) with in red and
blue the LFAS (1-2 kHz) and MFAS (6-7 kHz) bands, respectively.

2.2.7 Bellhop sound propagation model

The beam-tracing model “Bellhop” was used with Gaussian beams to predict the
TLin the area around the source. The Gaussian beam-tracing method is based on ray-
tracing theory, but does not suffer from particular ray-tracing artefacts such as infinite
energy at caustics and perfect shadows (Porter and Bucker, 1987). With Gaussian
beam-tracing, the source launches a fan of beams that propagate through the medium
according to standard ray equations. The intensity of a beam is defined by a Gaussian
distribution centred about that beam. The acoustic field at any given point is then
constructed by adding up the contribution from each beam at that point (Baxley et al.,

2000).
The 3-dB points of the vertical directivity patterns of the LFAS and MFAS

transducers were used as the start- and end-angle of the fan. The number of Gaussian

beams Npeam that were traced was based on the relationship:
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where fis the frequency in Hz, r is the maximum range in m, and c is the sound speed
at the source in m s~ (which was taken as 1500 m s™). This equation, part of earlier
versions of Bellhop, was preferred over the new version’s equation to decrease the
runtime of the model. No noticeable differences at 1.4 kHz were observed in pre-tests
when Npeqam Was increased above the value suggested by the Equation 4. McCammon
(2008) also found no noticeable difference at 1 kHz and above when the number of

beams was increased.

For LFAS and MFAS respectively, Bellhop was used to calculate incoherent TLs as a
function of range and depth at 1.4 and 6.5 kHz (the logarithmic mid points of the sonar
bands). Incoherent TL was preferred over coherent TL, which includes effects of
constructive and destructive interferences on the received waveform, because the
source and receivers were moving and the sonar signal was a frequency sweep, which

both have averaging effects on the received level.

Bellhop and the module “Bounce” for calculating bottom reflection coefficients
are part of the Acoustic Toolbox* (Porter, 2011). The MATLAB front-end for the toolbox
(AcTUP?) was used as user interface so that pings could be easily processed in batches.
The water surface was modelled in Bellhop as a perfect reflective mirror because the
experiments were only conducted in relatively quiet sea-state (SS) conditions (SSO 1x;
SS1 5x; SS2 6x; SS3 1x). More information on the sound speed profiles, bathymetry
data and acoustic bottom parameters that were used as input to Bellhop is given

below.

! Downloaded on 23-11-2009 from http://oalib.hlsresearch.com/Modes/Acoustics Toolbox/.

2V2.2L. Downloaded on 23-11-2009 from http://cmst.curtin.edu.au/products/actoolbox.cfm.
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2.2.7.1 Sound speed profiles

During the 3S cruises, CTD (Conductivity, Temperature, Depth) profiles were taken
using a SAIV SD-200 CTD-profiler in the transmission path between the sonar and the
tagged animal. In addition, temperature profiles were taken using a Sippican T7
Expendable Bathythermograph (XBT). The XBT-profiles were partly taken during
experiments and partly during search phase to estimate the marine mammal detection

range of the hydrophone arrays (Kvadsheim et al., 2009).

One CTD- or XBT-profile was selected per sonar run. The selected profiles were
collected in the field immediately after the entire experiment had ended, at or near
the location of CPA. For XBTs, the density anomaly as function of pressure was
calculated using the equation of state of seawater from UNESCO (1983) and an
estimated salinity of 35 %.. For both XBTs and CTDs, pressures (in dbar) were
converted to depths (in m) using the latitude of the measurement location (UNESCO,
1983). One SSP was selected per sonar run, thus the propagation model assumed this
profile was representative for the entire 4D oceanographic field of the site. Because of
this simplification, profiles were smoothed to remove insignificant features and

subsampled to decrease the run-time of Bellhop (Porter, 2011).

2.2.7.2 Bathymetry data

For the experiments in Vestfjord, Ofotfjord and Oksfjord, the bathymetry data
were obtained from the high-resolution Marine Primary Data (MPD) of the Norwegian
Hydrographic Service. The depth-contour intervals of the MPD are at (in m): 0.5, 5, 10,
20, 30, 40, 50, and 100, and then every 50. These depth data in vector format were
converted in Manifold 8.0 to ASCII gridded XYZ format with a grid size of 3.6 arc-
seconds. The offshore area was not fully covered by the MPD, therefore the
bathymetries of the offshore experiments were reproduced from the GEBCO One

Minute Grid (I0C et al., 2003).
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The selected grid was read in MATLAB to obtain the bathymetry along a transect
line between the transmitting source and a receiver. Depths were evaluated at a large
number of positions on the transect line, which resulted in a data vector consisting of
distinct constant-depth segments. Thereafter, gradually-changing bathymetry was

created by linear interpolation between the mid points of the segments.

2.2.7.3 Bottom properties

The surficial sediments off the coast of Lofoten were recently mapped in high
detail by the MAREANO group (Knies, 2009). Sediments were characterised according
to a ternary classification scheme (SOSI; Bge et al., 2010) which is similar to the Folk
scheme (Folk, 1980). Ternary schemes base sediment names on the proportions of
three component size classes (gravel-sand-mud in this case), rather than on the bulk
mean grain size (M;; in ¢). The parameter M, however is useful for estimating other
geo-acoustic bottom parameters, therefore the sediment types of the MAREANO were

linked to values of M, based on HFEVA (APL-UW, 1994).

For offshore sonar runs, area maps (Figure 7; others in Appendix Il) were created
to determine which sediment type was most abundant in the source-receiver path.
The maps were created in MANIFOLD (CDA International, 2007) by importing combined
sediment-hillshade image titles from the NGU WMS server® and overlaying this image
layer with the source vessel and whale tracks. Sediment types were selected visually
and ranged from hard deposits like gravel, pebbles and boulders to soft deposits like
sandy mud (with mud: clay and silt). The surficial sediment types in the offshore area

were predominantly sandy gravel and gravel, coddles and boulders (Appendix Il).

3 .
Accessed online at:

http://www.ngu.no/wmsconnector/com.esri.wms.Esrimap?VERSION=1.1.1&SERVICE=WMS&REQUEST=

GetMap&SRS=EPSG:32633&TRANSPARENT=true&SERVICENAME=MareanoBunnsedimenterWMS&FOR

MAT=image/png&LAYERS=Kornstgrrelse regional,Kornstgrrelse detaljert
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Figure 7: Map of the study site of experiment 0009_144 with the seafloor sediment types, the vessel
track of Sverdrup, and the track of one of the tagged killer whales reconstructed from the sighting data.

Sediment data for the inshore experiments were not available from MAREANO,
although their data showed that the Vagsfjord (bordering on Ofotfjord) consisted
primarily of sandy mud. Bottom samples and historical surface sediment data
(Jenserud, 2002; Jenserud and Ottesen, 2002) suggested that sandy mud was also
appropriate for most of the experiments conducted in the fjords. Gravelly sand was
selected only for experiment 0006_327, which was conducted in the western,

shallower part of Vestfjord (Figure 1).

The bottom was modelled as a homogeneous layer with constant acoustic
properties. The geo-acoustic bottom parameters used in the TL modelling work were
the compressional sound speed (V}), the bulk density of the sediment (p), and the
compressional wave attenuation (a). Values for bottom surface roughness and the
shear wave parameters were kept at zero. The V, in the sediment was estimated from
the V, in the pore water using the relationship between M, and the sediment-water

sound speed ratio (V,R; Richardson and Briggs, 2004; in Jackson and Richardson, 2007):
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V R=1.184-0.0307-M, +0.001-M>  0<M, <12 -

where VR is unitless. The bulk density of the sediment was then estimated from M,

using the equation of Hamilton and Bachman (1982):
p=2.374—0.175-MZ+0.008-MZ2 1<M, <9 (6)

where pis in g cm~. Next, the compressional wave attenuation a was derived from M,

through attenuation factor k using the formulas of Hamilton (1972):

0.4556 —0.0245- M. 0<M.<26
k= 0.1978 +0.1245- M. 26<M. <45
8.0399 —2.5228 - M +0.20098 - M 45<M._<6

(7)

with k in dB m™ kHz %, and a=kf with a in dB/m and frequency f in kHz. Finally, & was
converted to a,in dB/A by the standard relationship between sound speed, frequency

and wavelength.

No such empirical relationships exist for grain sizes smaller than zero. Therefore,
for the three sonar runs with sediment type ‘sandy gravel’ or ‘gravel, cobbles and
boulders’ V, was based on HFEVA’s VR, p was based on HFEVA's sediment-water

density ratio, and o, was assumed to be 0.8 dB/A.

A table with the seafloor sediment types, and the related SOSI definitions and

selected grain sizes for all the sonar runs can be found in Appendix Ill.
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2.2.8 Analysis of range- and depth effects

One or two acoustic tags recorded sonar signals during 13 experiments (30 sonar
runs in total). For two sonar runs conducted during one experiment (gm08_158) the
tag did not record due to a battery failure. The hydrophone array was towed from the
observation vessel nearby the tagged animal during 10 experiments and recorded
sonar signals during 23 out of 32 sonar runs. This unique dataset of sonar sounds
recorded at or near the location of the whales was analysed to investigate the sources
of variation in the sound levels such as from source range, whale depth, whale

orientation and underwater propagation conditions.

The measured transmission loss (TL; in dB) of each ping was calculated as the

difference between the source level (SL) and the received SPL,x of the ping:

TL=SL -SPL___ (8)

where TL includes attenuation from geometrical spreading, losses due to absorption,
and other non-geometrical effects such as scattering. Using least-squares regression, a
basic spreading loss model was then fitted to the TL data from the Dtags and towed

array to examine for range-dependent effects in the dataset:

TL=Xlog,,(r)+a-r [with & =3.6-107-/"] (9)

where X is the geometric TL coefficient, r the source-to-receiver range in m, o the
absorption coefficient in dB/m, and f the centre of the sonar frequency band in kHz.
Parameter X equals 20 in the case of perfect spherical spreading of sound energy; X
equals 10 when the acoustic spreading is cylindrical. The value for a was estimated a
priori using the numerical relationship with frequency reported in Richardson et al.
(1995) for absorption in seawater, which is given above in square brackets. Because of
the shallow depth of the hydrophone array, the geometric spreading law was fitted

only to the data of the nine sonar runs in which the tagged animal had only made
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shallow surface dives. Equation 9 was also fitted to the TL data predicted by Bellhop to

compare between measured and predicted values.

