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Introduction

The expansion of offshore industrial activitiegécent years has led to concern about the impact
of man-made or anthropogenic sounds upon marimaasiand the marine environment. These
activities include offshore oil and gas developreentind farm construction, wave and tidal
power resources, as well as attendant increas#spping.

Many marine animals use sounds during their evegryidees; to track down prey, avoid
predators, navigate and communicate with one anotAesuccession of reports and scientific
papers have emphasised the risks to these aninvatsexposure to sounds (Richardssral.
1995; Poppeket al, 2004: NRC 2005; Madsezt al. 2006; Slabbekoorgt al. 2010; Southalkt

al. 2007; OSPAR, 2009; Normandeau 2012). Initiativks the EU Marine Strategy Framework
Directive and application of the OSPAR Conventidind OSPAR Convention is the current
legal instrument guiding international cooperatmnthe protection of the marine environment
of the North-East Atlantic) have also been aimegbratecting the marine environment from
noise. Increasingly, environmental assessmentiseoimpact of offshore developments have to
consider the effects of underwater sounds on marimaals.

Such assessments involve evaluation of the effeftfioise in causing physical injury,
behavioural disturbance, and population level ingat marine animals. The likelihood that an
adverse effect upon biological receptors may oesua result of sound exposure is evaluated. A
conclusion is subsequently reached about the sgwdrihe effects. Risk assessment can then be
used to construct “what-if” scenarios to evaluagsvrand existing technologies for effective
prevention, control, or mitigation of impacts, andorovide a scientific basis for action to reduce
risks.

As part of the process of risk assessment it iessary to know the levels of sounds that may
cause potential harm to animals, as well as thegeld that are likely to be of no consequence.
Developing such criteria for harm resulting fronusd exposure is currently of high priority.
Criteria are usually provided as a threshold valuan acoustic metric, above which a particular
level of damage or effect is likely to occur. Taetual damage should be, but is often not,
specified clearly. The metric should be, but is alatays, specified clearly.

The first set of comprehensive underwater soundosx@ criteria was defined for marine
mammals (Southall, et al. 2007). There is muck ieformation available for other aquatic
animals including fish and invertebrates, althougpacts are currently having to be assessed
and interim procedures have been developed to\alings. This paper reviews attempts to set
sound exposure criteria for fish and invertebrates considers the metrics associated with these.

Metrics are measures by which sounds can be definddcompared; values that quantify the
effects of a sound. It is important to use acagpteell-defined, consistent and appropriate
metrics. In this document we consider those nethat best facilitate assessment of the effects
of sound and vibration upon fish and marine inadees.

The effects of sounds on animals may vary in sgueri



» At the highest sound level an animal may be kikedseriously injured by the forces
associated with passage of the acoustic wave thrivsigpody.

» At lower levels the animal may receive injuriestioauditory system. This may not cause
immediate effects but may have longer-term consscpgein terms of communication,
avoiding predators, or capturing prey.

» Lower levels still may cause no discernible physgotal damage but may affect the
behaviour of the animal: for instance driving brr, or perhaps attracting it towards, an
area. Animals may be excluded from key habitatd, this may occur at a ‘bad’ time in
terms of migration or breeding.

These distinctions between effects at differenéleand distances from a source originated with
Richardson et al (1995) and are summarised in Thble

Table 1.Proposed effects on animals (from Richardson £1885).

Impact Effects on animal

Mortality Death from damage sustained during soexmbsure

Injury to tissues; Damage to body tissue: e.g. internal haemorrhagimguption of gas

disruption of physiology| filled organs like the swim bladder, consequent agento surrounding
tissues

Damage to the auditory| Rupture of accessory hearing organs, damage to dedls, permanent

system threshold shift (PTS), temporary threshold shiff §)

Masking Masking of biologically important sounds cliding sounds fron
conspecifics

Behavioural changes Interruption of normal actatincluding feeding, schooling, spawning,

migration, displacement from favoured areas

The users of sound exposure criteria need to beeathat the development and use of these
criteria is at an early stage. Indications are, tbertainly for behavioural responses, the dedaile
context of an animal’'s behaviour, the environmemd anmediate ecological imperatives may
well play an important role (Ellison et al.,, 2012)lt is perhaps naive and may even be
inappropriate to seek single values of particulatrios to define a particular level of response
by an animal. Nevertheless, single values areatiquired by current risk analysis procedures.

Scientists have developed their own specialiseduage for discussing underwater acoustics.
This report is written for biologists, regulatoasid those preparing environmental statements on
the impact of underwater sound. Not everyone lpglfamiliar with underwater acoustics and its
terminology. The report therefore outlines in @pendix the terms used to describe, monitor,
and measure underwater sounds and the operatim@ddures required to characterise sounds,
especially in relation to their effects upon mariisées and invertebrates.



Currently no formal consensus exists regarding oreasent and evaluation of the effects of
underwater sounds. Indeed, there is no interndhjoaacepted terminology for the description
of underwater sounds. Many measurements of sountte isea have been made in the course of
specific studies for military purposes or for thegaration of environmental statements. There is
no central repository for these data, nor are tistaadards or protocols for data collection. A
report by the Netherlands Organisation for Appldentific Research (TNO) (Ainslie et al.
2011) puts forward proposals, but these have yeétagreed upon internationally, and the text is
difficult for the lay reader to follow. In 2011 thHaternational Standards Organization (ISO)
accepted an ASA proposal to create a sub-commdtsicated exclusively to underwater
acoustics (ISO TC43 SC3). A Working Group wasgetin 2012 dedicated to creation of a
terminology standard. The publication of an In&ional Standard for Underwater Acoustical
Terminology is planned for March 2015. Currentljfetent terms and different metrics are used
in different contexts. This is especially confuysin newcomers to the field.

The termnoise is often used colloquially to describe unwantedrnsh or sound that interferes
with detection of any other sound that is of inseréHowever, noise is also used to describe
background sounds in the sea, including the ndyucaicurring and spatially uniform sounds
generated by distributed biological sources, weaathients, or other physical phenomena, some
of which cannot be assigned to individual sourtethis paper the term sound, rather than noise,
is used both to refer to identifiable man-made sesirsuch as individual ships or oil and gas
platforms, or to distant man-made sources, whialnegt be located or identified. However,
where others have used the teambient noise or background noise to describe naturally
occurring sounds from distributed sources, or whnerise is used to describe interference with
signal detection, then that usage will also beofedd.

The role of this document is threefold:

1. To act as a relevant reference of acoustic thebrg &evel appropriate for use by
biologists and regulators.

2. To act as an overview of present thinking in thie end application of acoustic metrics
in assessing the effects of noise on fish and tabeates.

3. To suggest important areas of research and gapesent knowledge which could lead

to a more consistent and considered set of metratswould allow regulators to assess
more reliably the effects of sound on fish and ieferates.

