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Background on project and funding

This document provides a summary of the underwater acoustic vector sensing/particle motion
workshop, organised by the National Physical Laboratory (NPL), UK, which took place at NPL
on 27 November 2014, and was funded through the National Measurement System,
Acoustics and lonising Radiation Programme. This document aims to summarise the main
discussion outputs, in addition to providing an outline of possible recommendations towards
achieving a more holistic representation of particle motion in aquatic environments, and is not
intended to be a verbatim report of the workshop discussions. The report summary is
intended to be used as the basis for identifying a road map for 'particle motion'.
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1 INTRODUCTION

The measurement of underwater sound generally refers to the measurement of sound pressure in the
water, primarily because the hydrophone, used to measure sound, is a pressure sensitive device. Marine
mammals are sensitive to sound pressure in the water much the same way as land mammals are
sensitive to sound pressure in air. However, it has long been understood that fish respond to particle
motion in water, and there is increasing understanding that at least some marine invertebrates are also
sensitive to particle motion.

Many aquatic habitats are exposed to anthropogenic activities, which often produce radiated acoustic
energy, generally into the water, and sometimes into the seabed. Examples span a range of activities
including commercial fishing, boating, naval operations, shipping, offshore construction, energy
generation, explosive discharge, marine surveying and resource exploitation.

The potential for offshore activities to impact aquatic life is recognised in the European Commission’s
(EC) Marine Strategy Framework Directive (MSFD) within Descriptor 11 for achieving Good
Environmental Status (GES) with respect to underwater noise and other forms of energy. Under the
MSFD, Member States are required to take steps to achieve or maintain Good Environmental Status for
each of the descriptors by 2020. A technical subgroup has proposed advice and options for the
implementation of MSFD Descriptor 11 through two indicators for underwater noise, relating to loud
impulsive sounds, and ambient noise levels, respectively. In addition, national regulations can require
environmental impact assessment (EIA), and monitoring of underwater noise for offshore
developments. In general, existing regulation requires consideration of the sound pressure. The
requirement to consider sound particle motion and seabed vibration is less clear, with no specific
regulatory requirement to assess or monitor sound particle motion currently in existence.

Any effort to reliably describe the response of particle motion sensitive organisms to underwater sound,
understand the impact of anthropogenic noise on marine species, and quantify the levels of sound
associated with a particular effect, requires a reliable characterisation of the sound particle motion in the
water column and vibration of the seabed.

For the purposes of this report, the term vector sensing refers to the measurement of acoustic vector
quantities (e.g. sound particle displacement, sound particle velocity, sound particle acceleration, or
sound intensity), and the instrumentation designed for the measurement of such quantities. The term
particle motion is used to refer to the instantaneous motion (e.g. velocity, displacement or acceleration)
of a material element due to the action of vibration or sound waves, specifically in the water column,
along the interface between the seabed and the water, or within the seabed.
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2 WORKSHOP AIMS AND CONTEXT

The overarching aim of the workshop was to facilitate a discussion between biology and acoustics
experts with the intention to: i) outline the principal information/ knowledge gaps, and requirements
relating to particle motion in aquatic environments, and ii) identify ways forward to address these
knowledge/data gaps.

The workshop was structured to achieve this through a number of key questions, which were addressed
during a series of presentations, a panel discussion, three parallel group discussions, and a plenary
session. The discussion was generally guided by the following key questions:

e Do we need to quantify particle motion, and why?

e What are the main obstacles preventing us from quantifying particle motion? How can we
make progress to remove these obstacles?

e What are the priorities for examining the sound detection abilities of fishes and invertebrates?
How can we achieve a better understanding of the mechanics and physiology of particle motion
detectors in fishes and invertebrates? How do we translate this to an understanding of impact?

e Under what circumstances is measurement of particle motion required? What are the
measurement challenges? What steps are required to take this forward?

The workshop provided an opportunity for a dedicated, cross-disciplinary, expert group discussion,
focused on the needs and requirements for reliable quantification of underwater particle motion (sound
particle motion in the water column and particle motion of the seabed), in the context of anthropogenic
underwater noise.



NPL Report AC 13

3 PRESENTATIONS

Four foundation talks, and an additional short talk, were presented to inform discussion during the
workshop.

The workshop presentation session outline, in chronological order, was as follows:

e Tony Hawkins on ‘Biological drivers for particle motion measurement’
e Michael Ainslie on ‘Sound, particle motion and sound intensity’

e Dick Hazelwood on ‘Part 1. Circular water particle motion and ground roll — how should we

assess this? Part II. Testing the bio-sensitivity — a potential solution?’
e Markus Linné on ‘The FOI particle motion sensor - a technical viewpoint’

e John Dalen on ‘Sound exposure and its level’.

Copies of these presentations are provided in Annex A. The slides have been reproduced with the
permission of the presenters.
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4 PANEL DISCUSSION - ‘DO WE NEED TO QUANTIFY PARTICLE MOTION, AND
WHY?”’

The requirement to quantify particle motion in the marine environment was acknowledged in a
consensus view by workshop participants.

Various applications that rely on the measurement of vector parameters were identified, notably
directivity measurements employed by the oil and gas industry, and in naval surveillance, where vector
sensing is common practice. The primary area where particle motion measurement is required, but
currently not realised, was recognised to broadly correspond to the research into environmental effects
from particle motion on fish and aquatic invertebrates. The foundation presentation on ‘Biological
drivers for particle motion measurement’ by Tony Hawkins outlined the origins of this concern,
highlighting that the research into fish sensitivity to particle motion dates back to the late 1960s and
1970s.

Further need for particle motion to be quantified was highlighted in the regulatory context, and with
respect to the management of human activities that affect ecosystems and fisheries (for example,
fisheries for invertebrates like the Norway lobster Nephrops norvegicus, and fishes like the mackerel
Scomber scombrus), with concerns for economic and ecosystem-scale impacts.

The discussion focussed on two main points:

I)  The expected spatial scale of the effect in relation to fish and aquatic invertebrates, and
requirements of the European Commission’s Marine Strategy Framework Directive (MSFD);
and

II)  The desired balance between modelling and measurement to fulfil the requirement to quantify
particle motion.

Descriptor 11 of the MSFD for Good Environmental Status (GES) does not explicitly prescribe that
particle motion, as one of the parameters to describe underwater noise, needs to be monitored.