The portion of the total attenuation that is not accounted for by spherical
spreading is called excess attenuation (EA; in dB; Brenowitz, 1982). Absorption was
added to the standard equation for EA to correct as much as possible for any range-

dependencies in the dataset:

EA=TL,_, —20-log,,(r)+a-r (10)

where absorption coefficient a was calculated again using the Richardson et al.
formula. After calculating the EA for every received sonar signal, the EA data was
binned by species and sonar frequency in 10-m bins. Pings that were likely to have
been shielded by the body of the whale, pings for which the source-to-whale range
was unknown and pings for which the sound levels were estimated by interpolation
and extrapolation of neighbouring pings (section 2.2.6.2) were excluded from the

analysis.
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2.3 Results and discussion

2.3.1 Quantifying sonar signals using acoustic tags

Sound-recording tags sample the acoustic field at the animal and so provide
insight into the input of a key sensory faculty of cetaceans (Johnson et al., 2009).
During controlled sonar exposure experiments the sounds at the whale consists not
only of the transmitted test signals, but also of potentially interfering sounds such as
echolocation clicks and whale vocalisations. In addition to real-occurring sounds, flow
noise is present in the acoustic data that depends in magnitude on the size and
placement of the tag, as well as on the speed of the tagged animal. Silences occur
when the tag comes out of the water during surfacings of the whale, even though the
animal’s hearing pathways may still have been submerged. These types of interference
can cause high rejection rates during the analysis of the acoustic data recorded with

tags.

In the current study, a total of 7,091 pings were recorded with the acoustic tags
(4,297) and/or the towed hydrophone array (2,794). For pings that were masked or not
recorded but assumed to be ‘received at full power’ (section 2.2.6.2), sound levels
were estimated by interpolation (279 pings; 4%) or extrapolation (369 pings; 5%) and,
if necessary, corrected for source level differences between pings. A high percentage
(90%) of pings was thus extracted and quantified directly from the tag recordings,
mostly due to the relatively long duration (1 s) of the transmissions and the removal of
sperm whale clicks from the data. The inter- and extrapolations were included to be
able to find the received levels for any given time in the sonar run, so that all moments
of behavioural change could be related to the correct levels (Miller et al., 2011a). Only
the 113 pings (1%) scored as ‘not received at full level’ were left out of the analysis

completely.

The main objective of the 3S cruises in Vestfjorden, Norway, was to study the
effects of sonar on the behavioural responses of free-swimming cetaceans using a
dose-response paradigm. CEEs were designed in a way that the received levels, part of
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the sonar dose, at the study animals escalated throughout the vessel approach so that
potential behavioural responses could occur over a range of received levels. Figure 8
illustrates how the received unweighted SPL.,.x and SEL levels of the sonar increased
during the 10-min ramp-up and 50-min full-power period of the MFAS run in
experiment 0009 _144, and kept increasing with decreasing source-to-whale distance
until the animal was passed by the source. Note that the sound levels of the pings
received in the first five minutes of the sonar run are extrapolations of the first

measured ping that had a SNR above 10 dB.

MFAS exposure to Killer Whale ool9_144a
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Figure 8: (top panel) Unweighted broadband single-ping SEL (black circles) and cumulative SEL (black
line) received by a killer whale with tag 0009_144a during a controlled MFAS exposure, as well as the
corresponding source-to-whale range (grey line). (bottom panel) The dive profile of the same animal
overlaid with the unweighted broadband SPL,,,, (RMS averaging time: 200 ms) of the same signals.

The responses of the whales were closely monitored throughout each sonar run,
and mitigation protocols stopped the exposure if any animal came within 100 m of the
source or if behavioural effects occurred that appeared to present a risk of harm. A
more conservative approach was taken during the first experiments to gain experience

on the responses of the species, while in later experiments subjects were exposed to
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higher levels as the sonar did not appear to be severely harmful. This general trend is
reflected in the highest unweighted SPLax and SEL.m levels as well as in the minimum
range to the source, in particular for experiments with killer whales and pilot whales
(Table 1 and 2). Sperm whales were under water for most of the exposure time and

thus often more difficult to approach closely than the other two species.

Although behavioural responses are not the focus here, the minimum range to the
source and highest received level per sonar run also give indications of the degree of
responsiveness of the whales. Note that the source no longer turned towards the
animal at 1 km distance. The minimum range to the source for killer whales and pilot
whales averaged 1.0 and 0.3 km for LFAS runs, respectively, and 0.8 and 0.3 km for
MFAS runs, respectively (Table 1 and 2). The highest unweighted SPL,.x received by
killer whales and pilot whales averaged 166 and 173 dB re 1 yuPa for LFAS runs,
respectively, and 151 and 158 dB re 1 puPa for MFAS runs, respectively (Table 1 and 2).
Generally, pilot whales thus allowed the source to come closer and this species

received higher levels from the sonar than the killer whales.
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Table 1: The range of unweighted broadband SPL,,,, and SEL., levels received by killer whales, pilot

whales and sperm whales during controlled exposures to LFAS upsweep (LFAS-UP) and downsweep

(LFAS-DO) signals, including the range of whale depths and source-to-whale distances. Data of second

tagged animals are shown in parentheses. *: no range data for sw08_152a because the animal was not

sighted during the exposure.

TagID CEE CEE Signal Whale | Source Unweighted | Unweighted
start | stop type depth range SPLax SEL.ym
(UTC) | (UTC) (m) (km) (dB re uPa) (dB re uPazs)
Killer whale
0006_317s 14:10 | 14:43 LFAS-UP 0-28 2.5-7.0 90-155 87-162
0008_149a 14:56 | 15:46 | LFAS-UP 0-29 1.2-6.3 82-166 79-176
0009_144a 0-53 0.5-7.6 91-174 89-181
14:13 | 14:47 LFAS-UP
(0009_144b) (0-56) | (0.4-7.9) (78-169) (75-173)
0-63 0.8-7.2 92-168 88-179
21:13 | 21:51 | LFAS-DO
(0-69) (0.7-7.4) (80-166) (77-176)
Long-finned pilot whale
gm08_150c 18:05 | 18:36 | LFAS-UP 0-16 0.3-6.8 91-170 87-177
gm08_154d 01:15 | 02:35 | LFAS-UP 0-64 0.6-11.1 79-163 76-169
gm08_159a 00:33 | 01:08 | LFAS-UP 0-15 0.4-8.0 75-175 73-176
gm09_138a 0-14 0.4-6.7 83-172 77-175
14:42 | 15:14 | LFAS-UP
(gm09_138b) (0-13) | (0.4-6.7) (73-167) (70-173)
0-11 0.1-6.6 72-175 66-176
20:32 | 21:05 | LFAS-DO
(0-14) | (0.2-6.5) (75-175) (72-176)
gm09_156b | 01:36 | 02:09 | LFAS-UP 0-19 0.3-6.2 68-180 65-186
04:55 | 05:25 | LFAS-DO | 0-533 0.1-5.5 91-177 89-181
Sperm whale
sw08_152a 04:10 | 05:10 | LFAS-UP 0-306 * 84-159 75-173
sw09_141a 12:18 | 12:58 | LFAS-UP 0-188 0.6-6.0 91-169 88-178
sw09_142a 21:46 | 22:30 | LFAS-UP 0-266 1.3-7.2 84-165 77-178
04:03 | 04:53 | LFAS-DO | 0-319 0.7-9.2 95-154 92-166
sw09_160a 14:45 | 15:28 | LFAS-UP 0-274 0.7-7.8 81-170 77-176
20:13 | 21:12 | LFAS-DO | 0-769 0.5-8.1 79-166 79-176
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Table 2: The range of unweighted broadband SPL,,,, and SEL.. levels received by killer whales, pilot
whales and sperm whales during controlled exposures to MFAS upsweep signals, including the range of

whale depths and source-to-whale distances. Data of second tagged animals are shown in parentheses.

TagID CEE CEE Signal Whale | Source Unweighted | Unweighted
start | stop type depth range SPLax SEL.,m
(UTC) | (UTC) (m) (km) (dB re uPa) (dB re uPazs)
iller whale
0006_327s 0-65 0.7-6.0 71-154 68-159
13:36 | 14:10 | MFAS-UP
(0006_327t) (0-65) | (0.7-6.0) (67-152) (65-159)
0008_149a 12:48 | 13:40 | MFAS-UP 0-5 1.5-7.0 75-142 71-149
22:38 | 23:08 | MFAS-UP 0-20 0.4-1.2 111-155 109-162
0009_144a 0-81 0.8-8.7 78-151 75-157
16:15 | 17:14 | MFAS-UP
(0009_144b) (0-81) | (0.6-9.0) (77-150) (74-158)
Long-finned pilot whale
gm08_150c 16:12 | 16:50 | MFAS-UP | 0-24 0.3-8.0 84-150 79-153
gm08_154d | 03:35 | 04:00 | MFAS-UP 0-8 0.2-4.8 70-152 67-153
gm08_159a | 02:10 | 02:46 | MFAS-UP | 0-429 0.3-6.3 74-159 70-163
gm09_138a 0-10 0.2-6.3 77-167 74-166
16:40 | 17:15 | MFAS-UP
(gm09_138b) (0-9) (0.2-6.6) (76-161) (72-159)
gm09_156b | 03:10 | 03:37 | MFAS-UP | 0-542 0.3-5.3 83-156 82-162
Sperm whale
sw08_152a 01:35 | 03:10 | MFAS-UP | 0-663 19-9.2 82-146 77-155
sw09_141a 14:00 | 14:52 | MFAS-UP | 0-474 0.7-7.2 79-150 75-158
sw09_142a 23:27 | 00:00 | MFAS-UP | 21-575 | 1.8-5.2 82-146 80-156
sw09_160a 12:20 | 13:02 | MFAS-UP | 0-996 | 1.5-10.0 73-151 69-156

Experiments 0009 327, gm09_138 and 0009 _144 were conducted with not one

but two tagged whales. In all three of these two-tag experiments both animals were

part of the same group and had comparable diving behaviour, often diving

simultaneously (Miller et al., 2011a). During these three experiments the same sonar
transmissions were thus recorded twice at roughly the same depth and distance from

the source.
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The levels received on the two tags were mostly similar, except for experiment
0009 _144 during the entire LFAS-UP run and in the early phase of the LFAS-DO run.
During these periods the group of killer whales moved perpendicular to the heading of
the source ship (Figure 7). Tag 0009_144a was located on the right side below the
dorsal fin of a female-sized animal. Tag 0009 _144b was located at the left side of the
body of a large male (Figure 9) but the tag slid slightly downwards on the whale’s body
as the LFAS-UP run progressed. In Figure 9 the difference in broadband SPL,,,x between
each tag and the towed array for every ping received during the experiment is plotted
as function of the horizontal angle of arrival of the sound. At horizontal angles of
arrival of about 80°-140° the levels received on tag 0009_144b were about 15 dB
lower than the levels received on the towed array, while for other angles most data fell

within a range of £10 dB, similar as for the data from tag 0009_144a.
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Figure 9: (left) The tag-array difference in broadband SPL,,,, per ping received during the killer whale
CEE in 2009 as function of the horizontal angle of arrival of the signals at the animal. Blue markers
represent the pings from the LFAS sonar and red markers indicate MFAS pings. (right) Location of the
Dtag sensor on the killer whale (top panel: tag 0009_144a; bottom panel: tag 0009_144b).

The body of the large killer whale male with its air-filled lung apparently shielded,
or blocked, the signals arriving on tag 0009 _144b when the source was located at the

opposite side of the whale, thereby attenuating the levels received on the tag. Body

2-35



shielding occurs due to a mismatch in acoustic impedance between the sea water and
the tissue, bone and airways in the body of the whale (Madsen et al., 2006a). The
degree of attenuation due to shielding depends on the interaction between frequency
and the size of the body parts of the whale; the effect is more severe at small
wavelengths and for large obstacles. It is likely that some of the pings received during
other experiments were affected by body shielding, although this hypothesis has not
been tested at the time. The described case is possibly the most extreme example of
body shielding in the dataset because of the animal’s size, position of the tag (lower on
the body than usual and behind the lung) and constant geometry between the source

and the whale.