The Nature of Underwater Sound

Sound is essentially a local mechanical disturbageeerated within any material medium,
whether it is a gas, liquid or solid. Sound doesstravel through a vacuum.



In water, sound is generated by the movement aattdn of any immersed object and results
from the inherent elasticity of the surrounding imed As the source moves, kinetic energy is
imparted to the medium and is passed on as a lirmyedcoustic wave, within which the
component particles of the medium are alternai@iged together and then apart. The particles
of the medium oscillate back and forth along time lof transmission in waves of compression
and rarefaction. The disturbance propagates amay the source at a speed that depends on the
density and elasticity of the medium.

The passage of a sound involves a transfer of gneitpout any net transport of the medium
itself. Close to a large sound source, howeves, bt easy to draw a distinction between sound
and bulk movements of the medium. Local hydrodymaeffects occur, including turbulence,
which do involve net motion of the medium and tHat not depend upon the medium being
elastic.c. To a particular measuring instrument or animal's sensory systems, these
hydrodynamic (rather than strictly acoustic) pheeoa) may be indistinguishable from sounds.

Sounds are most often described in terms of thaggsin pressure that accompany passage of
the disturbance: the deviation above and belowdba& hydrostatic pressure or sound pressure
level. However some animals, including aquaticemwbrates and many fish, respond to the
particle motion itself, even though the magnitufiéhe back and forth motion of the component
particles of the medium may be very small.

Sounds inevitably diminish in level as they propgagaway from a source, both as the wave
fronts spread out over a larger area and as thadsai absorbed by the medium and its
inclusions. Sounds also change close to a refigdioundary. At a boundary with a ‘soft’
material, having low acoustic impedance, like @ig local amplitude of particle velocity will be
much higher. The sound will also be reflected wmyerted phase. Close to a ‘hard’ boundary,
like the seabed, the amplitude of particle velowit}y be reduced and the phase of the reflected
sound will not be inverted. Sound is also refrddig temperature and salinity gradients that can
affect water density and therefore impedance.

Thus, in considering propagation of a sound insthe there are a number of effects to consider.
There is a direct transmission path between theceaand the receiver. There is reflection from
interfaces, such as the water surface and the dealbbere is also refraction of sound and
shielding effects from differences in the properte the water itself. A significant difference
between the propagation of sound underwater vessusd in air is that there are distinct and
highly reflective boundaries (the water surface #relseabed), and changes within the medium
itself, that can substantially affect sound propiaga

It is possible in the open sea, distant from the@® under conditions where the topography and
any changes in temperature and salinity have besasuned, to model the propagation of sound
and to estimate the magnitudes of sound pressuteparticle velocity at different distances,
using the wave equations. It is also possibl@ke taccount of transmission loss (see appendix:
which measures the dissipation in sound energy wigtance), and geometric spreading
(whether this is spherical as in open water, oindyical in shallow water). The effects of
reflection, refraction and reverberation can besabered and any scattering at the seabed and



sea surface and by any organisms or particleseirwiiter can be taken into account. It is now
commonplace to model and predict the propagati@oohd from assumed simple point sources.

It is more difficult to model sound propagationrfra large and complex source like a ship, a
pile driver, or an array of seismic air guns. Apsis a distributed source, with many subsidiary
sources of sound housed within the hull, flow ndisen the passage and displacement of water,
and additional sound from the propeller. A seisari@ay may be hundreds of metres across with
many airguns firing in a particular sequence. Syl a driven pile is large in dimensions,
generating sounds in a variety of ways, includimg generation of compression and shear waves
within the seabed. None of these sources are pointes. Pile driving is especially difficult to
examine because transmission takes place throwgditierent layers of substrate beneath the
seabed, where most of the energy from the drivénipidispersed. This energy can be re-
radiated into the water, combining with the enetiggt has been transmitted directly into the
water column and complicating the prediction of mbuevels. The motion imparted to the
seabed itself, as vibrations, may also affect neaaimimals. These effects are rarely considered
in impact assessments.

It is often critically important to distinguish lveten the level of sound from a source — the
source level — and the level received at a particular pointhie sound field, for example at a

hydrophone or at an animal’s eathe received level. Defining the source level is complicated

because of effects arising from reflection andaetion by the sea surface, seafloor, or other
interacting boundary layers, and also by whethersitburce is impulsive or continuous. In pile

driving, where the sound source is coupled to #eflgor, the water column, and in air, the

conventional definition of source level is espdygidifficult to apply

In very shallow water, or in the extreme case wfager tank in the laboratory, any sound source
is completely surrounded by reflecting surfaces #redacoustic conditions become extremely
complex. It is no longer easy to predict or to mlagbund propagation. Many experiments on
the hearing abilities of aquatic organisms havenbeseried out under these conditions, where
measurements of the sounds received by the organisdter test have lacked precision. Such
results must be treated with great scepticism (seker ‘Determining the hearing abilities of
marine mammals’).

Monitoring and Measuring Underwater Sounds

Underwater sounds can be detected by means of raghyahe, the underwater equivalent of a
microphone. A hydrophone placed at a point insiliend field converts the fluctuating pressures
experienced with passage of a sound into an atatsignal. Essentially, the sound pressure is
converted into a fluctuating voltage that can thenamplified, filtered and measured. To
express the measurement in terms of sound pretsaraecessary to calibrate the hydrophone
by placing it in a known sound field. The caliloatis given as the voltage that corresponds to a
specified sound pressure; for example, 0.01 milligmV) for a sound pressure of 1 microPascal

(HPa).



It is important to recognise that many fish andemebrates respond to particle motion rather
than sound pressure. Measuring or estimating thumds fields to which these animals are
exposed poses formidable difficulties (see beloW)has become commonplace to estimate the
particle velocity from measurements of the souresgure, using either the plane wave equation
or the spherical wave equation. Such estimates arly valid under well-specified
circumstances, distant from reflecting boundarieSuch conditions do not prevail in small
laboratory aquarium tanks, in shallow water, oselto the sea surface or seabed.

Underwater sounds may be divided into continuouws iarpulsive signals. Continuous sounds

can be tonal or broadband, and some may be interhitSome continuous sounds may be
‘rougher’ than others, and are potentially more dgimg than other continuous sounds.

Exposure to rougher noise produces substantiadigitgr hearing loss in mammals than exposure
to Gaussian noise. Examples of sources producimgnemus sounds include ships, aircraft,

machinery operations such as drilling, operatiomald turbines and tidal generators, dredging,

and some active sonar systems.

In contrast, impulsive sounds are brief, broadbftadsients (e.g., explosions, seismic airgun
pulses, and pile driving strikes). Near their seursuch sounds have a rapid rise time, reach a
maximum value, and are followed by decay. With @asing distance the time structure becomes
drawn out and less “sharp” or less impulsive inrabter. Impulsive sounds have the potential to
be much higher in amplitude at the source thanicootis sounds.