In a 2010 Commission Decision, the European Commission produced a set of detailed criteria and
indicators to help Member States determine what each descriptor means in practice and measure
progress. Two indicators, one for impulsive sound sources and one for ambient noise were put forward
by the Commission, based on the advice of a technical subgroup (TG11). Particle motion was suggested
as a parameter of relevance during the early stage of discussions of TG11. However, that group did not
consider particle motion of sufficient importance to include it as an indicator (see Tasker et al., 2010").
The Commission Decision on indicators to describe GES will be revised regularly, and this will likely
happen in 2015/2016. In addition, while the Directive itself is not intended to be revised in the near
future, there is a 6-year cycle in which EU Member States should revise assessments and environmental
targets. In the ongoing revision process, the present set of indicators will be evaluated, and experts from
EU Member States are being consulted on the usability of the present set of indicators and the need for
further indicators. The new EU technical subgroup TG Noise is assisting in this revision process, and
has produced a rationale to determine whether new indicators are needed. The present status of noise
monitoring in European marine waters is that there is still no structural monitoring in place, and the
vision of the European Commission (and of most EU Member States) is that starting monitoring
programmes, making use of the first two indicators, should have priority over introducing additional
indicators. It is therefore unlikely that there will be large scale monitoring making use of a particle
motion indicator within the scope of the MSFD within a few years. That does not exclude the
possibility that particle motion can be monitored, e.g., for impact assessments of licensed activities such
as piling and seismic surveys, however, this would then be guided based on other legislation. If

1 Tasker M.L., Amundin M., André M., Hawkins A., Lang W., Merck T., Scholik-Schlomer A., Teilmann, J., Thomsen F., Werner S., and M.
Zakharia (2010) Marine Strategy Framework Directive — Task Group 11 Underwater noise and other forms of energy, EUR 24341 EN — Joint
Research Centre, Luxembourg, p. 55.
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information collected in such assessments shows that a particle motion indicator would have sufficient
added value, particle motion can be taken up as an additional indicator in the next MSED cycle.’

Much of the discussion of the panel focussed on the spatial scales where particle motion is expected to
have an impact on sensitive marine life (distance, area), and the circumstances where the free-field
plane-wave relationship between sound pressure and particle motion breaks down. The latter formed
the second part of the panel discussion (see below).

It was noted that the work by Hawkins et al. (2014)° had reported mackerel response to acoustic
stimuli, a species believed to respond to particle motion rather than sound pressure, and that the sound
levels at which the response was observed would be expected to occur at considerable distances (many
kilometres) from the specific sound source (impact pile driving operation).

Further discussion highlighted a number of key data gaps, where limited or no information exists:

e Information on ambient noise particle motion values, and levels for particle motion associated
with specific sound sources, both along the seabed, and in the water column;

e Knowledge and understanding regarding expected reactions from marine life to particle
motion, and the levels at which such response would occur (i.e. detection thresholds and
sensitivity); and

e Understanding of the expected spatial dimensions of impact from particle motion.

With respect to environmental impact assessments (EIA)/consenting, and general regulatory advice, the
requirement for informed decisions regarding the nature of impact was highlighted. This was
substantiated by a further acknowledgement that no well-defined structure or system currently exists for
assessing the impact of noise/human offshore activities on fish, as is the case for marine mammals and
birds.

In summary, it was agreed that there is a requirement for i) focussed studies that will provide an
indication of the expected amplitudes associated with particle motion in aquatic environments, and ii)
concerted efforts towards characterising any impacts, and associated implications from exposure to
particle motion.

The remainder of the panel discussion focused on propagation modelling, and the requirement to
perform measurements. It was highlighted that quantifying sound particle motion in the water using
numerical modelling solutions would be a reasonable approach in much the same way as this approach
is suitable for applications where sound pressure needs to be quantified. In the foundation presentation
on ‘Sound, particle motion and sound intensity’ Michael Ainslie showed that the existing propagation
modelling approaches, generally used to describe the sound pressure component of the sound field, can
be used as the basis to extract values for particle motion in the water column from calculation of
pressure gradient, assuming that sufficient resolution is used in the calculation. The prospect of
modelling particle motion raised a number of points of discussion, with the key points captured in the
following conclusions:

e [Extraction of sound particle motion from acoustic propagation models is not widespread and
not routinely provided as outputs by existing models;

e Modelled results require validation with measurements of particle motion; and

e Ocean propagation models are often ‘simple’ in their representation of the seabed (i.e. often do
not support shear forces), and more detailed models might be required. This highlighted a
further requirement for fully characterised seabed properties to support the modelling.

2 This paragraph contains supplementary information, in addition to that discussed at the workshop.
3 Hawkins A. D., Roberts L., and S. Cheesman (2014) Responses of free-living coastal pelagic fish to impulsive sounds, Journal of the
Acoustical Society of America, 135, 3101-3116.
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In terms of measurements, there was general agreement that the characteristics of seabed vibration are
not widely known or understood, and hence measurements would be desirable, and it was further
acknowledged that specialised equipment would be required. In relation to impact assessments, it was
noted that measurements ought to be considered only if the risk assessments indicate large scale impacts
(i.e. several km).

The discussion relating to the measurement of particle motion in the water column was mostly focused
on the understanding of the relationship between sound pressure and sound particle motion within the
water column, and whether particle motion always needed to be measured ‘directly’, i.e. under which
circumstances would plane wave approximation be insufficient. It was further suggested that although
the simple plane-wave relationship between sound pressure and particle motion breaks down in the
interference regions (near field, and close to boundaries), the discrepancy might sometimes be less
significant than it appears. In regions of destructive interference (nulls in the interference pattern), the
cancellation for vector quantities tends to be less complete than for a scalar quantity such as pressure,
leading to a greater relative difference between the particle velocity value and that predicted from a
plane-wave relationship.

The following possible reasons were proposed as the main causes for the measurement of sound particle
motion being a restricted activity, rather than a routine measurement; a) measurement historically not
deemed important, b) general equipment unavailability, c¢) data analysis and interpretation not readily
available or understood.

It was further postulated that measurements cannot be realised everywhere, and may not always be
required, and it was suggested that using validated prediction tools might be an appropriate alternative.
This may particularly be the case when considering wider scale effects, for MSFD for example. It was
also pointed out that the seismic industry routinely acquires particle motion data, however, the
equipment is elaborate, and the measurement associated with a considerable cost.

Overall, there was a clear desire to improve the confidence in modelling tools, and obtain validation
data, and it was suggested that particle motion data held by the oil and gas industry might provide some
opportunities for validation and quantification of particle motion under those conditions.

In general, the mutual reliance of biology and acoustics was recognised, with the requirement for better
overlap in expertise. At present, the understanding from biology is needed to inform the requirements
for measurement and modelling, which in turn is required to support research programmes focused on
improving the understanding of hearing abilities, sensitivities and potential impacts to particle motion
sensitive receptors.

