FFl-rapport 2007/01189

Herring (sild), killer whales (spekkhogger) and sonar

—the 3S-2006 cruise report with preliminary results

Petter Kvadsheiml, Frank Bendersz, Patrick Miller3, Lise Doksaeter4/1, Frank Knudsens,
Peter Tyack6, Nina Nordlundl, Frans-Peter Lamz, Filipa Samarra3, Lars Kleivane’ and
Olav Rune Gode"

! Norwegian Defence Research Establishment (FFI), Maritime systems, Norway
2 TNO Defence Security and Safety, The Netherlands

3 Sea Mammal Research Unit, University of St. Andrews, Scotland

* Institute of Marine Research, Norway

> SIMRAD, Norway

® Woods Hole Oceanographic Institution, USA

"LKARTS, Norway

Forsvarets forskningsinstitutt/Norwegian Defence Research Establishment (FFI)

30 April 2007



FFI-rapport 2007/01189

867

ISBN 978-82-464-1154

Keywords

Sonar
Miljepévirkning
Fisk

Hval

Sonar, environmental impact, fish, cetaceans

Approved by
Petter Kvadsheim
Elling Tveit

John-Mikal Sterdal

Project manager
Director of Research

Director

FFl-rapport 2007/01189



Sammendrag

Denne rapporten oppsummerer resultatet fra et internasjonalt forskningstokt i Vestfjorden i
november 2006. Bakgrunnen for undersgkelsen er pastander om at forsvarets bruk av sonarer
skremmer bort sild og spekkhoggere fra omradet. Mélsetningen for dette toktet var derfor &
studere effekten av militere lavfrekvente (LFAS 1-2 kHz) og mellomfrekvente (MFAS 6-7 kHz)
aktive sonarer pa spekkhogger og sild. I tillegg testet man bruk av bade passive og aktive sonarer
til deteksjon av marine pattedyr, slik at man kan begrense eventuelt negative effekter av militaere

sonarer eller seismiske kilder som opereres i narheten av pattedyr.

Toktet inkluderte folgende oppgaver: 1) Merking av spekkhoggere med sensorpakker som
registrerer atferd for deretter & eksponere dem for sonarsignaler. 2) Eksponering av sildestimer
som overvintrer i omradet for sonarssignaler mens sildas atferd ble monitorert med bunnmonterte
ekkolodd. 3) Monitorering av akustiske propagasjonsforhold i omradet ved & samle inn
lydhastighetsprofiler og & anvende en akustisk modell (LYBIN). 4) Undersoke bruk av tauet
akustisk antenne (Delphinus) for & detektere vokaliserende spekkhoggere. 5) Undersgke bruk av
kommersielt tilgjengelige fiskerisonarer (Simrad SP90 og SH80) til aktiv deteksjon av
spekkhoggere.

Folgende data ble samlet inn: 1) Seks spekkhoggere ble merket med sensorpakke, 2
eksponeringer ble utfort pa til sammen 3 dyr, og 1 kontroll eksperiment ble gjennomfort. 2)
Tilstedeveerelsen av spekkhoggere i omrader hvor enten vi eller Sjeforsvaret hadde brukt sonar
dagen for ble undersekt. 3) Til sammen 12 eksponeringer ble gjennomfert mot sildestim. 4)
Lydhastighetsprofiler fra 22 posisjoner i Vestfjorden ble samlet inn og analysert. 5) Til sammen
294 timer med passiv akustisk monitorering, som inkluderte mer enn 4000 pattedyrdeteksjon ble
registrert. 6) Spekkhogger ble ogsd detektert aktivt med bade langtrekkende (SP90) og
kortrekkende fiskerisonar (SH80).