2.3.2 Effects of range, depth and sound propagation

Cetaceans can be found in the same shallow-water coastal areas as naval sonar
exercises. In these environments the sound field is site-specific and highly variable as it
is affected by the acoustic properties of the sea surface and bottom as well as by
variations in sound speed with depth and range (Urick, 1983). When assessing the
influence of sonar on cetaceans it is particularly important to understand at which
ranges active sonar poses a risk of harm to the animals and at which ranges
behavioural disturbance and masking of biologically-important sounds can occur
(Nowacek et al., 2007). Transmission loss during underwater propagation is a key
element for calculating such impact ranges for sonar exposure. The transmission loss
at an animal is often predicted using basic geometrical spreading laws or sound
propagation models but is only sporadically validated empirically (e.g., Miksis-Olds and
Miller, 2006; DeRuiter et al., 2009). The question here was therefore how animal depth
and distance influence the sonar signals received by tags attached to freely-diving

cetaceans in real-world sound propagation conditions.

Transmission losses of the sonar signals were recorded with the acoustic tags and

towed hydrophone array and plotted as function of range (Figure 10). For all but one
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experiment (0006_327) the measured TLs generally increased with distance to the
source following the pattern of geometrical spreading, but deviations of £10 dB from
the TL predicted by the spreading loss model were common in the dataset. The
increase in TL at 4-6 km for 0006_327 can be explained by the fact that both tagged
whales received higher levels during two deep dives and then started travelling when
the source came closer. Both 0006_317 and 0006_327 were conducted in winter when
a positive sound speed gradient in the upper layer of the water causes upwards
refraction of sound rays that then bounce off the sea surface (Appendix 1V), so the

animals were probably in a convergence zone during the dives.
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Figure 10: Transmission loss of sonar signals (markers) as function of range per tag deployment, the
corresponding geometrical spreading loss model fits (colour lines) and the spreading loss coefficient X of
the curve fits. Spreading loss models fitted to the towed array data for the sonar runs when the animal
was shallow diving are indicated with black lines. Only the highest and lowest X values are shown where
the lines of the models laid very close to one another. Data for the LFAS run during sperm whale
experiment sw08_152 are not plotted as the animal was not seen at the surface and thus no range data
was available.

For sperm whales, the TLs measured during sonar runs were similar within signal
frequencies; the geometric TL coefficient X ranged from 17.7 to 18.2 for LFAS signals
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and from 18.3 to 19.4 for MFAS signals. The RMSEs of the model fits averaged 5 dB and
ranged from 2 to 7 dB. Experiments with sperm whales were conducted inside canyons
at the shelf break and in the deep waters off the coast of Lofoten Islands, where the
water column was less stratified than in inshore areas (Appendix IV). TL coefficients
close to 20 (spherical spreading) are not unusual in these moderate to deep
environments. The animals spent relatively more time at shallow depths during LFAS
than MFAS exposure (Table 1 and 2) possibly in response to the low-frequency sonar

sounds (Miller et al., 2011a).

Compared to sperm whales, transmission losses of the sonar signals calculated
from the tag data were much more variable for killer and pilot whales. For both species
combined, the TL coefficients calculated from the tag recordings (excluding of the
LFAS-UP run on shielded tag 0009_144b) ranged from 15.5 to 19.2 for LFAS signals and
from 18.5 to 23.6 for MFAS signals. The RMSEs of the model fits averaged 5 dB and
ranged from 3 to 8 dB. During the experiments in summer, a sound channel centred
within ~100-m from the surface was present due to the thermocline in the water
(Appendix IV). Part of the variation in TL coefficients was thus due to the location of
this sound channel relative to the vertical behaviour of the whale. TLs were similar
between LFAS-UP and LFAS-DO runs within experiments, thus the sound propagation

conditions did not hugely change within hours at nearby experiment locations.

Surprisingly, the difference between LFAS and MFAS was consistent among
species and sonar runs; even though the sonar runs were conducted close to each
other in time and space. The difference possibly resulted from one (or a combination)

of the following factors: 1) Source directivity. The acoustic power radiating from the

MFAS transducer in the forward direction may have been less than expected as the
horizontal beam pattern of the transducer plus towed body was unknown (section
2.2.3). The source vessel moved towards the whales and changed course to approach
more closely if needed, therefore animals were often located directly in front of the

transducer. 2) Receiver directivity. Calibrations of the Dtags with housing showed only
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a minor difference in sensitivity between 1-2 kHz and 6-7 kHz, but the frequency
responses were not measured for different angles. Considering the size of the tag and
positioning of the hydrophones, it is imaginable that the tag was acoustically
directional, especially at MFAS frequencies. 3) Body shielding. The level of attenuation
due to body shielding increases with frequency (section 2.3.1), thus MFAS pings are
more likely to be affected than LFAS pings. Not only the horizontal plain but also the
vertical plain should be considered, for example in the cases when the tag is on top of

the animal and the source passes underneath. 4) Behavioural response. Animals may

have received different levels if they consistently responded differently to LFAS than

MFAS, especially if the animal altered their diving behaviour.

To further investigate the effect of signal frequency, the Bellhop propagation
model was used to predict the TL of every ping received by a tagged whale. The
geometrical spreading law was fitted per signal type to the measured and predicted
TLs for comparison (Figure 11). The TL coefficients of the fits to the measured and
predicted TL data for LFAS were 17.9 and 18.9, respectively. The TL coefficients of the
fits to the measured and predicted TL data for MFAS were 20.1 and 18.1, respectively.
Overall the Bellhop model thus predicted slightly higher TLs for LFAS signals than that
were derived from the tag data. Conversely, the TLs during MFAS runs were predicted
by Bellhop to be lower than the TLs derived from the tag data. The difference in TL

between LFAS and MFAS was thus not explained by standard propagation effects.

LFAS-UP and LFAS-DO signals MFAS signals

X =179 RMSE =6 X =189 RMSE =5 - X =201 RMSE =8 X =181 RMSE =5 -
o m m P 4 m m P P

. . . . . . . . .
1] 2 4 6 8 10 12 0 2 4 6 8 10 12
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Figure 11: Measured and predicted TLs (blue and red markers, respectively) of the sonar signals as
function of range per sonar frequency band. The geometrical spreading loss models that were fitted to

the measured and predicted TL data are indicated with black and green lines, respectively.
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Geometric spreading loss models were also fitted to the towed hydrophone array
data, for sonar runs in which the tagged animal was not deep diving. For the LFAS-UP
run during experiment 0009_144, in which the body of one tagged whale shielded
many pings, the X value corresponded poorly between tag and towed array (absolute
difference of 3.4) (Figure 10). For other LFAS runs the X values corresponded quite well
when comparing between receivers (absolute differences between 0.4 and 1.4).
Therefore, the effects of tag directivity and body shielding were likely limited in these
LFAS recordings. For MFAS runs for which tag and array recordings were compared the
absolute difference in X was quite small in one case (0.4), but larger in the two other
cases (2.2 and 4.2). Whether these larger differences were due to measurement errors
or differences in vertical position cannot be determined. It is, however, quite common
that researchers estimate the received sound levels of whales using nearby
hydrophone measurements (e.g., Madsen and Mghl, 2000; Miller et al., 2000;
Buckstaff, 2004). The data here suggest that this practise can work reasonably well, but
the depth of the whales and hydrophones should always be considered, especially in

areas where the water column is heavily stratified.

Much of the variation in received level unexplained by range is because of the
changing depth of the whale (for example in Figure 8). The effect of whale depth in the
first 100 m of the water column was investigated by calculating the excess attenuation
(Brenowitz, 1982) from spherical spreading with absorption of each ping in the tag
recordings and plotting them as function of depth. Figure 12 summarises the results of
this analysis. For killer and pilot whales, by far most of the pings were received when
the whale was at a depth of 0-10 m. The median EA in this top layer was always higher
than at greater depths, indicating that the received levels of the sonar signals were
lowest near the surface. The gradients in the sound speed profiles plotted in Figure 12
explain part of this depth-dependency in EA. The C-shaped profiles for killer and pilot
whales indicate the presence of a sound channel that acts as a waveguide around the
depth of the sound speed minimum. Therefore, received sonar levels were often

higher when these species were diving at depths between 20 to 70 m than between 0
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to 10 m. For sperm whale experiments the dependency on depth of EA was less
pronounced and median EAs were more constant throughout the first 100 m of the
water column because of the nearly iso-velocity environments where the sperm whale

experiments were performed.
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Figure 12: Histograms of the pings that were included in the EA analysis (grey bars), boxplots of the EA
data and the SSPs that were collected at the location of the sonar runs (solid and dashed lines: summer

and winter profiles, respectively). Data were analysed per species and sonar frequency.

2.3.3 Frequency weighting

Numeric thresholds of acoustic risk criteria for behavioural effects of marine
mammals should be expressed in weighted levels so that they are applicable to sounds
of various frequencies (Finneran and Schlundt, 2011). Weighted levels are normally
calculated using auditory weighting functions which emphasize or de-emphasize the
spectral components in sound according the perception of the listener. The most
common auditory weighting functions for humans (A-, and C-weighting; Kinsler et al.,
1982) were derived from equal-loudness contours obtained from subjective loudness
tests (Suzuki and Takeshima, 2004). These weighting functions currently exist only for

one marine mammal species, the bottlenose dolphin, and were validated for this
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species by the frequency-dependent difference in temporary threshold shift onset
(Finneran and Schlundt, 2011). Due to the lack of loudness level data, two other
weighting techniques are also available for marine mammals; ‘M-weighting’ (Southall
et al., 2007) that is similar to C-weighting for humans, or the use of hearing threshold

data for weighting sounds (e.g., Verboom and Kastelein, 2005).

In this study, M-weighting was not applied because the response of the M-
weighting filter for ‘mid-frequency cetaceans’, the hearing sensitivity group that
includes killer, pilot and sperm whales, is effectively flat (<0.5 dB) in the frequency
band of interest (1-40 kHz) (Southall et al., 2007). However, a weighting function
based on a mean killer whale audiogram (section 2.2.6.3) was applied to the sound
levels that were received by the killer whales in the experiments. Table 3 presents the
range of weighted broadband SPLax and SEL.m levels, as well as the difference
between the unweighted and weighted broadband SEL., level at the end of the sonar
run. The weighting function suggests that killer whales are about 30 dB more sensitive
at 6-7 kHz than at 1-2 kHz for very faint sounds, with weighting levels of
approximately 20 and 50 dB in the LFAS and MFAS bands, respectively (Figure 6). The
actually-measured weightings for MFAS signals were 18-19 dB, indicating that only
sound energy in the 6-7 kHz sonar band contributed to the weighted broadband level.
In contrast, the measured weightings for LFAS signals ranged from 38 to 52 dB. The
sound energy of the harmonic distortion [Figure 5(c)] did contribute significantly to the
broadband weighted level for LFAS, particularly during the LFAS-UP and LFAS-DO runs
in experiment 0009_144. Due to the rise in absorption loss with frequency, the
number and level of harmonics received by the whale increased with decreasing
distance to the source. This suggests that when the source-to-whale distance
decreased, the LFAS sonar was more and more perceived as a broadband signal by the
whale. The mean number of 1/3-octave bands that were analysed per sonar run (Table
3) also indicate an inverse relationship exists between the number of bands (presence

of harmonics) and the weighted level, although this relationship was not completely
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straightforward because only bands with a SNR > 10 dB were included and the noise

level depended on the speed of the animals.