Key conclusions from panel discussion:

e There is limited data on ambient noise values for particle motion, and levels within the sound
fields associated with specific sound sources, both, along the seabed and in the water column.

e There is limited knowledge and understanding regarding expected reactions from marine life to
particle motion, and the levels at which such response would occur (i.e. hearing thresholds and
sensitivity).

e There is little understanding of the expected spatial dimensions of any impact from particle
motion.

e There are no well-defined criteria for assessing noise impacts on fish, similar to those available
for marine mammals and birds*.

4 Editors’ note: recent expert panel review (see Popper et al., 2014) considered existing information too limited to derive a set of sound
exposure criteria for fishes akin to the Southall et al. (2007) framework for marine mammals, although where deemed appropriate Popper et al.
provided guidance on likely threshold levels, or otherwise indicated the relative risk of an effect occurring.



NPL Report AC 13

Numerical modelling of particle motion has been demonstrated, but is not commonly
performed.

Further work is required to take into account the effects of seabed (also applies to the sound
pressure field).

Predictive tools/models require validation (existing data might be acquired from the oil and gas
industry to facilitate cost-effective validation).

A requirement exists for increased involvement of acousticians in projects involving effects of
sound on fish, in order to advise on the conditions and applications when the plane wave
approximation cannot reliably be used to quantify particle motion from sound pressure
measurements.
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5 FOCUSED GROUP FEEDBACK AND DISCUSSION

Each break-out group was presented with a specific set of questions as follows;

A. What are the main obstacles preventing us from quantifying particle motion? How can we
make progress to remove these obstacles?
The key points from group A in response to the above questions were that:

Modelling methods and measurement instruments are available, although the main
obstacle to their use is the requirement of specialist knowledge, and in some cases, the
cost associated with them;

Lack of funds and time has hindered the development of tools in this area which are
required to bring down the cost;

There is limited access to survey data which could be used in propagation models and
for their validation;

There has been a lack of collaboration between acoustic and biology expertise, which
requires partnering in research projects and programmes;

There is a need for greater understanding of the requirements, which should be
overcome with greater collaboration, training etc.;

There is limited measurement and modelling experience with regard to particle motion,
requiring research and experience to enable standards to be developed;

Lack of instrument calibration specification means that traceable measurements cannot
be made.

B. What are the priorities for examining the sound detection abilities of fishes and invertebrates?
How can we achieve a better understanding of the mechanics and physiology of particle
motion detectors in fishes and invertebrates? How do we translate this to an understanding of

impact?

The key points from group B in response to the above questions were that:

There is an essential requirement for the reliable quantification of particle motion,
particularly near the seabed and near the surface, where most of the biomass expected
to be sensitive to particle motion resides;

There is a need to prioritise effort/research on the sensitivity and detection abilities of
fish and marine invertebrates. The selection of representative species may provide a
possible solution; with potential selection criteria for particle motion sensitive species
being: 1) environmental protection status of the species; ii) commercial importance; iii)
ecological significance (e.g. stage in the food web and ‘ecosystem services’ of the
species); iv) reliance on sound by the species (e.g. vocal species, species known to rely
on sound);

There is a need to understand the nature of the effect of/response to particle motion and
the associated level,

There is a need to understand the scale of effect (e.g. how might any observed effects
have impacts upon animal populations and ecosystems; what are the spatial scales of
certain impacts (e.g. distance from the sound source));

Effort should be directed towards examining larger scale impacts, and studies are
required for a variety of sound sources to inform the potential for impact.

C. Under what circumstances is measurement of particle motion required? What are the
measurement challenges? What steps are required to take this forward?
The key points from group C in response to the above questions were that:

In many cases sound particle motion in the water column can be derived from the
measurement of sound pressure, and that even in shallow water for example,
approximations might be reasonable;
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e Relative impedance modelling (see presentation 2) may be used to show areas where
there is a deviation from a plane wave approximation of particle motion; the deviations
occurring as a result of pressure cancellation (i.e. a reduction in pressure levels, rather
than an increase in particle motion) are due to pressure being a scalar quantity that
experiences cancelling much more readily than particle motion, as a vector quantity;

e The circumstances primarily requiring measurement of particle motion are in the near-
field and in shallow water (including tanks);

e Understanding the coupling of sensors to either the water column or seabed is a
particular challenge;

e Understanding/measurement of seabed vibration, and its re-radiation into the water
particularly in relation to pile-driving is essential;

e An understanding is required of the frequency range, noise floor and sensitivity
requirements of the instrumentation, which may be further informed by the biological
drivers. The frequency range between a few hertz to a few hundred hertz is understood
to be the most likely range where particle motion measurement is necessary;

e There will be a requirement for measurement standards for particle motion, and for
standards for the calibration of the measurement instruments;

e There exists significant expertise within the oil & gas/seismic industry, which should
be exploited.

Potential options for funding were identified as i) the European Union, in particular the Horizon 2020
framework, ii) national research funding bodies, and iii) the Offshore Renewable Energy (ORE)
Catapult (UK). A potential collaborative route forward, through the ORE Catapult, was proposed by
Steve Simpson, building on existing work led by Exeter University (Rick Bruintjes).
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6 SUMMARY

The existing information on particle motion in aquatic environments is mainly limited to particular
specialist applications, such as geophysical surveying and naval surveillance. There is a requirement to
increase the knowledge base and progress our understanding into the effects of noise on aquatic
organisms.

There is a specific concern relating to potential impacts of particle motion on fishes and marine
invertebrates, many of which are of considerable ecological, and/or commercial importance.

A number of research requirements and priority actions have been identified that will help establish a
roadmap to quantify particle motion in the marine environment:

There is a requirement for coordinated effort to quantify (through measurement and modelling)
particle motion in the aquatic environment, which should include sound particle motion in the
water column, and particle motion at the seabed.

There is a requirement to increase confidence in modelling outputs through validation of
models used for particle motion prediction (existing underwater acoustic propagation models
from which particle velocity can be extracted). A possible solution might entail using existing
measurement data of particle motion (e.g. from the oil and gas industry (although these
typically have a limited frequency range between 3 Hz and 200 Hz)). The relationship between
sound particle motion and sound pressure needs testing in shallow water environments.

There is a requirement for better accessibility to practical particle motion measurement
instruments, readily available data acquisition systems, and analysis tools. Development of
cost-effective, readily usable sensors is considered a fundamental issue inhibiting data
collection.

There is a requirement for structured monitoring programmes in different environments, and
for those sound sources where particle motion may be of particular significance.