Analysen av innsamlede data er ikke ferdig, men forelopige resultater indikerer: 1) Spekkhoggere
reagerer sterkere pA MFAS signaler enn LFAS signaler. Unnvikelse og endret dykkmenster ble
registrert nar mottatt lydniva oversteg ca 150 dB (re 1uPa). Spekkhoggerne sa ikke ut til & forlate
omréder hvor vi hadde brukt sonarer, men de forsvant tilsynelatende fra omradet i flere dager
etter oppstart av militerevelsen FLOTEX Silver 2006 som innebar bruk av MFAS sonarer. 2)
Sild ser ikke ut til & foreta verken horisontale eller vertikal unnvikelse nar de blir eksponert for
LFAS eller MFAS signaler. Derimot reagerte de pa avspiling av lyder fra beitende spekkhoggere
som dekker samme frekvensomradet. 3) Bruk av fiskerisonarer til deteksjon av sjepattedyr ser
svaert lovende ut pé avstander opp til 1500 m avhengige av transmisjonsforhold. Pa korte
avstander var SP90 og SH80 likeverdige, men pé lengre avstander var SP90 overlegen.

Vi anbefaler at denne type studier folges opp slik at tilstrekkelig datagrunnlag oppnés til at vi kan
gi vitenskapelig funderte anbefalinger om bruk av sonarer. Spesielt viktig er det at man
gjennomforer flere eksponeringsforsek pa spekkhoggere og andre arter av hval, samt at man
fortsetter & validere bruken av aktive akustiske metoder til deteksjon av pattedyr for & bergrense

eventuelle negative effekter under operasjoner.
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English summary

This report summarises the outcome of an international research cruise in Norwegian waters
(Vestfjorden) in November 2006. The objectives of the trial were to study impacts of military low
frequency - (LFAS 1-2 kHz) and mid frequency - (MFAS 6-7 kHz) active sonars on killer whales
and herring. In addition the capability of active and passive sonar systems for detection of marine

mammals, in order to mitigate possible effects of sonars or seismic sources, were tested.

In order to fulfil these objectives we had to achieve the following tasks: 1) Tag free ranging killer
whales with sensors recording behaviour, and thereafter execute controlled sonar exposure
experiments on them. 2) Expose herring over-wintering in the area to sonar signals while
monitoring behavioural reactions of the herring using bottom mounted echosounders. 3) Monitor
the acoustic propagation conditions in the study areas by collecting sound speed profiles and use
acoustic propagation models. 4) Test the capability of the Delphinus passive acoustic array for
killer whale detections. 5) Test the capability of two commercially available fisheries sonars from
SIMRAD (SP90 and SH80) for active detections of killer whales.

The achievements of the trial include: 1) Deployment of six tags on killer whales and execution
of 2 sonar exposure experiments on three animals, as well as one control experiment. 2) Survey of
occurrence of killer whales in the eastern Vestfjorden basin in relationship to military sonar
activity. 3) Execution of 12 sonar exposure experiments on herring. 4) Collection of 22 sound
speed profiles throughout the study area and period. 5) Collection of data from 294 hours of
passive acoustic survey with more than 4000 detections or marine mammals. 6) Detections of
killer whales on both a long range fisheries sonar (Simrad SP90, 20-30 kHz) and a short range
sonar (Simrad SH80 110-120 kHz).

Data analysis is currently in progress. Preliminary results from these analyses indicate: 1) Killer
whales appear to be more sensitive to MFAS signals than LFAS signals. Avoidance reactions and
changes in diving behaviour were observed when received level exceeded 150 dB (re 1pPa).
Killer whale occurrence in eastern Vestfjorden did not appear to be affected by transmissions
from our experimental sonar, but whale number did decline with no whales seen for several days
following the start of a FLOTEX exercise which included use of sonar. 2) Herring does not
appear to react by neither horizontal nor vertical escape when exposed to LFAS or MFAS signals.
However, they reacted to playback of killer whale feeding sounds covering the same frequency
band. 3) Active sonar detection of marine mammals using fisheries sonars looks very promising
at ranges up to 1500 m depending on propagation conditions. At short ranges the SH80 and SP90
sonars had similar detection performances, but the SP90 was superior at long ranges.