Table 3: The range of received broadband weighted SPL,,, and SEL.,, levels during controlled exposures
of killer whales to LFAS upsweep (LFAS-UP), LFAS downsweep (LFAS-DO) and MFAS upsweep (MFAS-UP)
signals. Also shown is the difference between the unweighted and weighted SEL.,, when the sonar
transmission ended, and the mean number of 1/3-octave bands over which levels where integrated

(averaged over all pings in the sonar run). Data for the second tagged animal is shown in parentheses.

TagID Signal Weighted Weighted Unweighted | Mean no. of
type SPL,ax SEL.ym - weighted 1/3-octave
(dB re pPa) (dB re uPazs) SEL.ym bands

0006_317s LFAS-UP 41-105 36-110 52 5

0008_149a LFAS-UP 34-119 28-126 50 9

0009_144a 38-130 35-135 46 9
LFAS-UP

(0009_144b) (29-125) (24-130) 43 6

40-131 36-138 41 13
LFAS-DO

(32-131) (27-138) 38 12

0006_327s 51-136 48-141 18 2
MFAS-UP

(0006_327t) (47-134) (45-141) 18 2

0008_149a MFAS-UP 55-123 52-130 19 3

MFAS-UP 92-137 90-144 18 3

0009_144a 59-133 56-138 19 2
MFAS-UP

(0009 _144b) (57-131) (54-139) 19 2

A weighting function based on the audiogram likely underestimates (overweighs)
the influence of low frequencies on the perception of high-intensity sound, therefore
the effect of the harmonic energy observed here may have been less that the weighted
levels predicted. However, it is important to be aware of the fact that high-intensity
low- and mid-frequency active sonar sources can produce significant harmonic energy
at frequencies where marine mammal hearing is more sensitive. When the source was
close to the receiver, the LFAS signal could contain harmonic energy all the way up to

100 kHz. The possibility that other signals are masked by such broadband signals is
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much higher than if the sonar would only transmit in the 1-2 kHz band. The zones of
impact for audibility, responsiveness and hearing injury (Richardson et al., 1995) may

also increase when harmonics are taken into account.
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Chapter 3. Simulating exposure-avoidance strategies of killer and
long-finned pilot whales using data from controlled sonar

experiments
Chapter summary

Avoidance of the sound source is a commonly documented response to noise, but
most studies have evaluated responses to stationary sources. Behaviour of killer and
pilot whales exposed to sonar during the 35-08 and 35-09 research trials in the
Vestfjorden area of Norway suggested that cetaceans may use diverse avoidance
strategies in response to an approaching sound source. To evaluate possible
explanations for the types of movement responses observed, the potential of simple
vertical and horizontal avoidance strategies to reduce the total sound exposure
received by an animal from an approaching sound source was investigated using
simulations. Vertical movements were either deep diving representative of foraging for
the species or surface shallow diving. Horizontal movements were either stationary,
straight-line relative to the heading of the source, or relative to the source position.
Whale positions were simulated using a Monte Carlo method, and the cumulative
sound exposure level (SEL.,m) received by the whales was estimated from transmission
loss (TL) predicted using the beam-tracing model Bellhop. The sound source was
modelled after a realistic naval source transmitting 1-2 kHz and 6-7 kHz signals with a
maximum source level of 214 and 199 dB re 1 puPa m, respectively. Sound propagation
conditions were based on environmental profiling conducted during experiments. The
simulations showed that horizontally-stationary animals received the highest SELs. The
optimal course in terms of sound exposure (resulting in the lowest SEL.,,) for animals
moving in a straight line was 100° relative to the course of the source, while 120-130°
was optimal for animals moving relative to the position of the source. Moving
horizontally in the optimal direction yielded 9-17 dB reduction of SEL.,, and vertical
avoidance led to reductions of up to 10 dB. This simulation approach is useful to
predict how whales might react to an approaching disturbance source, aiding study of

behavioural reactions and spatial patterns of strandings relative to naval operations.
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3.1 Introduction

Some of the most severe and well publicised impacts of high-intensity active sonar
on marine wildlife over the last two decades are the mass strandings of cetaceans.
These events with often lethal consequences have caused much debate in the
scientific community (e.g., Evans and Miller, 2004), for example about which mass
strandings were sonar-related, how to prevent them from happening in the future and

what mechanisms caused the whales to strand (Cox et al., 2006).

Recently, a large dataset of historical beaked whale strandings and naval activity
was compiled and statistically analysed (D’Amico et al., 2009; Filadelfo et al., 2009).
Out of 127 reported mass stranding events two events were directly related to naval
sonar use, 14 events coincided in place and time with major (multi-ship) naval
exercises that may have used sonar, and another 24 events occurred in the vicinity of a
naval base or ship but without evidence of the use of sonar. Although the majority of
stranded animals were beaked whales, sonar has also been suggested to have caused
strandings of minke whales, short-finned pilot whales, dwarf sperm whales, striped
dolphins and a pantropic spotted dolphin (Balcomb and Claridge, 2001; Hohn et al.,
2006; Yang et al., 2008). So far the exact mechanisms behind sonar-related mass
strandings are unknown, but many hypotheses assume that the events are triggered

by a behavioural response of the animals (e.g., Tyack et al., 2006).

Anthropogenic noise sources like active sonar can also cause non-lethal
behavioural responses, ranging from mild to severe responses like long-term area
avoidance (Southall et al., 2007). For instance, area avoidance by beaked whales over a
period of two to three days was observed after a multi-ship sonar exercise at the
Atlantic Undersea Test and Evaluation Center (AUTEC) in the Bahamas, by counting
echolocation clicks received on a bottom-mounted hydrophone array (Moretti et al.,
2010; Tyack et al., 2011). Long-term horizontal displacement of marine mammals can
also be induced by other anthropogenic disturbance sources like pile driving (Tougaard

et al., 2009), whale-watching boats (Bejder et al., 2006; Lusseau and Bejder, 2007) and
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acoustic harassment devices (AHDs; Morton and Symonds, 2002). Interpreting the
significance of these responses, however, requires detailed knowledge about the
environment (e.g., quality of the area to the animals) and the natural behaviour of the
species. Depending on the biological context, both short-term and long-term

displacement may or may not be of concern (Nowacek et al., 2007).

The importance of biological context can be exemplified using reports of change in
the acoustic behaviour of marine mammals. Call rates of pilot whales increased up to
two seconds after sonar signals were heard (Rendell and Gordon, 1999), but as these
whales are often very vocal (Nemiroff, 2009) the biological significance of these
responses is uncertain. Humpback whales increased their song lengths in response to
sonar transmissions (Miller et al., 2000; Fristrup et al., 2003). As singing in humpback
whales is thought to be a sexual display, this type of acoustic masking by sonar can
potentially lead to more detrimental effects for long exposure durations. Clearer
evidence for a significant behavioural change is found when deep-diving species stop
transmitting echolocation clicks, which indicates the cessation of foraging (Johnson et
al., 2004; Miller et al., 2004). Silencing in response to sonar was observed in sperm
whales in their natural habitat (Watkins et al., 1985), and in Blainville’s beaked whales
during controlled playback experiments of simulated sonar and control sounds at the
AUTEC range (Tyack et al., 2011). The latter study also showed that when a whale
stopped clicking in response to a playback the animal abandoned its foraging dive and
initiated an unusually long and slow ascent. The behavioural response of these beaked
whales thus consisted of a change in acoustic behaviour related to foraging as well as

horizontal and vertical avoidance.

Marine mammals sometimes respond vertically to anthropogenic noise. For
example northern right whales in the Bay of Fundy exhibited a vertical response to
signals designed to alert animals about the presence of ships (Nowacek et al., 2004).
Five out of six whales stopped their foraging dive, ascended quickly to subsurface

depths (1-10 m) and stayed there for an abnormally long time, thereby in fact
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increasing the risk of vessel collision. During CEEs in the Gulf of Mexico the sperm
whale that ended up closest to the firing airgun array was resting at the surface until
short after the 2-hour exposure, while sperm whales further away from the source
kept diving (Miller et al., 2009). Animals may also respond to noise by diving. Migrating
bowhead whales in Alaska dived abruptly and decreased their surfacing times in
response to helicopter activity (Patenaude et al., 2002). More subtle changes such as
increased descent velocity were reported for juvenile northern elephant seals
responding to the acoustic thermometry of the ocean climate (ATOC) signal (Costa et

al., 2003).

Besides changes in vertical position, many species also respond to anthropogenic
noise by moving horizontally. Migrating grey whales and bowhead whales in Alaska
and humpback whales in Australia showed horizontal avoidance around industrial or
seismic noise sources (Malme et al., 1983, 1984; Richardson et al., 1985, 1990;
McCauley et al., 2000). Horizontal displacement around the source was also observed
during studies with captive and free-ranging harbour porpoises and harbour seals that
were responding to acoustic deterrence devices (ADDs; Culik et al., 2001), AHDs
(Johnston et al., 2002; Olesiuk et al., 2002; Kastelein et al., 2006b) and underwater
communication signals (Kastelein et al., 2005, 2006a). Studies on the effects of boat
noise have found comparable changes in behaviour, including increases in speed and
decreases of track linearity (e.g., Nowacek et al., 2001; Williams et al., 2002;

Constantine et al., 2004).

Avoidance responses can often be explained by one of two reasons; 1) the sound
will trigger an anti-predator response, for example a deep diver like the elephant seal
may dive to depths where predators cannot follow (even when this will bring the
animal closer to the source; Costa et al., 2003), or 2) animals will move to a location
where the received level is lower due to, for instance, increased distance from the
source , positioning relative to the directivity of the sound source (Kastelein et al.,

2005; 2006a; 2006b, 2008), the presence of a shadow zone, or the pressure-release
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below the water surface (Jensen, 1981). Some marine mammals, pinnipeds especially,
may also keep their head out of the water to reduce sound exposure (Kastak et al.,

1999).