Improved understanding is required of the detection and sensitivities of fish and aquatic
invertebrates, the levels at which effects occur, and the scales at which impact occurs. This
might be best achieved using representative particle motion sensitive species selected using a
criteria design assessing their: i) environmental protection status; ii) commercial importance;
iii) ecological significance; iv) reliance on sound.

There remains a requirement to grow the knowledge base to guide future research, and also to
inform management, regulation and policy decisions.

Guidance is required on measurement methodology, deployment, data analysis and reporting,
and standard procedures for particle motion measurement.

Calibration and associated standards for calibration of instrumentation are required to provide
traceable measurements.

Training, knowledge transfer and collaboration are important between the technical specialists,
particularly acousticians and biologists, and also practitioners in the seismic industry, and
between research scientists and management, regulation and policy decisions makers.

10
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7 REVISION OPPORTUNITIES

The workshop was set up to identify knowledge gaps across the relevant disciplines and highlight
particular challenges to inform actions, and point to possible research steps to address these knowledge
gaps and challenges. In light of this, it is intended to hold a follow up meeting within 18 to 24 months,
which would be organised jointly by NPL and TNO.
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9 Annex A — Images of PowerPoint presentations

Presentation 1: Tony Hawkins - Biological drivers for particle motion measurement

Why do we need to measure particle
motion ?

Biological drivers for particle
motion measurement

Many marine invertebrates are also sensitive to

ricl ti The statocyst organ, found in many invertebrates
particle motion

Hair fan organs are found on the claws of decapod
crustaceans like the lobster

Statocysts may be sensitive to gravity, linear
acceleration, angular acceleration or vibration,
depending on their structure and location

Hair fan organs of the lobster Homarus: Laverack (1962)
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SIDE VIEW

Gas-filled

swim bladder Spmal

column

Fish have ears, but they are not visible
externally

TOPVIEW

The cod ear

Structure of cod ear

semicircular canal
optic lobe ‘

lagena

utriculus

sacculus

LEFT EAR OF COD

GRAVITY LINEAR ACCELERATION

otolith

RESPONSE TO SOUNDS ?

SIDE VIEW

How well can fish hear ?

Von Frisch (1936) trained fish to respond to sounds

However, van Bergeijk (1964, 1967) queried whether the
magnitude of the particle motion was ever sufficient to
stimulate the otolith organs

Gas-filled

swimbladder el

column
/
He suggested that only only fishes with swimbladders

coupled to the ear could detect sounds — responding to

TOPVIEW sound pressure

It has been suggested that the otolith organs are sensitive to
particle motion but those fish with gas-filled spaces close to or
connected with the ear are sensitive to sound pressure
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Let's do some hearing experiments !

How can we present sounds to fish
under good acoustic conditions and

examine the effects of both sound .
pressure and particle motion? :

Sea surface
0 o /.
Experiments in the sea
Chapman and Hawkins
used measurements of
sound pressure to estimate

Three groups rejected experiments under poor
9 P ! p B the particle motion

acoustic conditions and went on to examine the
hearing of fish in the sea, where particle motion
can be estimated:

Enger & Andersen (1967) in Norway

Schuijf (1972), from Utrecht, working in Norway

Chapman & Hawkins (1973) in Scotland

Weight

The near-field effect

Under free-field conditions, distant from the source, the
relationship between sound pressure and particle velocity
is described by the plane wave equation 1 Angstrom = 1 X 16 = 100 pm
Close to a source the particle motion is described by the
spherical wave equation

Particle displacement (Angstroms)

Distance from source (metres)

Displacements for a sound pressure of 100 dB re 1 uPa

14
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Sound projectorimmersed in water
» o ™ m @

Frequency (Hz)

/|
Calibration of . /
Velocity L i
3
Hydrophone yd
: %
“ ’//'
//'/ - + .
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Chapman & Sand (1974): Effects of an
inflated condom on hearing in the dab

Dab, Limanda limanda

without condom with condom

Threshold
Sound
Pressure
(dBre1 FPa) ™

80

25 50 100 200 400
Frequency (Hz)

Can similar experiments be done in tanks?

Loudspeaker in air: low particle motion, high sound pressure

of w

Loudspeaker in water: high particle motion, low sound pressure

Special acoustic tanks can be built, (Hawkins &
McLennan. 1976)

fish head af centre o fark

proectors drven in phase (0°)

Response to
Particle Motion
in Plaice

Relaive deiving phase of
sound projectors degrees)
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. ) Sand & Karlsen used a similar acoustic tank to
AEP audiogram =

investigate sensitivity to infrasound in cod
For Plaice

Acceleration (ms™2)
3
7

E’Y
61/
/1

10
Frequency (Hz)

Let’s look at the particle motion

Let’s look at the particle motion
detectors of fish; the otolith organs

detectors of fish; the otolith organs

CT Scan of White Sea Bass Structure of cod ear

medulla
utriculus

sacoulus

saccular otolith

™ cranium
——— Utriculus

y hair cells of l
Sacculus g/ haircsls o macila

Fine structure

— 13

Saccular otolith

Nerve fibres
running from the
sensory
membrane or
macula to the
brain

Each otolith sits on a membrane or macula made up of sensory
hair cells

—ognn,

17
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The otolithic membrane

stereocilia kinocilium

The hair cells are
sensitive to
displacement of the
cilia along a
hair cell particular axis
defined by the
position of the
kinocilium

efferent nerve fibre

Finite element modelling of
otoliths:

The otolith does not simply oscillate back-and-forth in the
direction of the sound wave

The irregular shape of the otolith, its asymmetry, and its
complex suspension results in motion being induced in
other directions. The otolith rocks or wobbles Swimbladder

Resonance
Experiment R Hroane \C
(Sand & Hawkins, T ——
1973)

Krysl, Hawkins, Schiltand Cranford (2012)
Do Fish Otoliths Rock?

Weight

24 50m

Fish present 30m

dB

Fish absent

ol t 1 1 1 )
0.3 0.5 1.0 20 4.0

Frequency (kHz)

18
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Effect of swim bladder (Sand & Hawkins, 1973) We now know that:

Pulsation amplitude of a gas bubble in a sound field Fish can hear and fishes with SW'mbladderS can
generally hear better than those without

Dispiacements in absence of gas buble ik Fish can discriminate between sounds of differing
20 ; :
/ amplitude and frequency and filter out sounds
+0 from a noisy background
Displacement LowQ
Amplitude

o

Gain from gas bubble

Fish can discriminate between sounds from
| different sources in the horizontal and vertical
2 L L oS ; . planes, and even at different distances

5 10 5 100 500 1000

Frequency (Hz)

How do they determine sound direction?