A major issue in trying to describe and understiredeffects of man-made sounds is how they
are best described in terms that allow assessnigheanergy that actually results in effects.
The metrics applied to continuous sounds for egiimgahe likelihood of damage are the root-
mean-square (rms) sound pressure, peak sound meard, for many fishes, the corresponding
particle motion in three dimensions. Transient sisumay be expressed in terms of their peak
levels. However, rms and peak levels are not safftcfor characterizing the energy in sounds
such as those generated by pile driving striketherdischarge of seismic airguns. Hasting and
Popper (2005) proposed the use of Sound Exposuee(l8EL), the time integral of the pressure
squared for a single event, as a metric for setpivgrdriving criteria (as well as for other
impulsive sounds). The sound exposure level (SElnss the acoustic energy over a
measurement period, and effectively takes accoluboth the sound pressure level (SPL) of the
sound source and the duration of the sound. dtrigeasure that can be summed across repeated
emissions to give an overall measure of sound gnargr a period of time. Subsequent papers
(e.g., Popper et al., 2006; Carlson et al., 20@pper & Hastings, 2009) have advocated use of
both SEL and peak levels and have emphasized #u toeconsider the effects of repetition of
the impulse and/or the rise time of the signal.

Cumulative and Aggregate Effects

Assessment of sound-producing activities genefralyto assess both cumulative and aggregate
effects.Cumulative effects are those that arise from the temporal repet#iot accumulation of



effects from a particular source—for example theeeted strikes of a pile driver. By contrast,
in-combination effects, sometimes described asrgystee or aggregate effects, arise from the
accumulation of effects from different types of sm4—for example, from sounds from a
number of different pile drivers or from the comdsheffects of exposure to sounds from both
pile driving and shipping. The challenge is tonpare the effects of repeated exposure to single
and multiple sounds and to examine interactiongvé@h sounds from different sources (both
natural and man-made).

Currently there are difficulties in conducting appriate cumulative impact assessments. More
rigorous methods are required to assess the cuwamuland aggregate impacts of exposure to
sound. There has been increasing use of the,aBk a metric (see Appendix), as a first step
towards achieving that aim. The SEkcan be estimated from a representative singlkesBEL
value and the number of strikes that would be mregiuio place the pile at its final depth by using
the following equation:

SELcum = SELss+ 10 log (number of pile strikes)

This assumes that all strikes have the same SHiewahd that a fish would continuously be
exposed to pulses with the same SEL, which is necterally the case.

Frequency Weighting Functions

Animals do not hear equally well at all frequenomthin their functional hearing range. They
are more sensitive to some frequencies than otkeesjuency weighting offers a method for
guantitatively compensating for differences in frequency response of sensory systems. It
minimises the influence of extremely low- and highguency sounds sources that may be
detected poorly, if at all, by the animal.

For humans, frequency-selective weighting is o@erployed to measure the sound pressure in a
specific frequency band related to the relativesgmity of humans to sound. The A-weighting
curve is derived from the inverse of an idealisepiad loudness hearing function across
frequencies, standardised to 0 dB at 1 kHz. Thesareanents are often denoted as dB(A) levels.
The practice of indicating weighting by attachiregtérs to dB, as in dB(A), has led to the
mistaken belief that weighted levels are measunedaodifferent scale, or by a frequency
weighted decibel. Strictly the use of such attaatshés incorrect, and is strongly deprecated by
the standards authorities. We will continue to dBeattachments in this report to conform to its
usage in other documents, but would emphasisesthatly the symbol dB indicates a non-
dimensional ratio and is neither a quantity synrawlan abbreviation for level.

For marine mammals generalized frequency-weigHtingtions have been derived for different
functional hearing groups using principles from lamfrequency-weighting paradigms, with
adjustments for the different hearing bandwidththefvarious marine mammal groups (Southall
et al. 2007). This ‘M-weighting’ has been usednieestigate effects of man-made sounds upon
marine mammals.



Equal-loudness contours are lacking for most maanenals and other frequency-weighting
functions are used, based logaring thresholds at different frequencies. It should be noted that
these are not directly comparable to A-weighte@lev

The hearing threshold (or auditory threshold) & dlverage sound level that is just audible to an
animal under quiet conditions. Plotted as a fumctid frequency it provides aaudiogram.
Hearing thresholds are generally determined foe ganes (single frequency) against a natural
level of background noise. Species can differkealy with respect to the frequency range they
can hear, and with respect to their absolute seitgit In addition, in noisy environments like
the sea the threshold to a particular sound cagréatly affected by the level of background
noise, which changes with time and weather conastio

The use of weighting curves is especially importaten effects in terms of behavioural

responses of animals are being considered. Whesidaying tissue injury or damage, however,
frequencies falling outside the hearing range @&f @éimimals, that are inaudible, may also be
important. In particular, the high frequenciesoagsted with rapid rise-times may bring about or
exacerbate injury. If injury is a concern, caresiibe taken when applying weighted

measurements to avoid the exclusion of frequerthegsmay be damaging to tissues.

Nedwell et al. (2007) suggested the use of thg (HBecies) as a useful tool in quantifying the
level of sound experienced by each marine spediés. dB, takes account of hearing ability by
referencing the sound to the species’ hearing tiotds The dB; is similar to the A-weighting
that is used for human sound exposure in air, bustrictly analogous to it as it is based on the
audiogram rather than equal loudness contours.ceSamy given sound will be detected at
different levels by different species (as they hdifeering hearing abilities) the species name
must be appended when specifying a level. For mestathe same sound may have a level of
70 dBy; (Gadus morhua) for a cod and 110 dB(Phoca vitulina) for a common seal.

The sound level expressed as,dBpecies) is usually much lower than the un-weighted level,
because the sound will contain frequency componthatsthe species cannot detect. Where the
energy within the received sound falls mainly wittihe hearing range of the animal, then the
weighted level may be similar to the un-weightecktle

Not all fishes and invertebrates respond to sourebgure. Many are sensitive to particle
motion. AdBy;,; can be determined for particle velocity. Howeatticular care must be taken
in applying adBy,; expressed in terms of sound pressure to an aniratld sensitive to particle

motion as the values will not be appropriate cltsea sound source or near a reflecting
boundary.

It is also very important that the hearing sengiticurves or audiograms on whicB,,; values
are based are expressed in appropriate metrics, oatained under appropriate acoustic
conditions. Of the 30,000 or more extant specidisio only a very small number have had their
audiograms measured, and of these only a handfug baen measured under appropriate
acoustic conditions. Very few audiograms have bdetermined for marine invertebrates
(Lovell et al., 2005).
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There are methodological problems associated \wighdetermination of hearing thresholds and
the preparation of audiogram and these problems adywaring on their use for determining the
effects of man-made sounds. These problems aceiloled in the Appendix.