We recommend that these studies are proceeded to obtain sufficient basis for scientific
recommendations on the use of different sonar signals. Of particular importance are additional
exposure experiments on killer whales and other species of cetaceans and further validation of

active acoustic detection of marine mammals as a tool for marine mammal mitigation.
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Preface

In November 2006, a highly dedicated group of scientist from 7 different countries representing 6
different research establishments was involved in the 3S-2006 field trial in the North of Norway.
The common goal of all of us was to take one or two steps forward in understanding how marine
organisms are affected by high power military sonars, and to contribute to the establishment of
scientifically based procedures to mitigate negative effects on the marine environment and the
people who base their income on marine resources. The research group was highly international,
and the outcome of the trial was also expected to have an international impact. This report
summarizes the achievements from the trial, and presents some preliminary results and
interpretations. However, all the collected data are still being analysed, and thus the final
recommendations that are expected to be the outcome of the trial, will be published in a suitable
format at a later occasion. This report is a joint effort of all the authors, and the cruise leader Dr.
Petter Kvadsheim has been the editor. On behalf of FFI he would like to express gratitude to our

collaborating partners, participating scientists and sponsors.
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1 Introduction

1.1 Project background

Modern anti submarine active sonars transmits very powerful acoustic signals at lower
frequencies than traditional sonar in order to increase the propagation range of the signals. The
Royal Norwegian Navy and the Royal Netherlands Navy are both in the process of acquiring or
testing such active sonar systems in the frequency band 1-8 kHz. Such signals can be detected by
many species of marine mammals and some species of fish, and can potentially be harmful to
them. In order to establish guidelines for environmentally safe operations of these sonars, the

impact of the transmitted sonar signals on marine life need to be investigated.

The occurrence of killer whales (Orcinus orca) in the coastal waters of northern Norway is
related to the seasonal migration pattern of the Norwegian spring-spawning herring (Clupea
harengus) (Simila et al. 1996). The herring over-winters in the Vestfjorden and Vesterdlen area
from October to January and during this time several hundred killer whales are normally present
in the fjords. During the FLOTEX 2000 naval exercise claims were made from the local
community and environmental groups that the use of naval sonars led to a decreased numbers of
killer whales and herring in the area, and that this had a negative impact for the whale watching

companies and for the herring fishing fleet.

Killer whales are common along the Norwegian coast and world wide. It is an average sized
toothed whale and a top predator among cetaceans. Studies of the effect of sonar signals on the
behavior of killer whales make a very relevant reference study for similar studies on other species

of cetaceans, such as beaked whales.

The Norwegian spring spawning herring stock is very important both in an economical and
ecological perspective (Foyn et al. 2002). The herring has a unique sense of herring among the
fish species in Norwegian waters (Mitson et al. 1995). Being a clupeid fish it can hear signals in
the frequency band up to about 5 kHz (Enger 1967), and consequently it may also react to such

signals.

Studies of the effect of sonar signals on killer whales and herring in the Lofoten fjords in
November, offers an opportunity to study two very relevant species at the same time. In addition,
we could also study how the predator prey interaction may be effected by an anthropogenic
influence like the sonar signal.

Operational protocols to mitigate possible effects of sonar signals on marine mammals will often
require that you know that the mammal are in the vicinity of a naval vessel. Visual observations
of marine mammals are very difficult and limited to daylight and good weather conditions. It is

therefore also critical that alternative techniques to detect marine mammal are developed.
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1.2 Project objectives

The scientific objectives of the projects involved in the trial was to investigate behavioural
reactions of killer whales and herring to simulated Low Frequency Active Sonar (LFAS (1-2
kHz)) and Mid Frequency Active Sonar (MFAS (6-7 kHz)) signals, in order to establish safety
limits for sonar operations in the vicinity of killer whales and in areas of high herring densities. In
addition we wanted to test the capability of active and passive sonar systems for detection of
killer whales in order to mitigate possible impacts of acoustic transmission during seismic or

naval operations.
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Figure 1.1. The hearing sensitivity of herring (Enger 1967), killer whales (Szymanski et al.
1999) and human divers (David 1999) at different frequencies. The frequencies of the LFAS and
MFAS signals used in the study are also indicated.

1.3 Cruise tasks

1. Tag free ranging killer whales inside the Vestfjorden basin with sensors recording behaviour,
and thereafter execute controlled exposure experiments (CEE) where the tagged animals are
exposed to acoustic LFAS and MFAS signals.

2. Expose herring over-wintering in the area to LFAS and MFAS signals while monitoring
behavioural reactions of the herring using bottom mounted echo sounders.