How do the otolith organs respond to sound

direction ? Primary Auditory Units

cto rados

fish clamp |

water outflow

A i vt

aluminium alloy table

\
water inflow heavily greased driving disc
Z axis vibrator in contact with table

A r:
Utricular Unit Saccular Unit //"
(Hawkins & Horner, / (Hawkins & Horner, &

1981) ; b v 1981) \\’ oded

prase angle

) . ) ) ) W Sound Source =
© o >
The otqlnh orgaps a're directional in their response, sq f|§h can —.%0 © Dc-‘i@
determine the direction of a source through vector weighing us ™ The Phase
(Enger, Hawkins, Sand & Chapman, 1973)
< > Model

But vector weighing is subject to a 180 degree ambiguity W/\/WV\ W\M/\/\/ (Buwalda,
Schuijf &

: . - | )‘ ) ) | o] Hawkins,
How can the fish resolve this ambiguity? vad T Vi s ‘ﬂ\,‘ ! VVNWA W~y 1983)

Fish with swimbladders may use the sound re-radiated from L VV\AN L \M/W

the swimbladder to resolve the ambiguity — the phase model \ " j o
J Ji i | \;‘ |
U\J\’ﬁ ‘L‘V )“AVJ\M \‘\ ‘Ff‘ U&‘/“HW \ﬁf’ ‘Wv
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Thus: We need particle motion detectors:

Fish are primarily sensitive to particle motion; but To examine the hearing abilities and responses to
some can detect sound pressure sounds of many more species of fish

Even those which detect sound pressure rely on We have to measure the sounds that we present to
detecting particle motion to determine the direction of them with precision and accuracy. We also have to
a sound source through vector weighing measure particle motion as well as sound pressure

For many species, we do not know precisely how
sensitive they are to sound, or what levels may injure We also need to improve our knowledge of the
them or evoke behavioural responses sound fields generated by human activities

We must fully describe both the water-borne sound
and substrate vibration generated by different

) sources;
Modelling of

eak to peak .
Sgund Prgssure The sound fields must be measured to agreed

Level contours standards using appropriate metrics and
for driving a terminology;
single pile
Particle motion must be measured

Finally, we must improve our propagation models to
include the particle motion components

20
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Presentation 2: Michael Ainslie - Sound, particle motion and sound intensity
(Contains animations. Please contact the author if you require the original PowerPoint presentation).

- ®.a — ®.a
- < Pt - >
: 2o~ T™NO i : o , N—

Sound, particle motion and sound intensity
Michael A Ainslie
NPL, Teddington, 27 November 2014 What is sound?

Sound, particle motion and intensity

What is sound particle motion?
Plane wave
Standing wave
Spherical wave

What is sound intensity?
Plane wave
Standing wave
Spherical wave

) Our little friendB

& ®e@ ' — (X :
; - B — @
g ® . @ mmnova\lon g ® . @ mmnova\lon
— = for life — g = forlife
What is sound? What is sound particle motion (1)?
Extracts from ISO/DIS 18405 (November 2014) More extracts:
3129
sound particle displacement
3444 5
sound instantaneous displacement ofa material element from what would be
sound wave its positionin the absence of sound waves
p
medium, or a superposition of such disturbances. 31210
sound particle veloci
31421 i Y.
sound pressure contribution to instantaneous velocity of a material elementdue to the
PO action of sound waves
total pr d would
existin the absence of sound waves 3121
sound particle acceleration
a
contribution to instantaneous acceleration of a material elementdue to
the action of sound waves
» [ 2XC) : — [ XC)
g > — B
g ® . @ mmnovatlon g ® . @ mmnovatlon
e B - forlife — O forlife
What is sound particle motion (2)? Example 1: plane wave
Particle motion associated with sound usually has small amplitude p(t) = cos(kx — wt)
Small amplitude Particle motion satisfies the following equations
1
~Vp=pa (F=ma) . ) u(t) = Mcos(kx wt)
a = du/ot 3 : ;
u=098/dt pandu are in phase
y 1 N
e p ¢ = constant
Sound particle motion # particle motion
i [ 2XC) ! — () :
- = @ — frs
g ® . @ mmnova\lon ” ® . @ mmnova\lon
[-] o for life. [-] N for life.

Example 2: standing wave

() = cos(kx — wt) + cos(lex + wt) = 2cos(kx) cos(wt)
u(t) = ﬁ [—cos(lex — wt) + cos(ix + wt)]

pE) _  cos(kx—wt)+ cos(kx+wt)

2O — PC ostorwtt costimrary  cONStant

By Dan Russell (Pennsylvania State University)

21



NPL Report AC 13

oo | @@ ! =7 | ®@
= ) LX) = ) L X
2ot T™NO s 2ot T™NO s
Example 3: spherical wave ) What is sound intensity (1)?
" _ cos(kr—wt) i
bpl)= T ) Intensity is
) u() = 1 [ms[h,mt Sin(k,,m)] ) the amount of sound power per unit area in a specified direction
el T ) avector
y 2O _ oo cos(kr-wt) P
u® cos(kr—wt)—sin(kr-wt) é ) i(t) = p(t)u(t) = instantaneous sound intensity
2
g ) 1= i(t) = p(t)u(t) = time-averaged sound intensity
2
By Matthew Wright (ISVR, Un. Southampton)
— ) —— )
TNO TNO o
Example 1: plane wave Example 2: standing wave
) p(t) = cos(kx — wt) ) p(t) = cos(kx — wt) + cos(kx + wt) = 2cos(kx) cos(wt)
“Acoustic Longitudinal Wave > u(t) ﬁ [—cos(kx — wt) + cos(kx + wt)]
) u(t) = = cos(lx — wt)
# P® cos(kx-wt)+ cos(ixtwt)
4@ = PC costar—w)t costkxtwt) # constant
) Pand uare in phase
) i) = p(u) = /%[cusz(kx — wt) — cos2(kx + wt)]
>%:pc=conslanl YI=pu=0
) = _p@?
Y i) =p®ul) = o i
NP H -
Yi=pE=
By Matthew Wright ISVR, Un. Southampton) Isvr =
0@ : — ‘
e innovation i innovation
o% TNO ¢ TNO ¢
Example 3: spherical wave What is sound intensity (2)?
Y p@) = w ) Use of intensity streamlines
- _ 1 [cos(kr—wt) sin(kr-wt)
Pule)= E[f’T]
@ _ cos(kr—wt) €
k u(t) pccos(m—m)—%sinm—m) £
= . a
)y i) = p(Ou() = =0 S
R o 10 20 40 50 60 70 80
N e Range (m)
Vispi==
Zampoll, M. Nihor, M. - de Jong, C. A, Alnlie, . &., Jansen, E. ., & Quesson,
8. & 2013, Validation offinite element computations for the quantiative
prediction ater noise rom impact il drving. The Joura of he
Acoustical Society of America, 133(1), 72-81.
————
s
- —t ®. ’
— ®

Our little friendB
) Introduce levels in decibels:
) (Mean-square) sound pressure level (Z,)
Mean-square sound particle displacement level (L)
) Mean-square sound particle velocity level (Z,)
Mean-square sound particle acceleration level (Z,)
(Time-averaged) sound intensity level (Z;)

L= Jolog,u:é dB, po=1pPa
) Corresponding equations: ,‘;
Ls = 10log;o2:dB, 8o=1pm

Ly = 10logi S dB, up=1nm/s
5

Ly = 10log% dB, ao=1pm/s>
3

L= mlogw";—:‘ dB, Iy=1pW/m?