Hearing Impairment

In addition to examining hearing thresholds in aadsnit is also important to examine those

sound levels that may damage their auditory systemdsimpair the detection of sounds. It is

here that physiological measurements become mduahla. There is a wide range of potential

impacts from high-level sounds on the auditory exystsome are temporary and others may be
permanent. Permanent Threshold Shift (PTS) is en@eent loss of sensitivity, often detected by

observing a decline in Auditory Evoked PotentiadEPs, see Appendix). PTS may be a

consequence of damage to the hearing organs ingut#struction of the sensory hair cells of

the auditory epithelia of the ear. Fish are ableejmair or replace sensory hair cells that have
been lost or damaged (e.g., Lombarte et al. 1988thSet al. 2006) and it is possible that PTS

may not occur in fish as a result of damage to ¢ells, although it may occur if there is damage
to accessory hearing organs or the nervous system.

Temporary Threshold Shift (TTS) is a short-termuettn in hearing sensitivity caused by
exposure to intense sound. After termination ef $bund causing TTS, normal hearing ability
may return over a period that may range from mmuvedays, depending on the intensity and
duration of exposure and the type of sound causiaglamage (e.g., Popper and Clarke 1976;
Scholick and Yan 2001, 2002; Smith et al. 2004848). During a period of TTS, the survival
of animals may be at risk. The effects and sigaifee of different levels of TTS on free-living
fishes and invertebrates have not so far been ex@ni There is evidence that, given the same
type and duration of sound exposure, a much losdend will be required to produce TTS in
fish that do not hear well compared to fish that more sensitive to sounds (Smith et al. 2004a,
2004b). There is some controversy whether TTSbhearegarded as a form of injury.

As there are very few valid audiograms and othéormation on the hearing of fish and
invertebrates, including levels of sound that nayoke TTS or PTS, an important question is
whether it possible to identify particular “typesf animal that may serve as models for other
species and life history stages. There are majterences in auditory capabilities across fish
and invertebrate species. Some broad generahsaten be made about the effects of sound on
particular types of fish and it may be feasibled®velop generalized weighting curves that
describe the overall hearing sensitivities of the#éerent groups. In some of the earlier
literature, a distinction was made for fish betwéearing generalists and hearing specialists,
although it was always evident that this was a eapproach and that some species like the
Atlantic cod did not fit neatly into either categoA better approach may be to distinguish fish
groups on the basis of their differing hearing na@edms and audiograms. For example:
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I.  Fishes lacking swimbladders that are sensitive dolyparticle motion and show
sensitivity to only a narrow band of frequenciekisTgroup includes the ddbmanda
limanda, and plaicePleuronectes platessa (Chapman and Sand 1974), and elasmobranch
species (Casper and Mann 2009).

II.  Fishes with swimbladders, where the swimbladdersduoat appear to play a role in
hearing. These fish are sensitive only to partiotgion and show sensitivity to only a
narrow band of frequencies. This group includes Atlantic salmonSalmo salar
(Hawkins and Johnstone 1967). However, becaugbeopresence of a swimbladder
these fish may be more susceptible than group év@bto barotrauma injury when
exposed to high sound pressures.

lll.  Fishes with swimbladders that are close to the lmarnot intimately connected to the
ear. These fishes are sensitive to both partidéom and sound pressure, and show a
more extended frequency range than group | orxtereding up to about 500 Hz. This
group includes the Atlantic co@adus morhua (Chapman and Hawkins, 1973) and the
European eeAnguilla anguilla (Jerko et al., 1989).

IV. Fishes that have special structures mechanicaikiniy the swim bladder to the ear.
These fishes are sensitive primarily to sound pressalthough they may also detect
particle motion. They have a wider frequency rargggending to several kilohertz and
generally show higher sensitivity to sounds thaougrl, Il or Ill. The group includes
some of the squirrelfishes (Holocentridae), drumd aroakers (Sciaenidae), herrings
(Clupeidae), and the large group of ostariophyssires (see Braun and Grande 2008 for
areview).

V. Fishes that can detect high-level ultrasonic fregies (above 20 kHz). These include
the American shadlosa sapidissma (Mann et al., 1997) and menhad@revoortia sp.
(Mann et al. 2001).

There is some evidence that these divisions betishes may apply not just to evaluating
hearing abilities but also to evaluating effectstenms of injuries sustained from high-level
sounds (Halvorsen, 2012c).

There are currently insufficient data to categonseine invertebrates

Sound Exposure Criteria

Knowledge of those levels of sound that have palerceffects upon marine animals is important
for assessing the impact of man-made sounds. dmesbund exposure is used in a general

sense to describe the dose of sound received byiaral in terms of both its magnitude and its
duration. It is critical for regulators to havedwledge of the levels of sounds that may be of
potential harm to animals, as well as levels thatehfew or no consequences. However, the
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setting of recommended sound levels or sound expostiteria for death, mortal injury, or
behavioural responses has long been controvelemigély because of a shortage of data.

There are very few data on mortalities in fish wvertebrates as a result of sound exposure.
There have been several reports documenting fistiatity very close to pile driving sources
(Caltrans, 2001; Popper and Hastings 2009), ane ikealso evidence that explosions will kill
nearby fish (e.g., Yelverton et al. 1975; Keevird &fempen 1997; Govoni et al. 2003, 2008).
However, death has not been documented for exptsuther sound sources; including seismic
airguns, dredging, vessel noise, etc. Even expasiufish to very high intensity Naval sonars
below 1 kHz and from 2 to 4 kHz showed no morta(ppper et al. 2007; Halvorsen et al.
2012a). Because direct mortality is relativelyeran seeking criteria it may be more appropriate
to consider effects in terms of injury, damageearing, or changes in behaviour.

Thus, one approach is to look at the effects ohdaxposure on the physiology and anatomy of
the animal. That is, to search for a defined soendl that results in the onset of a specified
level of injury, or physiological response. withetipotential to harm individual animals and
populations. Another approach is to develop dgetiar changes in behaviour that are potentially
harmful to fish and fish populations in the longerm. The behaviour may involve animals
moving from feeding sites, changing migration rguteot hearing potential predators, and other
effects likely to be detrimental. The criteria furysiological injury and changes in behaviour are
likely to be very different.

The search for sound exposure criteria began whima mammals, and it is instructive to
consider how these criteria developed. In the U8%, National Marine Fisheries Service
guidelines (NOAA, 2005) originally defined two ldgeof harassment for marine mammals:
Level A harassment had the potential to injure aimamammal in the wild and the sound
exposure criterion was set at 180,gBe 1 uPa. Level B harassment had the potentiiktarb

a marine mammal in the wild by causing disruptiorbehavioural patterns such as migration,
breeding, feeding, and sheltering and was set @tdBg,s re 1 pPa for impulsive noise such as
pile driving and 120 dBsre 1 pPa for continuous noise such as vesselténsusThe NOAA
guidelines were based on research available fommanammals, plus some data from terrestrial
mammals and humans.