During the 35-06, 35-08 and 35-09 research cruises in Norwegian waters, CEEs
were conducted to quantify the dose-response relationships of responses of killer
whales, long-finned pilot whales and sperm whales to active sonar signals (Kvadsheim
et al., 2009). During these CEEs free-ranging whales were tagged with sound- and
movement-recording sensors “Dtags” (Johnson and Tyack, 2003) and tracked using
visual observations and towed array acoustics. Animals were carefully exposed to LFAS
(1-2 kHz) or MFAS (6-7 kHz) signals in order to investigate the effect of signal
frequency on the behavioural responses of the whales. Experiments started when the
source was positioned 6-8 km away from the focal animal. The source vessel then
steadily moved towards the subject, only adjusting course to approach the animal. At
one kilometre distance, the vessel no longer turned, but passed the subject and then
ceased transmission five minutes after CPA. To minimise the risk of inducing hearing
injury in undetected nearby animals, the source level was gradually increased
according to a ramp-up ‘soft start’ scheme. Transmission was stopped if animals
entered the 100-m safety zone around the source. Results suggest that the animals
used diverse avoidance strategies in response to the approaching sound source (Miller

etal., 2011a).

A number of risk-assessment and mitigation tools for underwater noise include
ramp-up schemes to allow animals time to move away from a sound source (Dolman
et al., 2009). Such tools include mechanistic models of how animals might move in
relation to the sound source, but there is little information on what strategies marine
mammals might actually use to avoid a sound source (which may often be moving),
and what consequences such strategies might have for the received level of the sound.

Better knowledge on avoidance of marine mammals to sounds is necessary to
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interpret the responses observed during CEEs and is essential for judging the success

of using ramp-up schemes in risk mitigation protocols (Benders et al., 2004).

The objectives of this part of the research were 1) to define simple horizontal and
vertical avoidance strategies that whales might use in response to the sonar source, 2)
to simulate how the animals’ behaviour under such strategies would affect the total
sound exposure, and 3) to determine which of the observed movement patterns of
free-ranging whales might indicate that the whales used an avoidance strategy in

response to the sonar.

This work aims at improving the understanding of cetacean avoidance responses

to sonar, aiding study of behavioural reactions to noise and spatial patterns of

stranding events relative to naval operations.
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3.2 Materials and methods

3.2.1 Study species and sites

The model organisms used in the avoidance simulations were the killer whale and
long-finned pilot whale. Simulations with the killer whale model were based on
experiment 0009_144 conducted on a group of herring-feeding killer whales on 25
May 2009. Simulations with the pilot whale model were based on experiment
gm09_156 conducted on a group of long-finned pilot whales on 6 June 2009. Both
experiments were performed during the 35-09 research trial in the Vestfjorden area of
Norway (Kvadsheim et al., 2009). The experiment with killer whales was conducted off
the coast of Lofoten Islands on the continental shelf plain (Thorsnes et al., 2009) and
the pilot whale experiment was conducted in the middle of Ofotfjord (Figure 13). The
characteristics of the environment (sound speed profile, water depth and bottom
type), signal properties of the sonar (source level, frequency, duration and IPI), and
several aspects of the source and whale movements during the simulations were

based on the actual experiments.

Latitude (°N)

Longitude (°E)

Figure 13: Map of the study area surrounding Lofoten Islands including the locations of the two sonar
experiments that were selected for the simulations: the killer whale experiment (location a) and the
long-finned pilot whale experiment (location b). The 250-m to 3-km depth contours (red to blue; 250-m
interval) were plotted to show the continental shelf break. The depth data on the map was limited to
the offshore and Vestfjorden areas (GEBCO; IOC et al., 2003).
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3.2.2 Sound source and receivers

The simulated acoustic source was modelled after the real military experimental
sonar (Socrates Il, TNO) that was used during the 35-09 trial in Norway. The real sonar
source transmitted 1-2 kHz HFM upsweeps during the killer whale experiment and 6-7
kHz HFM upsweeps during the pilot whale experiment, but to reduce computational
power these signal were simulated as 1.4 kHz and 6.5 kHz continuous wave signals.
Other properties of the transmitted signals were the same in the simulations as during
the actual experiments. The source level started at 152 and 156 dB re 1 uPa m and was
gradually increased over a 10-min ramp-up period to 214 and 199 dB re 1 uPa m for
LFAS and MFAS, respectively. The signal duration of the transmitted sonar pulses was

always one second. The IPl was 20 s during both ramp-up and full-power transmission.

Before an experiment began, at least one whale was tagged with a movement-
and sound-recording suction-cup tag (Dtag, version two; Johnson and Tyack, 2003).
The tag contained a VHF transmitter for tracking the whale and finding the tag after
release. The tag recorded sounds in stereo at a sampling rate of 96 or 192 kHz using a
16-bit resolution sigma-delta ADC. The tag also recorded depth, temperature, three-
dimensional acceleration, and three-dimensional magnetometer data that were
synchronised with the audio recording. All sensor data were stored in flash memory,

meaning the tag had to be retrieved in order to obtain the data.

More information on the sound source and the acoustic sensors can be found in

sections 2.2.3 and 2.2.4, respectively.

3.2.3 Avoidance scenarios

Four exposure-avoidance scenarios were evaluated: 1) simulated shallow diving
vs. deep diving for both species with the same horizontal track of the source and whale
as during the real experiments, 2) simulated shallow diving vs. deep diving for both

species with a simulation of the whale being horizontally stationary, 3) the simulated
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whale moving in a straight line relative to the course of the source, and 4) the
simulated whale adjusting its course continuously relative to the position of the source

(Figure 14).

Avoidance scenarios 1 and 2 were used to investigate the effect of vertical
responses on the total sound exposure to the whale, and scenarios 2, 3 and 4 were
used to investigate the effect of horizontal responses on the total sound exposure to
the whale. In scenarios 2, 3 and 4 the course of the source was fixed to straight
towards the location of the whale at the start of the simulated behaviour change so
that the sound exposure could be compared between horizontal strategies (Figure 14).
For scenarios 3 and 4 only one type of diving was modelled per species (shallow diving
for the killer whale; deep diving for the pilot whale) as these scenarios focused purely

upon horizontal avoidance.
For scenario 1 the horizontal positions of the source and whale were kept the
same, therefore short summaries of the two experiments are given below. More

extensive summaries of the experiments can be found in Miller et al. (2011a).

Killer whale experiment

After a period of deep diving, the killer whales started high-speed travelling
southwards at the point of behavioural change and changed their direction of
movement gradually to westwards throughout the experiment. The source vessel with
transmitting sonar approached the group from the west and turned towards the last
sighting of the group a number of times. Both tagged whales were shallow diving
throughout the exposure and made one deep dive to ~60-m depth when the group
passed in front of the source vessel. The average depth and speed of the source was
44 m and 8 kts, respectively. The source-to-whale distance ranged from 8 km at the
start of transmission to 520 m at the CPA (Figure 15; section 2.2.5 explains how these

ranges were derived).
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Pilot whale experiment

The group of pilot whales was approached from the northeast by the source
vessel. After being at or near the surface for 1.5 h the tagged animal started deep
diving at the time of the behavioural change, early on in the experiment. The animal
completed two deep dives while the source was transmitting. The source vessel only
made small course changes as the animal was resighted after the first deep dive
nearby its previous location. The average source depth and speed was 43 m and 8 kts,
respectively. The source-to-whale distance ranged from 6 km at the start of

transmission to 280 m at CPA (Figure 15).

68.43; 68.411

Latitude (°N)
Latitude (°N)

68.4| 68.387

12.65 12.85 16.22 16.42
Longitude (°E) Longitude (°E)

Figure 14: Maps of the sonar experiments with the (left) killer whale and (right) pilot whale model that
formed the basis of the avoidance strategy analyses. The thin blue line shows the track of the source
vessel (killer whale: approaching from W; pilot whale; approaching from NE) and the thick blue line
indicates where the source was transmitting originally. The track of the focal whale is shown in green
(pre and post exposure) and purple (during exposure), and the diamond indicates the location of the
whale at the behavioural change point. The thick red line represents the simulated track of the source

that was altered to compare the sound exposure under the different horizontal avoidance strategies.
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Figure 15: The source-to-whale range in red and the depth of the tagged whale in blue during the real
(left) LFAS upsweep exposure to killer whales and (right) MFAS upsweep exposure to pilot whales. Note

the order-of-magnitude difference between the depth scales.
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3.2.4 Sound level predictions

The sonar pulses recorded on the Dtags were processed using a custom-written
MATLAB (The Mathworks, 2007) program (CEE_Analyser; see Appendix | for the user’s
guide). Waveform and spectrogram views of the signals guided every step of the
analysis, and a strict protocol was followed to address challenges imposed by
interfering noises. For both the killer whale and pilot whale experiment the SPL and
SEL.um levels received by the whale were calculated from the audio recordings made
with the Dtags. Section 2.2.6 describes in more detail the method that was used for

extracting, processing and quantifying the sonar signals.

TL as function of depth and range from the source was predicted using the beam-
tracing model Bellhop in Gaussian beam mode (Porter and Bucker, 1987). Bellhop and
its module for calculating bottom reflection coefficients were run using the MATLAB
user interface AcTUP”. As the effective duration of a sonar signal was about one second
the received SEL of a ping equalled the received SPL, and thus equalled SL-TL. Hence,
the single-ping SELs for any simulated whale trajectory were obtained from the
TL(range, depth)-function (Figure 16 and Figure 17) and the energy was power-
summed to obtain the corresponding SEL., level. To validate the TL model, the
broadband SEL.,, levels of the sonar measured with the calibrated Dtag sensor were
compared to the SEL.m, levels predicted by Bellhop using the dive profile of the tagged
whale. The difference between the two methods was expressed in the absolute
difference in SEL.,n at the end of the exposure and in RMSE between the two types of

SELcym levels.

4V2.2L. Downloaded on 23-11-2009 from http://cmst.curtin.edu.au/products/actoolbox.cfm.
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Figure 16: (left) Sound speed profile measured straight after the killer whale sonar experiment and

(right) predicted TL as function of range and depth used for the simulations.
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Figure 17: (left) Sound speed profile measured straight after the pilot whale sonar experiment and

(right) predicted TL as function of range and depth used for the simulations.

The environmental parameters used for TL modelling were based on data
collected during the actual experiments. CTD-profiles were taken from the source
vessel using a SAIV SD-200 CTD-profiler in the transmission path between the sonar
and the tagged animal (Kvadsheim et al., 2009). The profiles were collected straight
after the entire experiment had ended, at or near the location of CPA. One SSP was
collected per experiment, thus it is assumed this profile was representative for the
entire four-dimentional oceanographic field of the site. SSPs were smoothed to
remove insignificant features and subsampled to increase the run-time of Bellhop

(Porter, 2011).

Bathymetry data for the killer whale experiment were obtained from the GEBCO

One Minute Grid (IOC et al., 2003) and for the pilot whale experiment from the
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Norwegian Hydrographic Service’s MPD. After inspection of the data it was found that
both experimental areas had a relatively flat bottom (killer whale: 130-m depth; pilot
whale: 500-m depth). The bottom layer was modelled as a flat, homogeneous fluid
layer with constant acoustic properties. The geo-acoustic parameters (compressional
sound speed, bulk density of the sediment and compressional wave attenuation)
needed for calculating bottom reflection coefficients were estimated using their
numerical relationships with bulk mean grain size described by Hamilton (1972),
Hamilton and Bachman (1982) and Richardson and Briggs (2004). More information on
the acoustic propagation model and the derivation of the environmental parameters

can be found in section 2.2.7.