3. Monitor the acoustic propagation conditions in the study areas by collecting sound speed
profiles and use the acoustic propagation model LYBIN.

4. Test the capability of the Delphinus passive acoustic array for killer whale detections.

5. Test the capability of two commercially available fisheries sonars from SIMRAD (SP90 and
SH&0) for active detections of killer whales.
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2 Partners

2.1 Scientific Partners

The scientific partners in the projects were;

1. FFI — The Norwegian Defence Research Establishment, Maritime Systems Division,
Horten, Norway. FFI is a governmental research institute giving scientific advice to the
Ministry of Defence.

2. TNO, Defence Security and Safety, The Hague, The Netherlands. TNO is the
Netherlands Organisation for Applied Scientific Research.

3. SMRU- Sea Mammal Research Unit, St. Andrews, Scotland. The SMRU is part of the
University of St. Andrews.

4. IMR - Institute of Marine Research, Bergen, Norway. The IMR is a governmental
research Institute giving advice to the Ministry of Fisheries.

5. WHOI — Woods Hole Oceanographic Institution, Woods Hole, MA, USA. WHOI is a
private, non profit ocean research, engineering and education organisation.

6. SIMRAD AS, Horten, Norway. Simrad is a Kongsberg company and a commercial
producer of acoustic fish finding equipment.

7. LKARTS, Horten, Norway. LKARTS is a private consultant company specializing in

instrumentation of cetaceans.

2.2 Sponsors

The projects included in the 3S-2006 trial were financially supported by the Royal Norwegian
Navy and the Norwegian Ministry of Defence, the Royal Netherlands Navy and the Ministry of
Defence, The Netherlands. In addition the specific part of the trial which included a feasibility
study to test active detection of marine mammals with SIMRAD sonars, was supported by the
International Association of Oil and Gas Producers (OGP), E&P Sound and Marine Life

Programme.

2.3 Cruise participants

Name Institution | Embarked | Disembarked | Vessel
Frank Benders TNO 10.11 17.11 Sverdrup
Kees Camphuijsen TNO 03.11 10.11 Sverdrup
René Dekeling RNLN 24.11 01.12 Sverdrup
Lise Dokseaeter IMR/FFI 02.11 01.12 Sverdrup/Inger Hildur
Ari Friedlaender SMRU 02.11 01.12 Sverdrup
Peter Fritz TNO 24.11 01.12 Sverdrup
Ole Bernt Gammelseter SIMRAD 24.11 30.11 Inger Hildur
Adrie Gerk TNO 02.11 24.11 Sverdrup
Sander van Ijsselmuide TNO 02.11 10.11 Sverdrup
Lars Kleivane FFI 02.11 01.12 Sverdrup
Frank Knudsen SIMRAD 24.11 30.11 Inger Hildur
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Name Institution | Embarked | Disembarked | Vessel

Joost Kromjongh TNO 24.11 01.12 Sverdrup

Sanna Maarit Kuningas SMRU 02.11 01.12 Nekken/Sverdrup
Petter Kvadsheim FFI 02.11 01.12 Sverdrup
Frans-Peter Lam TNO 02.11 10.11 Sverdrup

Patrick Miller SMRU 02.11 01.12 Sverdrup

Nina Nordlund FFI 17.11 01.12 Sverdrup

Alice Elizabeth Moir Pope | SMRU 02.11 01.12 Nekken/Sverdrup
Myriam Robert TNO 10.11 24.11 Sverdrup

Filipa Samarra SMRU 02.11 01.12 Nekken/Sverdrup
Tommy Sivertsen FF1 02.11 01.12 Sverdrup

Erik Sevaldsen FFI 02.11 17.11 Sverdrup

Rune Savik FFI 17.11 21.11 Sverdrup

Hajime Yoshino SMRU 02.11 01.12 Nekken/Sverdrup
Timo van der Zwan TNO 17.11 01.12 Sverdrup

Table 2.1.

3 Logistics

3.1 Vessels

Alphabetical list of participants on the 3S-2006 cruise with institutional affiliation.