NOAA established similar criteria for the impact mife driving upon fish. Here, injury was
considered to occur when the peak sound pressoezded 180 dB re: iPa. However, as with
the marine mammal criteria, the criteria did natamt for multiple strikes of impulsive sounds
and did not resolve whether the peak sound presgasdhe most appropriate metric.

Southallet al. (2007) reviewed and proposed criteria for souxmbsure likely to cause injury to
marine mammals. They also summarised data on inipeels that might cause behavioural
changes. Their procedures for setting criterevaorthy of close examination. Although the
criteria themselves cannot be applied directlyishh fand invertebrates, the methods used to
derive them have more general application.

The minimum exposure criterion for injury was definby Southall et al (2007) as the level at
which a single exposure is estimated to cause aige¢rmanent hearing loss (PTS). Data on
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TTS in marine mammals, and on patterns of TTS droand its relation to PTS in other
mammals, were used to estimate thresholds foryinjur

After considering a number of metrics for definithg effects of sounds, including rms or peak
SPL and SEL, Southall et al. adopted a dual-catapproach based on both peak sound pressure
and energy. For an exposed individual, whichevitercon was exceeded first (i.e., the more
precautionary of the two measures) was used a®pleative injury criterion. The metric
adopted for energy was the SEL, representing cuimeleeceived energy, taking account of the
sound pressure waveform and duration of eitherlesing multiple sound events. Its use was
based on the assumption that sounds of equivaterge would have generally similar effects
on the auditory systems of exposed subjects, évbpy differ in SPL, duration, and/or temporal
exposure pattern. Of the two measures of soundsexp, peak pressures were to be un-
weighted (i.e., “flat-weighted”), whereas SEL metriwvere to be M-weighted for the relevant
marine mammal group.

Exposure criteria for injury were given for pulsadd non-pulsed (continuous sounds), and for
single and multiple exposures (Table 2). For allfinea mammal groups, the recommended
criteria for exposure to multiple pulses, expressedoth SPL and SEL units, were numerically
identical to the criteria for a single pulse.

Table 2. Proposed injury criteria for individual marine mamds exposed to “discrete” noise
events (either single or multiple exposures withi24-h period (from Southall et al. 2007).

Marine Mammal Groupg Single pulses Multiple pulses onhpulses

Low frequency

cetaceans

SPL 230 dB re: JuPa (peak) 230 dB re: uPa (peak) 230 dB re: uPa (peak)

SEL (flat) 198 dB re: 1| (flat) 198 dB re: 1| (flat) 215 dB re: 1
uP&-s (MIf) uP-s (MIf) pP&-s (MIf)

Mid frequency

cetaceans

SPL 230 dB re: JuPa (peak) 230 dB re: uPa (peak) 230 dB re: uPa (peak)

SEL (flat) 198 dB re: 1| (flat) 198 dB re: 1| (flat) 215 dB re: 1
uP&-s (Mmf) uP&-s (Mmf) pP&-s (Mmf)

High frequency

cetaceans

SPL 230 dB re: JuPa (peak) 230 dB re: luPa (peak) 230 dB re: luPa (peak)

SEL (flat) 198 dB re: 1| (flat) 198 dB re: 1| (flat) 215 dB re: 1
uP&-s (Mhf) uP&-s (Mhf) pP&-s (Mhf)

Pinnipeds (in water)

SPL 218 dB re: luPa (peak) 218 dB re: luPa (peak) 218 dB re: luPa (peak)

SEL (flat) 186 dB re: 1| (flat) 186 dB re: 1| (flat) 203 dB re: 1
uP&-s (Mpw) uP&-s (Mpw) pP&-s (Mpw)

Pinnipeds (in air)

SPL 149 dB re: 20 uPa| 149 dB re: 20 uPa| 149 dB re: 20 pPa

SEL (peak) (flat) 144 dB re} (peak) (flat) 144 dB re| (peak) (flat) 144.5 dB
(20 uPay-s (Mpa) (20 pPaf-s (Mpa) re: (20pPay-s (Mpa)
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Southall et al (2007) went on to consider soundosype criteria for changes in behaviour in
marine mammals. They pointed out that the chalengdeveloping behavioural criteria is to
distinguish a significant behavioural response framinsignificant, momentary alteration in
behaviour. For example, the startle response te§ bransient event is not likely to persist long
enough to constitute significant disturbance. Estang behavioural responses to single pulses,
other than those that may secondarily result iarynpr death (e.g., stampeding), are expected to
dissipate rapidly enough as to have limited lorrgateconsequence. Consequently, upon
exposure to a single pulse, the onset of signifiteehavioural disturbance was proposed to
occur at the lowest level of noise exposure thatdheneasurable transient effect on hearing (i.e.,
TTS-onset). Southall et al (2007) recognised that was not a behavioural effguér se, but
they suggested the use of this auditory effect de facto behavioural threshold until better
measures were identified.

Thus, for all cetaceans exposed to single pulbesciiteria were based on results for TTS-onset
in a beluga,Delphinapterus leucas, exposed to a single pulse. The un-weighted peakds
pressure values of 224 dB repPa (peak) and M-weighted SEL values of 183 dB rgP#&.s
were recommended as “behavioural” disturbance r@itéor mid-frequency cetaceans. By
extrapolation, the same values were also propasetbd- and high-frequency cetaceans. The
only difference in the application of these criéeto the three cetacean groups was the influence
of the respective frequency-weighting functions 8L criteria. For pinnipeds exposed to
single pulses in water, the proposed “behavioudadturbance criteria were also the estimated
TTS-onset values. However, for pinnipeds in aie, phoposed behavioural criteria were based on
strong responses (stampeding behaviour) of someiespeespecially harbour seals, to sonic
booms from aircraft and missile launches, and tldues selected were regarded as
precautionary.

Similarly, for marine mammal responses to multipléses, like the sounds from airgun arrays,
or responses to continuous sounds like ship noigeria were selected based on observations of
behavior in the field and in the laboratory andevéifferent for the various groupings.

For marine mammals, the UK Joint Nature Consermaommittee currently recommends the
use of the Southall et al. (2007) criteria for imipassessment.

NOAA is now developing new acoustic guidelines &msessing the effects of anthropogenic
sound on marine mammal species under their jutisdiin the light of the Southall et al. (2007)
paper. The US Navy is also considering new cetagplicable to its operations based on a more
recent paper by Finneran and Jenkins (2012) andpbbbshed draft Environmental Impact
Statements (EISs) for training and testing acasitof its Atlantic [USN 2012a], and Hawaii-
Southern California [USN 2012b] fleets, taking indocount effects upon a wide range of
animals.