3.2.5 Iterative process to develop simulations

For each species two composite dive profiles were created; one representative of
deep diving and one representative of shallow diving (Figure 18). For both species the
deep dives were in reality likely foraging dives. Killer whales were in reality mostly
travelling when shallow diving and pilot whales were also resting or socialising when
shallow diving. A few of the deepest pilot whale dives were shortened so that TLs
could be estimated for every depth in the dive profile. The horizontal swim speeds
related to the composite dive profiles were obtained from the dead-reckoning tracks

of the Dtags.

3-57



Killer whale: Deep dives Killer whale: Shallow dives

0
E
o
a
200 . ’
0 2 40 5 10 15
0 Pilot whale: Deep dives Pilot whale: Shallow dives
m I ‘.'ﬂ-r-’- P Y T TN N XTI
100H 1L |
E 200} 1
£
§ 300} 1
400} 1
500 . . L . . s . . ‘
0 2 4 6 8 10 0 2 4 6 8 10
Time (h) Time (h)

Figure 18: (upper panels) The composite dive profiles of the killer whale model for when the animal is
(left) deep diving or (right) shallow diving. (lower panels) The composite dive profiles of the pilot whale

model for (left) deep diving and (right) shallow diving.

When a transmitting source moves straight towards a whale the received level
depends strongly on the horizontal and vertical range to the source at the time of the
closest sonar transmission. For example, if the IPlis 20 s and the sound source moves
at 8 kts, the closest ping can be theoretically transmitted at the whale position, or as
much as 80 m away from the animal, which corresponds to a maximum difference in
SPL of 38 dB under spherical spreading conditions. Here, this arbitrary timing effect
was accounted for by applying an iterative Monte Carlo method on the whale
positions.

A new SEL,n datapoint per vertical-horizontal movement combination was
calculated with every iteration, and in the process a distribution of SEL., levels was
built that was characterised using median and inter-quartile range (IQR). More
specifically, the start of a new segment in the composite dive profile was randomly
selected to obtain a new set of whale depths with every iteration. In avoidance
scenario 1 and 2 the locations of the source and whale, and thus the range between
them, were known a priori. This made it easy to extract the TLs corresponding to the
new depths and ranges, and to calculate the SEL., for that iteration. Hence, 1,000,000
iterations were to used construct the SEL.,m distributions for avoidance scenario 1 and
2.
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During scenario 3 and 4 the source-to-whale ranges varied not only per ping but
also per iteration, which made these scenarios much more computationally intensive.
Here it was necessary to calculate a new source-to-whale range for every ping because
the horizontal speed of the animal varied simultaneously with the dive profile. Also, 19
directions of movement (0-180°, 10° steps) were calculated to find the optimal
direction of movement in terms of sound exposure (resulting in the lowest SELcym).
Because the source vessel had a fixed course towards the animal in these avoidance
scenarios, only angles from 0° to 180° were investigated. The SEL,, distributions for

scenario 3 and 4 were constructed using 1,000 iterations per direction of movement.
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3.3 Results

3.3.1 Received levels and model validation

The maximum received broadband SPL (RMS averaging time: 200 ms) throughout
the killer whale LFAS experiment ranged from 91 to 174 dB re 1 pPa. The maximum
received broadband SPL (RMS averaging time: 200 ms) throughout the pilot whale
MFAS experiment ranged from 82 to 156 dB re 1 pPa. The cumulative broadband SEL
throughout the killer whale LFAS experiment ranged from 89 to 181 dBre 1 uPa2 s. The
cumulative broadband SEL throughout the MFAS experiment with pilot whales ranged
from 82 to 162 dB re 1 uPa’ s (Figure 19).

Modelling the SEL.ym levels yielded similar results as the measured levels. The
maximum difference between the SEL.,, predicted by Bellhop and SEL.,,, measured
with the Dtag at any time during the experiment was 4 dB (RMSE: 3 dB) and 3 dB
(RMSE: 2 dB) for killer whale and pilot whale experiments, respectively. At the end of
the experiment the absolute difference in level (calculated as measured minus

predicted) was +3 dB for the killer whale and 0 dB for the pilot whale.
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Figure 19: (upper panels) Broadband SPL,,,, (RMS averaging time: 200 ms) measured using the Dtag for
every sonar transmission received by the (left) killer whale and (right) long-finned pilot whale. (lower
panels) Broadband SEL,, measured using the Dtag and broadband SEL_,, predicted by Bellhop for every

sonar transmission received by the two species.
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3.3.2 Vertical avoidance

In the first avoidance scenario (Scenario 1) only the dive pattern of the whale
model was changed and the horizontal track of the source and whale were the same as
during the real experiments. For the shallow-diving killer whale model the median
SEL.um Was 178 dBre 1 uPa2 s, which is the same level Bellhop predicted was received
by the killer whale in the real LFAS experiment (Figure 20). The median SEL,, for the
deep-diving killer whale model was 1 dB higher. The IQR for both shallow and deep

diving was small; 0.5 and 0.2 dB, respectively.

For the shallow-diving pilot whale the median SEL.,, was 166 dB re 1 uPa2 s (IQR =
0.8 dB), while for deep diving the median SEL.,,, was 165 dB re 1 uPa2 s (IQR = 4.5 dB)
(Figure 20). The small difference between the median values can be explained by the
fact that the pilot whale model still spent a significant amount of time in the upper
layer of the water column while in deep diving mode. The histogram revealed that the
SEL.um levels for deep diving are in fact bimodally distributed, with a second lower
maximum at around 160 dB re 1 puPa’ s. This second maximum reflects the relatively
high probability that the animal was at the bottom of a deep dive (300-400 m) while
the source passed overhead. The animal thus received 6 dB less sound exposure when

deep under water compared to when it stayed closer to the surface.

The SEL.ym to the pilot whale during the real MFAS experiment predicted using
Bellhop was an intermediate 163 dB re 1 pPa’s. This level is consistent with the above
results as the animal was deep diving throughout most of the experiment, but was

ascending when the source was nearest (Figure 15).
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Figure 20: Histogram and boxplot representations of the SEL,,, distributions for vertical avoidance by

the killer whale (upper panels) and pilot whale (lower panels). Vertical movements were either shallow

diving or deep diving for both species. The dotted horizontal line in the boxplot indicates the level that

was received by the tagged whale in the actual sonar experiment.

To investigate the effect of horizontal avoidance strategies the source track was
altered so that the course of the source was fixed straight towards the location where
the avoidance response began. The second avoidance scenario (Scenario 2) consisted
of the whale model shallow diving or deep diving while stationary at the avoidance

response location, and can be considered part of both the horizontal and vertical

avoidance analyses.

For the stationary killer whale model the median SEL,, was 186 dB re 1 uPa2 s for

both shallow diving and deep diving. The IQR for both dive modes was small; 0.2 and

1.1 dB, respectively (Figure 21).

For the pilot whale the stationary response resulted in a median SEL,, of 170 dB
re 1 uPa’s (IQR: 0.2 dB) for shallow diving, and a median SEL.,m of 169 dB re 1 pPa’s
(IQR: 8.9 dB) for deep diving (Figure 21). Like in the vertical avoidance analysis of
scenario 1 the distribution of SEL., levels for the deep-diving pilot whale was bimodal

in shape, now with the second maximum at 159 dB re 1 uPa2 s. Thus, when the source
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passed directly overhead, the sound exposure of a whale deep under water was

approximately 10 dB less than the sound exposure of more shallow animals.
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Figure 21: Histogram and boxplot representations of the SEL., distributions for the stationary killer
whale (upper panels) or pilot whale (lower panels) scenarios. There was no horizontal movement of the

whale, and vertical movements were either shallow diving or deep diving for both species.

3.3.3 Horizontal avoidance

For avoidance scenarios 3 and 4 only shallow diving was simulated for the killer
whale, and only deep diving for the pilot whale.

For the killer whale responding to the sound source by moving horizontally in a
straight line, the direction of movement in terms of sound exposure resulting in the
lowest SEL.,nm was nearly perpendicular to the course of the source. The optimal course
was 100° relative to the heading of the source, and the corresponding median SEL.ym
was 177 dB re 1 pPa’ s (IQR: 0.8 dB). The 1-dB and 3-dB fans, defined as the range of
directions where the median SEL.,, deviated by less than 1 and 3 dB from the level of

optimal course, were 50°-140° and 20°-160°, respectively (Figure 22).

The result for the pilot whale moving horizontally in a straight line was similar as
for the killer whale despite the pilot whale’s different dive mode and lower horizontal

speed. The direction of movement optimal for avoiding sound exposure was also 100°
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for the pilot whale, the 1-dB fan was 60°-130°, and the 3-dB fan was 40°-150°. The
median SEL.,m for the optimal course was 152 dBre 1 uPa2 s (IQR: 2.3 dB) (Figure 22).
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Figure 22: Boxplot representations of the SEL ., distributions for 4 different horizontal avoidance
scenarios (from left to right): the killer whale moving in a straight line throughout the approach, the
killer whale moving on a course relative to the source position, the pilot whale moving in a straight line
throughout the approach, and the pilot whale moving on a course relative to the source position.

Vertical movements were shallow diving for the killer whale and deep diving for the pilot whale.

The fourth and last avoidance strategy that was investigated was movement
relative to the source position, as opposed to source heading in the previous strategy
simulation. Under the strategy of movement relative to the position of the source, the

animal adjusted its course continuously during the time the source was transmitting.

The optimal direction of movement of the killer whale model for this strategy was
130° relative to the direction of the source; slightly more away from the approaching
source than for straight-line avoidance based upon direction of movement of the
source (Figure 23). The 1-dB and 3-dB fans measured 90°-160° and 40°-170°,
respectively. The median SEL.,, of the optimal direction of movement was the same as
for straight-line avoidance, namely 177 dB re 1 pPa’ s (IQR: 0.7 dB). For the pilot whale

moving relative to the position of the source the median SEL.,, was also the same as
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for straight-line avoidance; 152 dBre 1 uPa2 s (IQR: 2.4 dB). The optimal course for the
whale to avoid exposure was 120°, and the 1-dB and 3-dB fans were 80°-150° and

60°-160°, respectively.
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Figure 23: Horizontal avoidance of the killer whale (left) and pilot whale (right) visualised. The location
of the whale at the start of the response (and thus the location of the stationary animal) is indicated by
the white diamond. The transmission path of the source which approached the killer whale from W and
the pilot whale from NE is shown in red. The optimal direction of movement in terms of sound exposure,
the 1-dB fan and the 3-dB fan are shown with the solid, dashed and dotted lines (black: straight-line
avoidance; green: avoidance relative to source position). Note the pilot whale map is zoomed in further

as the horizontal speed of this deep diving animal was lower than of the shallow-diving killer whale.
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3.4 Discussion

3.4.1 Evaluation of the data

The results of the vertical avoidance analyses indicate that the dive mode of the
whale was relatively unimportant for the killer whale in the actual acoustic
environment. The sonar pings that were received at close range from the source
determined for the most part the total sound exposure. Transmission loss did not vary
with depth much because there were no rapid changes in sound speed, because the
area had a reflective bottom, and because the source was towed halfway of the water
column. Therefore the killer whale model could not reduce sound exposure
significantly by swimming deeper within the normal bounds of its recorded dive

depths.