Three vessels were used during the trial. The FFI RV HU Sverdrup Il was the leading ship, and
most of the scientific crew was lodged on board the Sverdrup. Sverdrup was equipped with the
SOCRATES sonar source, the Delphinus passive acoustic array, a VHF tracking system, two tag
boats for tagging killer whales, fuel for the tag boats and CTD probes. The commercial purse
seiner MS Inger Hildur was hired for a week. Inger Hildur was equipped with SIMRAD sonar
SP90 and SH80, in addition to several echosounders. The FFI RV Ngkken was used as an
observation platform for the killer whale studies. Nokken was equipped with a towed hydrophone
array, a visual tracking system and a VHF tracking system. Nekken was land based and went

back to harbour every night.

Figure 3.1. Vessels used during the trial. A; - FFI RV vessel HU Sverdrup Il (180 feet), B; - MS
Inger Hildur (162 feet), C; - FFI RV Ngkken (36 feet).
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3.2 SOCRATES

During the controlled exposure experiments the multi purpose towed acoustic source, called
Socrates I (Sonar CalibRAtion and TESting), is used. This source is a sophisticated versatile
source that is developed by TNO for performing underwater acoustic research. It is designed as a
high-tech, yet still low cost component that can be used for many applications. Socrates has two
free flooded ring (FFR) transducers, one ring for the frequency band between 0.95 kHz and 2.35
kHz (max. power 209 dB re 1 pPa @ 1m), and the other between 3.5 kHz and 8.5 kHz (max.
power 197 dB re 1 pPa @ 1m). It also contains one hydrophone, depth, pitch, roll, and
temperature sensor. All these sensors can be recorded.

Figure 3.2. Scheme of the Socrates body (left), and Socrates | on board
HU Sverdrup Il (right)

Socrates can be remotely controlled by a COTS PC. The control software is a generalised WAV-
player that allows for the transmission of any predefined or recorded acoustic signal. A graphical
user interface controls the operational modes and monitors the systems’ hardware and sensors.
The different operation modes include; a locator mode with time triggering (GPS), a transponder
mode with acoustic triggering of predefined signals, and an echo repeater mode, in which the
recorded signals are retransmitted with simulated Doppler shift and target strength. Besides
transmission of high power pulses (short signals), transmission of long duration signals (noise,

signatures or communication signals) at modest power is also possible.

The system consists of a towed body with good hydrodynamic properties, a partly faired tow
cable, a deck cable and a PC based operator interface, and a power amplifier rack containing
amplifiers, power supply interfaces and transformers. The towed body contains two acoustic
sources, a hydrophone, and a watertight inner pressure hull for the transformer and the non
acoustic sensors. The deck unit of Socrates was placed in a container on deck of Sverdrup.
Operation of Socrates was performed with terminals in the laboratory room of the ship.

FFl-rapport 2007/01189 13



The depth of Socrates depends on the speed (in water) and cable length (fig. 3.3). The Socrates
source can be used with speeds between 3 and 12 knots. When the maximum source level needs
to be transmitted, the source needs to be at more than 30 m depth. The maximum turn rate during
towing is 15 deg per minute.

Socrates radiated sound for the specified source level of 180 dB re 1uPa @ 1m
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Figure 3.3.  Left; depth of the Socrates body as function of tow speed and cable length. Right;
Measured output spectrum of Socrates for a source level of 180 dB re 1 uPa @ 1m

The source level of the Socrates source depends slightly on the frequency (fig. 3.3). During the
Controlled Exposure Experiments (CEE) the time triggered operation mode is used. The
transmission were started (timed) and stopped via the control PC. During the CEEs, two types of

signals were used:

1. LFAS HFM upsweep [1-2 kHz] 209 dBre luyPa @ 1 m

2. MFAS HFM upsweep [6-7 kHz] 197 dBre IpPa @ 1 m
Depending on the selected frequency band, the following ramp-up signals were used:

1. LFAS 150-209 dB re 1pPa @ 1 m,

2. MFAS 138-197 dB re 1pPa @ 1 m,

Where the pulse length was 1.0 second, pulse repetition time is 10 seconds, and the duration is 10
minutes. Immediately after the ramp up signals, the full power pulses were transmitted with a
pulse repetition time of 20 seconds. During the experiments the acoustic and non-acoustic sensors
data are recorded. During silent runs, the source is not transmitting, but the hydrophone and non
acoustic sensors are recorded. In advance of the herring experiments, a shorter ramp-up scheme

with a duration of three minutes was used.