22
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Active and reactive intensity

Active and reactive intensities
p and u in phase -> active intensity
p and u out of phase (in “quadrature”) -> reactive intensity

By Thomas Burns (Pennsylvania State U

=7 | oo

Y

0% TNO'
Acknowledgements

Matthew Wright

Dan Russell

Thomas Burns

innovation
forlife

innovation
orlife -
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@
® Y innovation
o'© TNO 55 e

©

Intensity field close to a boxed loudspeaker

NTA
f- 1Kz

By Thomas Burns (Pennsylvania State University)

@@ B
=
| b o ™O e e
Questions?

Acoustic Longitudinal Wave

¢ Acoustic particles

~— —/ ~— Min
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Presentation 3: Dick Hazelwood - Circular water particle motion and ground roll — how should
we assess this? (Contains animations. Please contact the author if you require the original PowerPoint

presentation).

R & V Hazelwood Associates, Guildford UK.~

:; How should we assess this ?

‘ ‘ Circular water particle motion over ground roll — .
3 —~

An impact on
layered, saturated T
soil producesa
rolling interface
‘wave - moving
slowly out. This
FEA model helps
explain observed
effects seen at
Kinderdijk where
a test pile site
was instrumented
in2010  Wave
speed is
only~100m/s c.f.
pressure waves at
1500m/s

7 o &V Hazellwood Associ.:ates, Guildfo}d UK. s
- , ~ Blue — acceleration of pile — blows every 1600 ms

~ )‘ Green — vertical velocity @ 66m distance

Red — horizontal velocity @66m distance

3

An accelerometer
on the pile (blue) T T r
shows the impact.
Acoustic pressure
rises after 45ms,
but the ground
roll takes 350ms
to arrive

The geophones
(red, green) show
sediment velocity,
but also respond
to water pressure.

The successive
impacts show i + W + S 5
good repeatability

. motion (blue, node 8266) and solid motion (red,
. node 600) is clear

Their vertical displacements
agree but the solid moves
less far horizontally.

This “rip-slip” will affect
creatures which span the

Py
PWB26 n8266 & n600

——Node 8266,
——Node 600

EARNEN

interface f{ { \ \
The direction of rotation a

depends on the initiation H

pulse, here retrograde from a ds 02 o 02 03f ds

downwards force pulse
Hodographs are used to vlew ‘&W
seismic waves by seismol
and to help distinguish the rolling
motion of a surface wave from a Outmm
plane wave reflected from below

oA o &V Hazelwood Associétes, Guildfo'rd Uk
. , Viewed as hodograph the contrast between the water | .

R &V Hazellwood ASsociétes, Guildfo}d UK.
Geophones are attitude dependent but
. can provide a better low level signal
The OBS2010 seismometer was fitted with
anew inclinometer in 2014, using a
MEMS analogue output accelerometer
(ANAC), on a small PCB. This gives DC
voltages on the three outputs X,Y,Z

If vertical the signals on the horizontal axes
are small- otherwise the unit must be
repositioned for the geophones to measure
the motion in X,Y,Z coordinates.

The accelerometer also senses vibration. At
159 Hz a velocity of 1mm/s peak (20mV
geophone signal) is a 1m/s? acceleration
giving a 175mV ANAC signal. However
the ANAC self noise is greater.

Kinderdijk piling trial Dec 2010

Organised by TNO, Delft, with instrumented piling and
hydrophone arrays. Additional data was collected from a
geophone package created for work with NPL Teddington

initial depression becomes a hump, then reverts to a dip in
a cyclic pattern of about 0.7s period (75m travelled)

f R & V Hazelwood ASSocmtes Guildford UK."
~ FEA model of 16m deep water on 128m sediment. The

Step 80Time 0.04 Dir |

0000200 0000100 0000 0000100 0000200

75 o &V Hazelwood ASSOciétes, Guildfo'rd 6 o
. v A simple OBS sledge, seen on test at NPL’s Wraysbury

~ . reservoir, was designed to be oriented by a short tow
Lyl . " across the seabed, using the prow line on the left. It

r contains 3 geophones and an inclinometer to allow
excess tilt to be corrected, if necessary.

The 3 axis geophones are here

augmented by a hydrophone, -

and barrel, not used in the later
sea trial. The barrel reduces the
penetration into soft silt

= . R & V Hazelwood Associates, Guildford UK.~
“ § Geophone characteristics

o5 5 5 i > r i o

Geophones depend on a
primary resonance for
their sensitivity, here at
10Hz, but well damped. 20 4

To maximise the ; i ,
frequency of the flat B
response other

resonances are kept as
high as possible

This data from a laser
vibrometer test at NPL
in Jan 2010 is for a
horizontal geophone

sensitivity of H1 (DT-20DX geophone)

Vim/s

1 10 100 1000
Hz
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R & V Hazelwood ASSociétes, Guildfo'rd UK.

~ R & V Hazelwood Associates, Guildford UK." ~ l
2 Ground roll from test explosions in the Mediterrancan 2y Ground roll in saturated clay soil - Pink’s Hill trial
= - This site showed limited range for ~ 1kJ impacts -

-, near SACLANT was measured and modelling by wave
number integration to provide best fit sediment data. (~50kg dropped from ~2m)
AT

Note the lower frequencies a) Vertical component

k. SD: 190 m

of ~3 Hz but wavelet speeds
235 m/s 133m/s = Nom
5 i 7o

still ~ 100m/s

Sediment data is similar to
Hamilton (JASA) — the
shear wave depth profiles
vary bothin speed &
absorptionover the first 60m

Range (km)

water —

- 1500 s
505 Ry

o
c,mie) B g

Botom.