In 2003 the German Federal Maritime and Hydrogmaphgency introduced initial standard

threshold values for piling noise (Werner, 20138ince 2008 new recommended safety values
are issued as part of any license for pile driviriche overall purpose is to prevent temporary
threshold shift impairment (TTS) in harbour porgais It is recognised that sound duration is
important as well as the sound level in estimatiTgdamage to an organism, following Southall
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et al. (2007). Dual criteria are applied, combgninformation on the SEL and the Peak SPL.
The criteria chosen are:

« AnSELoOf160dBre 1 pPs
* An SPL (peak-peak) of 190 dB reuPa

Neither measure should be exceeded at a distant®&0oim from the piling site, after ensuring
that no animals are left within the exclusion zofidese criteria follow the finding of Lucke et
al. (2008) that a predefined TTS criterion was exlesl in the harbour porpoisBhocaena
phoceana, at a received sound pressure level of 199.%.¢Bre 1 xPa and a sound exposure
level (SEL) of 164.3 dB re 1 pPaec.

It should be noted that the German criteria areenstningent than those being applied elsewhere
in the North Sea. The criteria are difficult tongoly with for pile driving operations with large
monopole piles. As a result, in the German seatdhe North Sea it is commonplace for wind
turbines to be supported by several smaller prgher than a large monopole. Although the
peak sound levels reached are lower, the durafi@xmosure will be longer, as the driving of
several piles will require more strikes than thevidg of a single pile. This inconsistency in
adjacent parts of the North Sea illustrates thécdities that can result from the choice of
different criteria. It is possible that differetriteria are entirely justified, on the groundsttha
especially vulnerable marine mammal is presennim area and not in another. However, if the
distribution of animals is uniform then the choioé different criteria may result in the
imposition of different engineering procedures igher costs simply as a result of the choice
of particular sound exposure criteria.

Separate sound exposure criteria are required i$tbles and invertebrates as their hearing
mechanisms and their behaviour are very differeffientative exposure criteria have been
suggested for the onset of direct physical injuryish exposed to the impact sound associated
with pile driving. However, there are few critetleat apply to behavioural responses of fishes or
other sub-injurious auditory effects, largely doetlie absence of underlying information. No
criteria exist for invertebrates.

High amplitude impulsive sounds are the subjecho$t concern in terms of their impact on fish
and invertebrates. This type of sound can come fmla driving, seismic surveys and
explosions. Fish are sometimes injured or killecthsy impact sounds generated by explosions,
percussive pile driving and by air guns. Their lreamay also be affected or their behaviour
altered. The specific effects depend on a wideeasfgdactors including the type of source, the
environmental setting, and many other factors. $hand characteristics that are currently
believed to be most important to assessing dan@afjsh, as for marine mammals, include the
zero to peak sound pressure (whether positive gatiee), the accumulation of energy over time
within a single impulse, the “sharpness” of thergb(e.g., the ratio of peak to RMS pressure, or
“crest factor”) and its rise time, the repetitiohthe sound and accumulation of energy over
multiple exposures, and the particle motion assediwith the sound (Normandeau, 2012).
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Perhaps the first criterion to be put forward fesessing impact upon fish was that proposed by
the National Marine Fisheries Service NMFS) in th&. NMFS has responsibilities under the
Endangered Species Act, and the essential fishtatgpiovisions of the Magnuson-Stevens
Fishery Conservation and Management Act (Stadlév&odbury 2009). A value was initially
set for managing pile driving by specifying a peskind pressure of 180 dB reuPa that if
exceeded would result in injury to fish. The sti@nbasis for this value is obscure. Hastings
and Popper (2005) reviewed all pertinent peer-meete and unpublished papers on noise
exposure of fish and proposed the use of SEL tlacepeak sound pressure level in setting pile-
driving criteria. A subsequent paper (Popper et2806) concluded that while SEL is an
important criterion, it too has drawbacks and utaieties when used exclusively. Instead, the
paper advocated using both SEL and peak SPL tagtthset criteria for a single impulsive
sound. The paper also pointed to the need to censi@ effects of repetition of the impulse
and/or the rise time of the signal. It suggeste interim criteria for pile driving be set at an
SEL level of 187 dB re: iiP&sec anda peak sound pressure level of 208 dB rgPain any
single strike. These suggestions were based amalysis of studies of the effects of explosions
upon fish.

A Fisheries Hydroacoustic Working Group (FHWG) westablished in the U.S. by agencies
wishing to improve and coordinate information ore timpact on fishes from in-water pile
driving (Buehler, 2010). The group revised the rimbedual criteria recommended in Popper et
al. (2006) and refined by Carlson et al. (2007pregsed in terms of peak and accumulated SEL.
The new criteria set out to address three effesge@ated with pile driving on fishes:

* Non-auditory tissue damage,
» Auditory tissue damage (hair cell damage), and
* Temporary threshold shift (TTS).

The criteria agreed by this group identify sounessure levels of 206 dB reuPa peak and 187
dB re 1uPdsec accumulated sound exposure level (Gglat 10 m for all listed fishes except
those that are less than 2 grams. In that caseetioenmended SEl is 183 dB re JiPdssec.
The period of accumulation for the Skk value is the whole pile-driving sequence. First an
estimate of the single-strike SEL is required amehtan estimate of the number of pile strikes
needed to place the pile in position. The assumpsidhat it is the number of strikes associated
with driving a single pile that must be used. Hwere if multiple piles are being driven in the
same location on the same day then it may of cduesgecessary to take account of all of these.
The general rule that appears to have been ad@gdtedugh it is not stated in the criteria) is that
a 12-hour break in the pile driving operation resite SEL accumulation. The criteria are
currently specific to the US Pacific Coast andteetanly to pile driving

A further ambiguity is that no measurement bandwidtprovided. We must assume that the

value is un-weighted (see below); that is, it doesinclude a frequency weighting to account
for the sensitivity of different marine fishes twusnd.
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TNO (2011) have followed the lead set by the U.$.defined the important metrics for
measuring underwater sound in relation to the impagnarine life as:

1. Un-weighted sound pressure level (SPL) for contirsusound.
2. Un-weighted sound exposure level (SEL) for trarnsssninds.
3. Un-weighted zero to peak sound pressure leverémstent sounds.

The problem in setting actual values for sound eup® criteria using these metrics is that
supporting data are scarce. Very few studies e carried out to investigate the levels of
sound at which injury occurs and those that haes lwarried out have not always utilised a clear
definition of injury. Values are assumed in envir@ntal impact assessments without stating
their provenance, or significance. Thus, an SPRQff dB re luPa peak has been taken as an
impact criterion for a startle response, and 168-dB re 1uPa peak as a criterion for possible
avoidance of an area, although it is likely thatraple startle response is much less damaging to
fish than avoidance of a preferred habitat. Thieption of unsubstantiated criteria underlines
the need for agreed criteria based on experimentdénce.