The sound exposure to the deep-diving pilot whale model was usually not lower
than to the shallow-diving animal, however close inspection of the histograms showed
that being at the bottom of a deep dive (300-400 m) when the source passed at its
closest point yielded a reduction of 6-10 dB (depending on horizontal range at CPA). If
the animal is able to estimate the distance to and speed of the source, the animal may
use its normal deep-diving behaviour to reduce sound exposure. The effectiveness of
vertical exposure-avoidance thus depends on the diving capability of the species. Here,
species-typical behaviour was used to simulate the movements of the whales, but one
might predict that animals would extend their diving limits, possibly by diving deeper

and longer than normally, in order to avoid high received levels.

By moving away horizontally, either with a fixed course or relative to the source
position, the killer whale model optimally achieved a reduction in SEL.,, of 9 dB
compared to when it stayed at the same location. Similarly, the pilot whale model
achieved an average reduction in SEL.,n of 17 dB. The range to the nearest
transmission was not equal for the two species (killer whale: 31 m; pilot whale: 21 m)
as the source transmitted a ping every 20 seconds, which influenced the level in the
stationary-animal analysis. This difference in range accounts for 3 dB =
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[20*log10(31/21)] of the difference in sound reduction. The rest of the difference is

possibly explained by the differences in dive mode and propagation conditions.

To avoid high sound exposure from the approaching sound source it was always
best for the whale to move away from the expected track of the source. The most
optimal direction of movement was between 100° and 130° (depending on the species
and strategy) but is influenced by the speed of the animal relative to the speed of the
source. Surprisingly, the range of directions of movement where the animals achieved
nearly-optimal results was quite wide. The 1-dB fans around the optimal angle were
between 70° and 90° wide, and the 3-dB fans around the optimal angle were between
100° and 140° wide (Figure 23). Thus, as long as animals move roughly away from the
predicted trajectory of the source this tactic can achieve substantial reductions of

sound exposure.

3.4.2 Comparison with responses in the field

Some species respond to threats by trying to outrun them (e.g., minke whales;
Ford et al., 2005). If the threat is faster than the whale, however, moving sideways to
the incoming disturbance would be a good solution for the animal. During the CEE with
killer whales exposed to LFAS upsweeps in 2009 on which the simulations were based
here, the animals responded to the sonar by speeding up and moving perpendicular to
the heading of the source vessel. Perpendicular movement relative to the heading of a
source was also observed in short-finned pilot whales during exposure to airguns
during seismic exploration (Weir, 2008) and during CEEs with killer whales during in

2006 and long-finned pilot whales in 2008 (Miller et al., 2011a).

Movement relative to the source heading suggests that whales are not only able
to estimate the angle from which the sound is coming, but also to track the precise
location and course of the source. During two killer whale CEEs conducted in Norway

horizontal avoidance started straight after one or more animals made a deep dive into
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the sound channel (Miller et al., 2011a). Possibly these dives are orientation dives by
the whales to monitor the source and its movement more precisely. This would imply
that the animals are aware of the propagation conditions under water and that they
respond vertically not only to reduce sound exposure immediately but also in

anticipation on future events.

The water surface, bottom and coastline can limit the physical space in which the
whales can respond. The water surface however also provides the animal an
opportunity for a special type of vertical avoidance; to come out of the water when the
sound is otherwise received. For example, seals increase their time at the surface and
hauled out in response to exposure to underwater fatiguing noise (Kastak et al., 1999;
R.A. Kastelein, pers. comm.) and long-finned pilot whales were observed to
synchronise their surfacings with sonar transmissions (Miller et al., 2011a). This special
type of avoidance was not accounted for in the simulations, but can be incorporated in

similar future research.

The directivity of the source can have a significant impact on the sound field, as
was seen during CEEs of sperm whales to airguns (Madsen et al., 2006). Sonars are also
often directional in the vertical plain (Hildebrand, 2009), which make vertical
exposure-avoidance strategies in response to such source more effective, especially at
close range. On the receiver side directivity may also play a role, as the hearing of
cetaceans is directional, especially at higher frequencies (Au and Moore, 1984). It is
recommended for future studies in which responses of cetaceans to sonar are
simulated that the hearing sensitivity and receiving beam patterns of the whales are

taken into account, particularly when the source transmits high-frequency sounds.

The simulation approach is potentially useful to predict how whales might react to
an approaching sound source, and may also be useful to understand the patterns of
cetacean strandings relative to the movement of sonar-transmitting military vessels.

One well-documented mass-stranding event related to sonar use is the stranding of
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predominantly Cuvier’s and Blainville’s beaked whales in the Bahamas on 15-16 March
2000 (Evans and England, 2001). During that event, multiple US Navy ships including
five ships using tactical MFAS transited through the Northeast and Northwest
Providence Channels. The four ships transmitting sonar for which the movement tracks
were reported moved through the Province Channels in two loosely affiliated groups
approximately 4-6 hours apart, in generally the same pattern as the beached whales
were discovered. Strandings occurred along the northeast side of the channels which is
known for its steep-sloping bathymetry, a property also seen during other sonar-
related strandings (Cox et al., 2006; D’Spain et al., 2006). Although the initial location
of the whales is unknown, the spatial pattern of the strandings suggests that the
whales had responded by moving more or less perpendicularly to the track of the

vessels.
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Chapter 4. Conclusions and recommendations

4.1 Study goals

In the risk-assessment framework, the characterisation of risk is accomplished by
combining exposure assessment and dose-response relationships (EPA, 1992; Boyd et
al., 2008). In the previous chapters of this thesis, a number of factors that influence
exposure assessment have been evaluated, including analysis of how sound levels
received by cetaceans are affected by in-situ sound propagation and the influence of
diving, horizontal movement and possible avoidance behaviour of the whales

themselves.

Chapter two described a systematic analysis approach for processing acoustic
recordings of sonar signals made at or near the location of the whales during
controlled exposure experiments, and investigated the influences of source range,
depth and propagation conditions on the sound field surrounding the animals. The
chapter indicated that in Norwegian high-latitude waters TLs generally follow
geometric spreading predictions, but that these levels can vary substantially, especially
with receiver depth, in shallow coastal waters where the acoustic environment is more

variable in time and space.

In chapter three, effects of simple exposure-avoidance strategies on the total
sound exposure level received by simulated whales were predicted for four movement
scenarios based on data from real controlled exposure experiments. This chapter
showed that whales moving under simple horizontal and vertical avoidance strategies
can substantially reduce received sound levels from an approaching source, but that
the degree of reduction depends on factors such as the horizontal and diving
behaviour of the whale relative to the location of the source, physical limitations of the

location, and acoustic propagation conditions.
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4.2 Implications for exposure assessment in the risk-assessment

framework

The outcomes of this thesis research have several important implications for the
procedure of assessing acoustic exposure to marine mammals. Most importantly,
realistic prediction of the sound levels to which animals will be exposed needs to take
into account both the local sound propagation conditions and the movement
behaviour of the animals within the sound field. While a simple spherical spreading
model seemed to approximate the data in deep-water experiments, this is likely to
only be the case under certain specific sound propagation conditions. The fjord and
continental shelf waters had more complex bathymetries, and site-specific acoustic
conditions with quicker changes in sound speed with depth (Appendix IV). For these
environments in particular, measurements should be used to validate the propagation
models and their input data (sound speed profiles, geo-acoustic parameters, and
bathymetries) that are used in exposure assessments. Such measurements could be
taken during real sonar exercises, for example as part of observational studies that

monitor also the surface behaviour of marine mammals.

The diving behaviour of the whales was a large contributor to the observed
variation in received sound levels. In depth-dependent conditions sound propagation
models like Bellhop should outperform simple geometrical spreading models, although
the quality of the environmental data will determine to a large extend the accuracy of
the predictions. Beside depth, the source-to-whale range during the sonar experiments
had a substantial effect on the received levels. Therefore, when mechanistic 3D
movement models of whales are used in quantitative risk assessments the total
exposure to the whales (and thus also the estimated risk) will depend strongly on the
modelled behaviour in relation to the movements of the sound source. The optimal
horizontal exposure-avoidance strategy of whales predicted in chapter three,
movement perpendicular to the anticipated track of the source, has been observed in
the field for pilot and killer whales (section 3.4.2), and thus may provide a more

realistic type of movement model for these species. However, some caution is needed
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when applying such a concept within the exposure assessment framework. First, while
there is evidence that cetaceans can change their movement in response to intense
sources, it is not well understood if these changes are necessarily designed to reduce
sound exposure, or to simply decrease the proximity to a potential threat. Second, the
scenarios modelled in this study were fairly simple, using only a signal sonar source.
Real-world sonar exercises may have much more complicated geometries with
multiple distributed sources. In such case, avoidance strategies may not be able to
effectively reduce sound exposure, but observation studies during real multi-ship

exercises should be conducted to answer this question.
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4.3 Suggestions for future work

As detailed above, the results of this thesis may have implications for
environmental risk assessment and management of anthropogenic noise impacts on
marine mammals. Results may also help future behavioural response studies (BRSs)
with the interpretation of observed avoidance responses of cetaceans and acoustic
analysis of sound signals recorded on the animals themselves. Although suggestions
for future work can be found throughout this document, some of the primary

recommendations are summarised and given below.

4.3.1 Acoustic measurements and analysis

Body shielding, the blocking of sound waves when the animal’s body is interposed
between the acoustic-recording tag and the sound source, led to attenuation of about
15 dB in measured SPLs when the tag was located on the opposite side of the LFAS
source (section 2.3.1). Caution is thus advised when sound levels are measured with
animal-borne tags, especially with regards to high-frequency sounds (the degree of
shielding is determined in part by wavelength; Madsen et al., 2006a). Placing the tags
on different sides of the animal provides one possible solution. Also, advanced
numerical techniques such as Finite Element modelling can provide estimates of the
expected attenuation levels that could give insight into the variability in sound levels

caused by body shielding.

Given the scarcity of CEEs with free-ranging marine mammals and the financial
cost that is involved in conducting these experiments, it is recommended that the
acoustic recordings are analysed in a systematic manner to retrieve as much
information from the data as possible. The MATLAB tool “CEE_Analyser”(Appendix |)
was developed for this purpose as part of the present study, and can also be used in
future BRSs in which exposure stimuli consist of intermitted tonal sounds, similar as
the signals here. To further improve between-studies comparisons of results, exposure
signals should be quantified by the same acoustic measures. For example, it could be
falsely concluded that one species is more sensitive to noise impacts than another
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when studies use different RMS averaging window lengths during the calculation of
SPL. Like in a BRS project with beaked whales (Tyack et al., 2011), a 200-ms averaging
was used here because this duration is generally considered to be relevant in terms of

hearing sensation for marine mammals (section 2.2.6.2).