- 1600 s
el

Depih (m)

“Computational Ocean Acoustics” p475
Jensen, Kuperman, Porter, Schmidt  Springer 1993

|

LRYITRTE————
<. R &V Hazel'wood A$soci;1tes, Guildfo‘rd UK.~
In water, directionality sensitivity to low
. frequencies (<100Hz2) is very limited Sy
length A ~150m at 20Hz i t
(wavelcngt aihe LLwalen) > As has been shown there is an urgent need for more work on the

*Whilst LF pressure waves give little directional data, aquatic life can get much more 2 = i £
information from vibration — the water particle velocities —a vector field. - sensitivity to vibration underwater

/ o &V Hazelwood Associétes, Guildfo‘rd UK.
Vo _ Testing the bio-sensitivity to motion -

a potential solution using a jar shaker

»This will be difficult especially at higher frequencies. But issues

«Triaxial accelerometer packages record wave directions - azimuth directions are given
" become simpler at low frequencies with wavelengths larger than

by the x/y amplitude ratio, but there remains an ambiguity for plane wave tones. These

include the P (pri d S d: h ithin the sediment. % . 5 R

inchude the P (primary. pressure) and  (secondaty. shear) waves within the sedimen ' the test jig, so that motions of all parts are substantially in phase

« However, for ground roll, with out-of-plane z axis data, the left/right wave direction - . . i

ambiguity is resolved by a phase analysis of the rolling motion. »>Many creatures can then also be treated as rigid bodies which
A sesis - contain inertial sensors that detect motion. There will be relative

* Many creatures may have evolved to use this vital directional 3 il e o

% 3 AT i motion within the sensors but this will be negligible

information on the activities of potential predators and prey.

«Kotas, Rogers, and Yoda ( J.A.S.A. 2011) say “..... theirears are too closetogether for >A_ major practical problem is to fsmate Fhe jig from

underwater sounds to provide a meaningful time delay’ environmental low frequency motion. This can be done by soft

*But also “Detectingthe motion of the otolith ... and thereby the acousticparticle 2 SuspenSl?n systems with a nafural resonance below the frequency

| band of interest

motion, enables thefish to determine the line of bearing of an incident far-field sound,
but not the direction, due to the 180° ambiguity”

~ R & V Hazelwood Associates, Guildford UK.

The use of “rigid body” motion - All
solids and fluids show some elasticity
-“rigid” is an idealised concept, used
to help understand low frequencies

R &V Hazelwood ASSociétes,

- Jar modelling — this model, with

- fluid (blue) and walls (red),
shows pressure distribution at
1kHz. The pressure differences
remain small

Sament
o 1000 Armituce Cose |
2401005 pey 71005008 ey

»The motion of a rigid body is simple. Motion sensors at any
point suffice to define it. 3 axes (X,Y,Z) give the vector motion.
" For a full definition 3 rotary sensors are also required. There are
six marine terms — pitch, roll, yaw, heave, surge and sway - of

which the jig shown only measures the last three.

- »An enclosed fluid will follow this motion at low frequency

> As the frequency rises, both fluid and elastic solids will deviate ey
from this simplicity dependent on the nature of the drive forces

/ R & V Hazelwood Associates, Guildford UK. / R & V Hazelwood Associates, Guildford UK.
- \ . B . 5 . m \ ~_ Detection of infrasound — -
~ i Creature ‘comfons N N N ~ o g acceleratloh or veloclty" 4 s

Sand & Karlsen, J Exp Biol, 127 1986

These infrasound acceleration

>Ol.'lr pla'n is to encourage the tlestin'g of bio-s#nsitivity by those more Ttk e bty
qualified in the difficulties of biological experiment also apply to others without Detectionof inrasound by the co” 0
. . . . by . Their basic otolith Velocity threshold
.>l also plan to _do further analysis of the physics and ing needs T ey e Velocity threshold ~2Sums at @ ~100
n Suppon Of th‘ls WOrk cod’s swimbladder resonance 1073 ~Slpmseie :1? |
o g . . at higher frequencies, i
> The jar is carefully filled with water of a suitable oxygen content, not e e

enough to promote free bubbles but sufficient for creature comfort in the  pressure waves.
short term. The vent avoids pressure changes occurring with temperature, o 00 o o e

Acceleration (=)

i
|
H
|
h
{
/
/
/
/
/

without undue loss of coupling between the water and the frame e oy o
» The recording of the motion needs to be simplified. I like using a sl =2 jaeile v
velocity. For a plane water o \ v/

Velocity threshold \

digital storage oscilloscope, but recognise that this may not be essential wave, intensity is ~ 1mW/m?

This is much more sensitive L
] [ D
than a human response (x20?) ] Frequeney ()

~20pm/s at & =1

» Current work is to provide a digital panel readout from the chosen
geophone, for a standard one second tonal burst at different levels

~ R&V Hazelwood Ammates Gulldford UK.~
N Presentation of results

» Geophones exhibit a flat sensitivity over their optimal bandwidth in
units of V/(m/s), a velocity sensitivity

»“Water particle velocity” can thus be recorded easily, and presented in
S.I. units such as mnv/s. I prefer to avoid the use of decibels, given the
widespread misuse and misunderstanding thus created but if necessary
the relevant reference level should be the nm/s (nanometre per second).
It seems unlikely that any creature can detect this, so all decibel results
will be positive

»Logarithmic scales are commonly used for audiograms and related
“vibrograms” will need this too. But data can be plotted with such axes
and tick-marks such as 1 nm/s, 1 pm/s and 1 mm/s as appropriate. My
interpretation of the Sand & Karlsen cod data is to expect a flat line

around 25umy/s
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Presentation 4: Markus Linné - The FOI particle motion sensor - a technical viewpoint

The FOI Particle Motion Sens

-A Technical Viewpoint

Dr. Markus Linné, Dr. Mathias H Andersson, Prof. Peter Sigray
Swedish DefenceResearchAgency.

- The FOI Particle Motion Sensor 1.0
. The FOI Particle Motion Sensor 2.0
o Technical specifications

o The development phase (buoyancy check, calibrations...)

© Measurements

. The FOI Particle Motion Sensor 3.0?

GFol

The FOI Particle Motion Sensor 1.0

The FOI Particle Motion Sensor 1.0

Frequencyrange: 0,08 to 300 Hz
Vottage sensitivty: 10 Vig
Noise density (@ 10 Hz): 0,03 ugh/Az

24 bitADC
Anti aliasing filter

« Hydrophone option included
+  (Sigray ochAndersson2011)

GFol

The FOI Particle Motion Sensor 2.0

Sigray, P. and M. H. Andersson (2011)."Particle motion

infish."J

i Am130(1):
200-207.