3.3 Delphinus

During the trial, the TNO developed Delphinus array was used. It was deployed from the
Sverdrup to acoustically search for marine mammals. Since the visual search could only be done

during the short daylight hours, the array was widely used during the night.

14 FFl-rapport 2007/01189



Figure 3.4. Deployment of the Delphinus array from
the HU Sverdrup II.

The Delphinus is a single line array (54 metres long) containing 18 hydrophones with a frequency
range of 10 Hz to 40 kHz. The hydrophone section is 3.7 meters long and has an outer diameter of
65 mm and is neutrally buoyant. The sensitivity of the hydrophones including preamplifiers is
175 dB re 1 volt/uPa. The middle section contains 16 hydrophones that have a spacing of 6 cm,
while the outer two hydrophones are spaced 60 cm from the rest. These two hydrophones are used
for classification and localisation. All hydrophones are sampled up to 108 kHz. The array is also
equipped with a depth sensor (also recorded). Figure 3.5. shows the frequency dependency of the
hydrophone sensitivity.

voltage sentivity (dB re 1% iuPa)

[} 10 1 10 10°
frequency (Hz)

Figure 3.5. Frequency dependency of the
Delphinus array. Frequencies are given from 10 Hz
to 100 kHz on a logarithmic scale.

Besides the hydrophone section, two vibration isolation modules are used. The modules are

standard modules developed at TNO. The purpose of these modules is to prevent cable and tail
strumming vibrations on the hydrophones, and increase the distance between the tow cable and
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the Delphinus hydrophone section. The breaking strength of both sections is 18 kN. The tow

cable of the array is 180 metres, which was wrapped on a Tabat winch during the trial.

The Delphinus array can be towed together with the Socrates source. When the Delphinus array is
towed, the tow speed needs to be between 3 and 9 knots. The Delphinus functions best at a speed
between 7 and 8 knots. The tow depth of Delphinus needs to be lower than the Socrates (depth
separation). Delphinus need to always be deployed before Socrates, and Socrates will be
recovered out of the water before Delphinus. Both systems were together in the water only during
the calibration experiments. When a CTD sensor is used to measure the sound speed profile,
Socrates and Delphinus need to be out of the water. The tow depth of Delphinus will depend on
the tow speed and the cable length (table 3.1).

Speed [Kts]
Cable length | 3 6 9
[m]
90 45 21 10
150 87 41 20

Table 3.1. Dynamic behaviour of the Delphinus array.

The processing of the data is done on one dual processor PC. One processor handles the data
acquisition and the other one is dedicated to the processing of the data. For the data acquisition a
dedicated data acquisition card from ICS type 610 equipped with Analogue Digital converters for
32 channels is used. These channels are equipped with anti-aliasing filters. The resolution of the
ADC is 24 bits with a sample rate of 108 kHz per channel. During the trial all data was processed
and stored on the rate system with a storage capacity of 6 TBytes.

The real-time processing chain of the Delphinus consists of an automatic transient detector and an
audio and spectral analysis tool allowing manual classification. Offline, the detected transients
can be fed to an automatic classifier which analyses the spectrogram features of the transients.
These tools have been developed at TNO as part of a complete Detection Classification and
Localisation (DCL) suite for transients analysis. The tools have been tested and validated at sea
during three campaigns at sea in 2004, 2005, and 2006 (Royal Netherlands Navy, TNO). Two of
these campaigns were dedicated to marine mammal research and focussed of the Delphinus real-
time processing. The middle hydrophone section of the array is processed together up to 12 kHz
to provide direction indication (beamforming), while the two classification hydrophones
(processed up to 48 kHz) are processed separately over the whole frequency band. In the
following subsections a short description of the three processing steps in the Delphinus

processing chain is given.