Recent papers by Halvorsen et al., (2011, 2012b2&0and Casper et al., (2013) set out to
provide quantitative data to define the levelsmpulsive sound that could result in the onset of
injury to fish. A controlled impedance fluid filewave tube was used to simulate in the
laboratory exposure to high-energy impulsive sopressures that were characteristic of aquatic
far-field, plane-wave acoustic conditions. The stsiused were based upon the impulsive
sounds generated by an impact hammer striking & steell pile. Neutrally buoyant juvenile
Chinook salmon @ncorhynchus tshawytscha) and other species were exposed to impulsive
sounds and the injuries sustained subsequentlyateal for different sound exposure levels.

A defined level of injury (based on an index of ebv&d injuries) was achieved for 1920 strikes
at 177 dB re JuPdsec SEL, yielding a SELym of 210 dB re 1 pPssec, and for 960 strikes at

180 dB re 1 pPasec SELsalso yielding a SEdum of 210 dB re 1 uPssec. It was suggested that
these values be used define thresholds for onsejusy in juvenile Chinook salmon.

An important issue to consider when consideringoeype to interrupted sounds is whether there
is recovery from accumulation when there is som@gef quiet between sound exposures. If a
fish is accumulating an effect over time and thsrihen a period of quiet, does the accumulated
effect restart at zero? This is the case in humdrese the concept of ‘effective quiet’ has been
long known and understood (Krytrer, 1985).

Experiments with marine mammals, where animals wgposed to sounds at the same SEL but
for varying duration have confirmed that SEL aldsean insufficient metric for predicting
Temporary Threshold Shift (Kastelein et al. 2011f).is clearly not possible to rely solely on
cumulative SEL metrics or the three metrics lishgdAinslie et al. (2011). Information on the
duration of exposure (including the total numbed &me repetition rate of impulsive sounds)
must be provided when reporting the results of nmdger sound monitoring. Other additional
metrics may also be critically important. Rise dinkurtosis (the degree of ‘roughness of a
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signal, Southall et al 2007) and metrics for pé&tienotion may also be important for
invertebrates and fishes.

The criteria discussed so far all relate to imgalet driving or simulated impact pile driving. To

date there has been no formal agreement on critleatashould be applied to vibratory pile

driving, seismic air guns, ships, or other man-mawdeinds likely to affect fishes and

invertebrates. In the absence of formal agreertentrecent experiments of Halvorsen et al.
(2012b) provide the most thoroughly researched oreasents of the levels of injury that can
result from the exposure of fish to impulsive saind

The current criteria from the FHWG (Buehler, 20I@gntioned earlier, specifically relate to the
onset of injuries to fishes. There is no mentibeftects upon behaviour. There have been very
few studies of the behavior of wild free-swimminghies in response to sound. Decreases in the
catches of fish exposed to seismic surveys have tegorted. Startle responses and changes in
the movement patterns of fish have been observieectibbservations of fish schools with sonar
have shown fish diving and schools breaking up assalt of sound exposure (reviewed in
Normandeau, 2012). The National Fisheries Seimitiee U.S. has used 150 dB rgRa rms as

a criterion for behavioral effects upon protectpécses, but without adducing data to support
this choice, and without taking into considerindfetences in sound detection abilities and
behavior of different species.

Nedwell et al. (2007) suggested that strong avadamesponses by fish start at about 90 dB
above the dR (Species) thresholds of fish. Mild reactions in a minordf/individuals may occur

at levels between 0 and 50 dB above the hearimghloid, and stronger reactions may occur in a
majority of individuals at levels between 50 anddBabove the hearing threshold (see Table 3).
These figures are largely derived from data avkldlom the application of a fish avoidance
system at a nuclear power station, supplementedbsgrvations from the testing of a fish
guidance system in shallow raceways (Maes et &420ledwell et al. 2007). There are
additional field data from wild fish under diffetteconditions to support these assumptions, but
few tests have been done at sufficiently high sderdls to determine how fish respond at 90
dB or more above their hearing threshold. Exposwas also for a short time and the effects of
habituation were not addressed. Nedwell et al. {20fuggested that the best available
methodology for evaluating behavioural effects sumh avoidance depended on future
observations made under actual open water condjtiwhere the movement of individuals was
not inhibited by the experimental conditions.

Table 3. Proposed behavioural response criteria for fishggsed to sound (developed from
Nedwell et al. 2007).

Level in dB(Species) Effect

50 and below No discernible change to behaviour

Approximately 85% of individuals will react to tieise, although th
effect will probably be limited in duration by hatwtion

[¢)

75

90 and above Strong avoidance reaction by virtullindividuals.
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Above 110 Tolerance limit of sound; unbearably loud

Above 130 Possibility of traumatic hearing damagenf single event.

There are very few detailed studies on the behadidishes in the wild. Skalski et al. (1992)
showed a 52% decrease in rockfiSabastes sp.) exposed to a single airgun emission at 186 to
191 dB re 1uPa (zero to peak sound pressure level) (see almsdieet al. 1987, 1992). They
also demonstrated that fishes would show a steeiponse to sounds at a level as low as 160
dB. Wardle et al. (2001) used underwater video am@coustic tracking system to examine the
behavior of fishes on a reef in response to emmssimm a single seismic airgun. They observed
startle responses and some changes in the moveeaigerns of fish. Startle responses have been
observed in several fish species exposed to aisgumds (Hassel et al. 2004; Pearson et al.
1992; Santulli et al. 1999), although such respemsay not be of great significance. However,
several studies have demonstrated that man-maaelsooay seriously affect the behavior of at
least a few species of fish. Engas et al. (1996) Bngas and Lekkeborg (2002) examined
movement of fishes during and after a seismic airgiudy. Although they were not able to
actually observe the behavior of fish®#s se, they measured catch rate of haddock and Atlantic
cod as an indicator of fish behavior. They founat tinere was a significant decline in catch rate
of haddock and Atlantic cod exposed to the seisuivey. Later, Lakkeborg et al. (2012a, b)
obtained data that could be interpreted to sugtiedst some sounds actually resulted in an
increase in fish catch. Slotte et al. (2004) usauhs to observe the behaviour of fish schools
including blue whiting Micromesistius poutassou) and Norwegian spring-spawning herring.
They reported that fishes appeared to swim to grespths after airgun exposure.

In an evaluation of the behavior of free-swimmimghés to noise from seismic airguns, fish
movement (e.g., swimming direction or speed) wasepked in the Mackenzie River (Northwest
Territories, Canada) using sonar. Fishes did nbibé&xa noticeable response even when sound
exposure levels (single discharge) were on theranfld75 dB re luPa-s, and zero to peak
sound pressure levels were over 200 dB ePa (Jorgenson and Gyselman 2009; Cott et al.
2012).