Projects running:

Ambient

First measurementsept. 2014, 300kg undewater mine
@ 1100m distance

SMASH, Fall 20142017

Noise from recreational boats effect on perch and roach
Umea University, 2012-2015
Measurement completed, analysis pending

FIG. 7. P msion and bearing heshod for plie and cod in 113
octive band The son 0 s

e acclaion
The wid spcd was 6

ven in .
Measurl paricle moton s 1 m

s
(o5 m (dashed) 3t 10 m dsce lried) Amibin v 1 the
wind tsbie (dhed

foted. The sl tin cume kel with ccen

Measurement in Dec. 2014

1975 Sandand
plie (st reloed fom Clopemanand

K, 1986) and i hin cume maskd with squres or
Sond 1974 Kaen, 1992,

Autonomous unit
Dimension: 0,5 x 0,5x 0,3 m'3
weigth ~35 kg in Air.

Full scale (signal in): +/-2,5
Gain Settings: 1, 10, 100
Fs:14400 Hz

Levels of PM from wave energy devices in Lysekil
wuwmarven.dhigroup.com/, 2014 - 2015

Specifications

GFol

Antialiasing filter

32 GB SD-card memory (14,5 h data)
4 Liion batteries: 14,4 V; 6,7 Ah,
~100-140 h operation time

GFol

PCB Piezotronics, model 356B18
Triaxial accelerometer

Voltage sensitivity: 1 V/g

Noise (10 Hz): 4 pgi/Hz

Hydrophone Cetacean C55X
S:-151 dBre. 1 V/uPa

pic.)!

Buoyancy check

« Immerse in a bucket of water and check how it behaves.

Adjust heigl

Don't forget the cable itself, here mini buoys.

GFol

The problem

First version:
Plastic distances

Screw i
The solution: Make solid 'table’ of aluminium and fix cables with glue.

Bucket check buoyancy again and then back to the....

GFol
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Shaking Table Measurement 2

The Particle Motion Sensor

Calibration in the tank

« Apply a standing acoustic wave in tank
+ Make a map of the pressure field using a
hydrophone

_1dp
PM-Sensor = pax Hydrophone
T o
3 Vektorsensor |
Fo1s Hydrofon
Z o
Eoos
<
50 G0 70 800 %0 1000
Frekvens [Hz]

Now we are ready for measurements!

GFol

The Particle Motion Sensor 3.0?

Displacement of neutrally buoyant sphere, containing dipole magnet,
measured with a magnetometer.

The Frequency Components...

T

oo g e e e

he Particle motion Sensor (X-axis)

Pressure field in local region in tank (F= 1 kHz in this map)

1200
1000
800
600
00

Z-axis (arb.u.)

20

0
smsuauauusas

06 77
X-axis (cm)

Measurements

Place sphere in the
desired position

=400.600

clam
Spain, Barcelona.
wiwAQUO.eu 2013-2015

Measurement completed, analysis pending

Effects of shippping noise on invertebrates, e.g. squidand

=

foundation
Belgium.
www marven.dhigroup.com/, 2014-2015

Measurement completed, analysis pending

Next week?

PM from tidal stream turbine and B-field from cable
UK, Orkney Islands
www.marven.dhigroup.com/, 2014-2015

B-field

Sensor position:

GFol

Patentponding, Markus Linné and Peer Sigray

Suspend sphere n between pins

27

Attach sphere in PPI-foam or sponge
and connectto holder

GFol



Motivation

Sensor based on: Sensor based on:

Velocity Di

Check consistency between methods!

- No electronics inside buoyant sphere: Reduce resonances in sphere.
- Relatively easy to keep track of orientation and DoA of signals.

Limitations:

- Need highly sensitive magnetometer, fluxgate ok?
- High accuracy in magnet position relative to magnetometer needed.

GFol

The Particle Motion Sensor 3.0?

Displacement of neutrally buoyant sphere, containing dipole magnet,
measured with a magnetometer.

Setup 1 Setup 2

3 AXis magnetometer
Plastic holder

Sphere syspended with thread

(vith some slack) phere suspended with P! foam
sponge.

Locationand
orientation of B-

field sensors —

Hollow sphere of divinycell containing neodym magnet g Fol

Patent pending, Markus Linné and Peter Sigray

NPL Report AC 13

Thank you for your attention!

Markus Linné
Underwater technology
Defence and Security
Systems and Technology
markus.linne@foi.se

Tel: +46-(0)8-55503152
mobile:+46-(0)73-4447709

28
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Fig. 1 Fig. 2
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Presentation 5: John Dalen - Sound exposure and its level

. o Sound exposure - impetus for this initiative
Sound exposure and its level Working with impact and effects in zooplankton, fish eggs,
T — . . larvae and fry from seismic airgun sources (1992 & 2010)
- a "fringe" contribution

Acoustic near field - far field transition range; r.rg

Example:
The need for a consistent term Airgun cluster of 2 airguns / at 6 m depth / supply pressure
applicable both in the acoustic near field and far field 13".3 MEa I )
Estimation of r-ry
John Dalen Frequency, [Hz] |Near field/far field range; r,; « [m]

Bergen, Norway 10 1.6
50 8.1

Workshop on underwater vector sensing 100 16.2

NPL, Teddington, 27 Nov 2014 300 48.7

Soundmare Soundnpre00 162.3

= Sound exposure - present
Present definition (an acoustic energy/power like quantity):

— = m— =

Sound exposure - and equivalent terms

_} 5 . Example from the acoustic intensity, | - a vector:
se =] p(t)* dt [uPa* 5] General definition - also valid for the nearfield: - the particle
v ; velocity and pressure are out of phase:
t
SEL = 101g (] p(t)? dt) [dB re 1uPa? s] 1= (1) ] v(t) p(t) dt W/m?]
0
0

When it comes to total acoustic impact (energy/power/ intensity) in
organisms in the acoustic near field, the present defined and In the farfield: - the particle velocity and pressure are in
applied term/function of the sound exposure will not be true or valid phase:

with these definitions. t

Now research groups realize the need for measuring the 1= (1/t) [ (p(t)¥/pc) dt
particle motion components both in relations to hearing and

Wim?]

sl'l,ar‘%uplwiénpacfs in fish from close to the source and R =>! Smm(tmwoe
Sound exposure - proposal for the future ol
A definition to be valid both in the acoustic near field and far Think it over - - - deeply!
field!
General definition:
i
se = pc [ v(t) p(t) dt [uPa? s]
0 t
EER i BT Thank you for your attention!
0
In the farfield:
i
se = p(t)2 dt [uPa? s] by John
0 t Soundnare
SEL =10 g [ p(t)? dt [dB re 1uPa? s] Sound in Marine Environments
Soundnare 0
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