4.3.2 Risk assessment for noise exposure

Since unweighted sound levels do not reflect how sounds of different frequencies
are perceived by a listener, there is a need for the development of frequency
weighting functions based on equal-loudness contours of marine mammal species
(Southall et al., 2007). Such frequency weighting functions should make empirical
dose-response relationships for marine mammals and noise more accurate, and thus
should improve the predictability of behavioural responses. To date, this type of
weighting function is only available for the bottlenose dolphin (Finneran and Schlundt,
2011), although alternative, more cost-effective techniques based on reaction times
may lead to comparable results (Kastelein et al., 2011). The use of a weighting function
based on hearing thresholds can be a good starting point when data on loudness
perception is unavailable (although there might be a tendency to overweight low-

frequency sounds).

The weighting function used in this study (section 2.3.3) illustrates the effect
harmonic energy in sonar signals has on the hearing perception of killer whales.
Possibilities for reducing harmonics in active sonar signals should be explored as this
can be an effective method to mitigate behavioural disturbance with small effects on
sonar operations. For example, transmission of sonar signals at slightly lower source
levels may lead to relatively large reductions of harmonic distortion because they are a
non-linear phenomenon. Sonar systems that produce fewer harmonics could be less
disruptive to marine mammals while they can operate at source levels that are similar

or higher.
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In the future, the simulation approach described in chapter three for whale
movements in response to approaching sources could be extended to include the
effects of absolute speed and relative speed between the source and whale, different
species-specific behaviours, and different acoustic propagation conditions. Such
simulations could provide new insights into the underlying mechanisms involved in
avoidance behaviour of marine mammals, and into the species-dependency of the
avoidance responses. One of the existing risk-assessment software tools (AIM: Frankel
et al., 2002; ESME: Shyu and Hillson, 2006; SAKAMATA: Benders et al., 2004; SONATE:

Nordlund and Benders, 2008) could potentially be used for this kind of analyses.

Experiments at sea are notoriously difficult to conduct with cetaceans, but it might
be possible to re-analyse existing data using the hypothesized responses presented in
this thesis. Alternatively, controlled experiments during BRSs can be designed
specifically to test the probability that animals will use one of the predicted avoidance

strategies.
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Appendix I: CEE_Analyser user’s guide

CEE_Analyser is a custom program written in Matlab that allows the user to
systematically analyse the sonar pings received on Dtags and towed arrays during the
3S controlled-exposure experiments. The program contains 4 analysis modules that
allow one to select consecutively: the start of the sonar ping, a sample of noise
preceding the ping, the frequency bandwidth of the ping, and the duration of the ping.
In a 5™ module, the unweighted and weighted received levels can be calculated using
the 4 signal characteristics obtained in the earlier modules. The workings of the
program are described in detail below.

Signal and noise cues

Start-of-ping cues are stored using the module “Ping Markers”. The module
features a matched filter that convolves the received signal with the complex
conjugate time-reversed version of the transmitted signal to obtain a zero-lag cross-
correlation function (Burdic, 1991). The module automatically selects the highest peak
in the cross-correlation function as the signal cue, but also allows the user to choose
another point in time. When noise interferes with the beginning of the ping, an
“alternative-start” cue can be selected.
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Figure I-1: The graphical interface of the module “Ping Markers” showing a ping that consists of two
closely-spaced arrivals, as indicated by the two peaks in the cross-correlation function in the second
panel. The first peak is somewhat higher and thus this point in time is selected as the signal cue. The red

dashed lines in the other three panels indicate the edges of a 1-s window starting from the signal cue
(chosen as one second is the duration of transmitted ping).

The next step of the analysis process involves the analysis module “Noise
Markers”. There a 200-ms window of stationary noise preceding the sonar signal can
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be selected for each ping in order to estimate the SNR of the pings in a later stage of
analysis. The initially-selected noise window starts at 250 ms before the signal cue, but
a different window can be chosen manually to avoid nonstationary noise and
transients within the selection. The manual selection can be made by clicking on the
new start position in one of the panels. Whenever necessary, the bandwidth and
window length of the data chunk that is visible can be adjusted to find the most
appropriate noise window.
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Figure I-2: The graphical interface of the module “Noise Markers” in which the edges of the
automatically- and manually-selected windows of stationary noise are indicated with black and red
dashed lines, respectively. In this example the noise window is selected manually because a pilot whale
vocalised just before the sonar transmitted.

Band selection and click removal

All the 1/3-octave bands between 1 and 40 kHz centre frequency containing
significant signal energy (SNR>10dB) can be selected automatically within the module
“Bandwidth”. After this initial selection, 1/3-octave bands for which the slow SPL is
influenced by transient noises can also be excluded manually. The toggle buttons
which are located below the upper panel (Figure I-3) are used to indicate which 1/3-
octave bands are selected and, at the same time, to control for which frequency band
the time-weighted SPLs are plotted (lower panel; Figure 1-3).

Both the modules “Bandwidth” and “Duration” (next section) include a transient
detection and removal algorithm. Clicks can also be selected manually when they are
missed by the automatic detector. The algorithm interpolates in the fast SPL data
between the minima around each peak, and then recalculates the slow SPL data from
the newly-computed mean-square pressures. The locations of the clicks in the
recordings are stored so that in the last processing stage click-free received levels will
be calculated.
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before, and (b) after removal of a sperm whale click. The vertical bars in the upper panel indicate the
SPL.x and estimated noise level in the 1-40 kHz 1/3-octave bands. Note the drop in SPL., in the 2-40
kHz bands due to the removal of the click.

Signal duration

Pings can be processed in the module “Duration” to find the signal duration tp4s
which is defined as the time during which the fast SPL in the sonar band (1-2 kHz or 6-7
kHz) exceeds a 20 dB threshold below the maximum fast SPL. The analysis window
length can be altered to ensure that the reverberation level drops below the 20 dB
threshold.
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Figure I-4: The graphical interface of the module “Duration” showing a 4-s sample of a ping with a tail of
reverberation. In the example echolocation clicks were removed from the time-weighted SPLs. The —20
dB points that mark the start and end of the ping are shown with red dashed lines.
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Data management and advanced processing

The 4 analysis modules and the module for calculating the received levels are
accessible from the main window of CEE_Analyser [Figure I-5(a)]. The main window
also allows the user to create a new recording, open an existing recording [Figure |-
5(b)], and save or delete a loaded recording. Summary information about the loaded
exposure recording and the progress of the analysis is shown in the main gui.

All data are stored in a Matlab data structure file. Also, a dedicated excel file can
be used to import to and export from the data structure. The ping numbers, ping
transmission times, and source levels can be imported from the log file produced by
the Socrates source processing.
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(b)

=izl

Date [ 25

P Speciesl Orcinus

Ping harkers
Noise Markers
Bandwicth
Duration
Levels

D

Pathy C:Wsers\Paul VWensveen—- 35-PROJECT - \2008\Dtag datah
Name af vay file 1: 00327502 way

Hame af vay fie 2 00327503 wav

First start-of-ping marker in file 1: 11009519 5

First start-of-ping marker in file 2 13.87 s

Number of transmitted pings: 128
Number of start-of-ping markers: 113

Humber of start-of-noise markers: 113

Number of afternative-start markers: &

Range of numker of 1/3-oct banes selected per ping: 0 - 4
Number of pings with & signakto-noiss ratio below 10 o 4
Awerane sional duration 16188 s

Range of signal durations: 0,389 - 4 402 5

Range of source levels: 138 - 197 dB
Range of mez. received levels: 110 - 158 o5

Range of single-ping sound exposure levels: 107 - 155 B
Cumlative sound exposure level 163 dB

Range of weigthed single-ping sound exposure levels: 68 - 136 dB
Wisigthed cumuiative sound exposure level: 144 d5;

Select a recording:

006 13 36:00

2006 13:38:00
28-May-2008 12:48.00
28-May-2008 14:56.00 -
28-May-2008 22:35:00
28-May-2008 16:12.00
28-May-2008 16:12.00
28-May-2008 18:05:00
28-May-2008 18:05:00 -
01-Jun-2008 01:35.00

21-May-2008 12:15:00
21-May-2008 12:18:00
21-May-2008 14:00:00
21-May-2009 14:00.00
22-May-2009 21:46.00
22-May-2009 21:46.00
22-May-2008 23.27.00
22-May-2008 23.27.00
23-May-2008 D4:03:00
23-May-2008 D4:03:00
24-Mau-2000 1413 00 -

gm53a05

- LFAS Lpsweep -
— MFAS Upswesp — Orcinus
- MFAS Upsweep —
- MFAS Upswesp —
--- LFAS Upsweep
- LFAS Upswesp —
MFAS Upsweep
- MFAS Upswezp -

304
— TowedArray -

am154d04 — Dtag 227 —
- Song —— TowedArray -

TowedArray -

--- Globicephala
Gobicephala
Globicephala

——- Globicephala

4,
a1 4404 | FAS | Inswasn — Oreinus

oK Cancel

Figure I-5: (a) Main window of CEE_Analyser. (b) Listbox to select the exposure recording.
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Appendix II: Seafloor sediment maps
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Figure 11-1: Map of experimental site for sw08_152 with the seafloor sediment types, the vessel track,
and the whale sightings and pseudotrack. The location of the animal during the LFAS CEE is uncertain;
the single, most-northern sighting represents a possible location a few mins before exposure.
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Figure I1-2: Map of experimental site for sw09_141 with the seafloor sediment types, the vessel track,
and the whale track from the sightings.
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Figure 11-3: Map of experimental site for sw09_142 with the seafloor sediment types, the vessel track,
and the whale track from the sightings.
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Figure Il-4: Map of experimental site for 0009_144 with the seafloor sediment types, the vessel track,
and the whale track from the sightings.
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Figure 11-5: Map of experimental site for sw09_160 with the seafloor sediment types, the vessel track,
and the whale track from the sightings.
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Appendix III: Sediment table

Sediment Definition M,(p) Experiment ID
Sandy mud | Clay:silt ratio from 1:2 to 2:1, 6 0006_317
silt+clay >50%, sand <50%, gravel 0008 _149
<2% gm08_150
gmO08_154
gmO08_158
gmO08_159
gm09_138
gmQ09_156
Gravelly Sand:silt+clay ratio from 1:9 to 1:1, 5 sw09_142 (MFAS)
sandy mud | gravel 2-30% sw09_160 (MFAS)
sw09_160 (LFAS-UP)
Muddy Clay:silt ratio from 1:2 to 2:1, sand 3
sand >50%, silt+clay <50%, gravel <2%
Sand Sand >90%, silt+clay <10%, gravel 1.5
<2%
Gravelly Sand:silt+clay ratio from 1:1 to 9:1, 1 sw09_142 (LFAS-UP)
muddy sand | gravel 2-30% sw09_142 (LFAS-DO)
sw09_160 (LFAS-DO)
Gravelly Sand:silt+clay ratio >9:1, gravel 2- 0.5 sw08_152
sand 30% sw09_141
0009_144 (LFAS-DO)
Sandy Sand:silt+clay ratio >9:1, gravel 30- -1 0006_327
gravel 80% 0009_144 (MFAS)
Gravel, Dominant are gravel, cobbles and 0009 144 (LFAS-UP)
cobbles and | boulders.
boulders

Note: Signal type is given in parentheses for experiments that had different
sediment classes among sonar runs.

XXX




Appendix IV: Transmission loss patterns
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