3.3.1. Automatic detector

The TNO automatic transient detector was developed for both low frequency arrays and wide
band arrays such as the Delphinus. It can be applied to any time-series, also received from single

hydrophone receiving systems. For example it was used to analyse sonobuoy data from the
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SIRENA 2003 campaign of the NATO Undersea Research Centre (NURC). Using the automated
detector allows for a significant reduction (in real-time) of the huge amount of data that is
recorded, such that only the interesting parts need to be analysed. It is based on the combination
of a power-law integrator and a Page test for the passive detection of marine mammals. The
power-law integrator is robust against varying signal bandwidth and the Page test detector
(Abraham and Willett 2002) is an optimum detector for signals with an unknown duration. The
processing can be separated into four basic steps:

1. Pre-processing

2. Beamformer

3. LOFAR (Short Time Fourier Transform)

4. Page-test/power law detector

The first step in the processing chain is equalisation of the hydrophone data. The second step in
the detection processing is beamforming. This step is used to improve the signal to noise ratio by
means of noise suppression from other directions than the looking direction. Furthermore, it gives
an indication of the direction information of the detected transient. A special wideband
beamformer is developed for this purpose. Standard beamforming algorithms can only be
efficiently applied to bands of one octave or less. The problem is of computational nature and has
its origin in the fact that the beamwidth depends on the frequency. For high frequencies many
beams (twice the number of hydrophones) are required for omni-directional monitoring. The
combination of many frequencies and many beams is unrealizable in current practice. Still,
detection of transients over the whole operational band is essential for marine mammal detection.
This was achieved by reducing the beamwidth by application of a constant (frequency
independent) beamwidth beamformer. In the beamforming process, a fixed number of sectors (8,
16, 32 or 64) is constructed, which have a constant beamwidth in the full frequency band. This
allows to monitor the underwater horizon in real-time on a COTS PC. With our current PC the
number of beams is 32.

For monitoring, the results are displayed as a “multi-beam LOFAR” type of display. Therefore
the LOFAR step is introduced. For the middle hydrophone section, only five beams are shown
(front, beam 60°, broadside, beam 120° and aft). Even more beams can be made in the
beamformer, but only five are necessary. Neighbouring beams are merged (by incoherent
summation) for displaying only five beams. An example of the output is shown in figure 3.6. For
each of the five beams, a time-frequency plot (tf-plot or gram) is shown with frequency on the
horizontal axis and time on the vertical axis. The axes are rotated to make the display look like a
more standard LOFAR gram (waterfall) as used in operational passive sonars. In the case of the
classifying beams, no beamforming is performed and an omni-directional LOFAR is displayed.

The second step is automatic detection of the marine mammal transients. This is achieved by the
combined use of a power-law and Page test algorithms (IJsselmuide & Beerens 2004), which acts
on all the beams separately. The power-law integrator is robust against varying signal bandwidth
while the Page test detector is an optimum detector for signals with an unknown duration. This
combination of sector beamforming and power-law/Page test detector has proven to be very
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successful in detecting marine mammal vocalisations. After normalisation of the beamformed or
omni-directional data, the power-law/Page test detector is applied for automated detection and
extraction of the signals. The normalisation is an adaptive process in which the background is
continuously measured and averaged, and then subtracted from the data. In this way, only
fluctuations in the background are noticed. This step equalizes the stationary background noise.
Thus, signals, i.e. fluctuations in the background, are clearly visible. The detector performs a
summation in the horizontal direction over all frequency bins for each time step. Whenever this
summation exceeds a certain threshold, a signal is detected. The thresholds specification depends
on the background noise (including the tow ship noise). This level is usually set manually by the
operator according to the acoustic conditions in the trial area, so that the detector is not sensitive
for small noise bursts, but still detects the low amplitude transients. After the detection of a
transient, the start and stop times of this transient are known and the transient can be stored. The
stored transient files are displayed on the lower right part of the screen. This allows for further

analysis; classification and localisation.
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Figure 3.6. Example of multi beam LOFAR display on the low frequency processing of
the Delphinus. To the right of the LOFAR display is an example of the output of the
power-law/Page test detector. The blue lines shows the results on the middle section (16
hydrophones) while the green ones show the detection results on the classifying beams
(outer hydrophones). The threshold is displayed in red. This allows the operator to
monitor both sections simultaneously.

3.3.2 Audio and spectral analysis tool
In the current version of the software, the detected transients are passed on to an analysis tool one

by one. This analysis tool is a Matlab®-based audio-player whi