There are also no substantive data on whether $ogind levels from pile driving and other
sources of impulsive sound would have physiologieiects on invertebrates. The only
potentially relevant data are from a study on tifieces of seismic exploration on snow crabs on
the east coast of Canada (Boudreau et al. 2009).

This absence of data on the responses to sountisheg prompted the experiments that have
been carried out by the SoundWaves consortium.di&tuof wild unrestrained fishes using

underwater TV and sonar systems have examinecettas| of simulated pile driving sound at
which strong behavioural responses occur. Thegergrents are detailed in a separate report.

Acute and Chronic Exposure to Sound
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Different types of sound have different effects mpanimals. Impulsive sounds at high
amplitudes may cause injury or death after very feesentations. Where there is mortal or
potentially mortal injury to animals then the respes can be described as acute. In contrast,
low amplitude sounds that last for long periods rhaye longer-term chronic effects. Chronic
effects are long-term changes in the physiology@niehaviour of an animal. These generally
do not lead to mortality themselves, but they mesult in reduced fitness that leads to increased
predation, decreased reproductive potential, ogrogiffects. They may for example cause a rise
in the level of stress hormones, with long-terneet$ upon the fithess and ability of the animal
to survive.

At present, much attention is being paid to asegssicute effects and developing sound
exposure criteria for impulsive sounds like thossuiting from pile-driving, seismic surveys and
explosions. Chronic effects result from exposweboth continuous sound and intermittent
sound over long time periods, not necessarily gh Hevels, and may result from increased
shipping or other human activities. The sounds ltieguin chronic effects may be generated
continuously over large areas (e.g., a harbouhervicinity of a shipping lane, around an oil rig,
or within an offshore wind farm, where the overadickground level of sound in the area is
higher than the natural background level).

The sea is full of natural sounds, some of whiehpoduced by physical processes such as wind
on the surface, rain, water moving over reefs, tatal flow while others are sounds of biological
origin produced by marine mammals (Richardson .e1@95; Tyack 2000; Southall et al. 2007,
Erbe 2012), fish (Tavolga 1971; Myrberg 1978, 19B@wkins and Myrberg 1983; Bass and
Ladich 2008), and invertebrates (Popper et al. R08uch sounds are of great biological
significance to the species that make them sineg Hre often used for communication of
reproductive state, location, presence of predaipbimpetitors, or for finding other members
of the same species. These sounds are also oftenapted where one species hears the sounds
of another and may use such information as a warairthe presence of predators or to track
down prey (Myrberg 1981).

Sounds of natural origin may be important to trehdés and invertebrates. The detection of
sounds of interested to the animal can be influgncewever, by the presence of other sounds or
“noise”. The phenomenon of masking may result @edoration in the ability to detect a
biologically important sound in the presence of anted sound or noise. The abilities of fishes
and invertebrates to use sound to navigate, dptedators and prey, select habitat types and
communicate with one another may be strongly affédiy chronic exposure to sound. Any
increase in the level of sound in the sea, whathaural or man-made, will have an impact upon
the lowest sound levels that an animal can heanmemdhave adverse effects upon important life
functions.

Masking occurs when the noise is strong enougmfmir the detection of biologically relevant
sound signals such as communication signals, ecattm clicks and passive detection cues that
are used for navigation and finding prey. The zohenasking falls within the range at which
sound levels from a noise source mask the detedfiamportant sounds. Masking may start
when the received level of the masking sound, ¥angle noise from a nearby ship, is similar to
the sound level of the signal. Masking can shottenrange over which sounds can be detected
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and conspecifics are able to communicate. Marinenmmals use a range of frequencies to
communicate, and it is unlikely that the full ranglefrequencies would be masked over long
time periods. However, the sounds of fishes angriebrates are much more restricted in
frequency content and important information cardilgabe lost through masking. In some
areas, the background noise level may be permanensied as a result of man-made sounds,
e.g. near shipping routes, and the ability of fistd invertebrates to hear one another may be
almost continually impaired.

There are several levels of interference by noigle ological sounds. The noise may interfere
with the detection of biological sounds. It may also impair the #pilof an animal to
discriminate or separate one sound from another. It may inmgaognition of specific sounds
and may make communication between animals mofiewdtf(Normandeau, 2012).

Background levels of noise in the sea are changsg result of the imposition of man-made
sounds, with unknown effects upon the ability ahaads to detect sounds and communicate with
one another. Continuous sounds are more likefyréonote masking than interrupted impulsive
sounds (which have periods of silence between theep). However, where many impulsive
sounds are being generated there may be overlape®etsounds from different sources,
compounded by the effects of reverberation andstréssion along multiple pathways.

For most fishes the greatest amount of maskingreaghen the masker is of a similar frequency
range to the signal (Hawkins and Chapman, 1975us;Tl 100-Hz signal is most heavily
masked by a 100-Hz sound or by a signal that isitheer side of 100 Hz. Much less masking of
the 100-Hz signal will occur if the masker is aD28z and even less if the masker is at 300 Hz.
The frequency content of the masker, and the ptmpoof energy that falls within a critical
frequency band around the frequency range of istéoethe animal, is critical in determining the
degree of masking that will occur. The bandwidgeronvhich white noise may impair detection
of a pure tone signal (known as the critical bama been determined for a number of fishes at
different frequencies (Hawkins and Chapman, 1943pwever, there is very little information
of the effects of different man-made sounds in teohthe degree of masking of biologically
important sounds. Clark et al (2009) have providedecent discussion of masking by
underwater sound.

Thus, a fundamental concern with respect to manensaadind is whether it interferes with the

ability of fishes and other animals to detect sauntisignificance to them. It may affect the

ability of animals to analyse the soundscape @& soundscape describes the physical sound

field at a particular time and place). Such intenfee can lead to an inability to find mates, food,
or detect the presence of predators. Survival dividuals and/or populations is therefore at
stake. Changes in the soundscape could be consisuadchange in habitat value for some of
these species, as it may reduce their ability ttop@ normal life functions.

There are growing concerns over increasing ambieise levels and the associated impacts of
chronic and cumulative noise exposure to marinadalt is likely that future management goals
and actions will have to address the conservatfoacoustic habitat quality in addition to the
more traditional focus on minimisation of directygltal and behavioural impacts upon
particular species.
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Environmental Impact Assessment — Information Needs

Environmental impact assessments of offshore dpusat activities are required as part of the
process for approving such developments. Thesessmsats inevitably involve evaluation of
the effects of sound sources in causing physigatyinbehavioural disturbance, and population
level impacts upon marine animals.

Two types of information are required to assessaverse effects from man-made sound at a
particular location. First, knowledge is requirad the species of fish and invertebrates present
and the nature and importance of the fisheries upem. The identified species may then be
screened and evaluated for particular vulneradgdior for any protection they may receive under
the prevailing legislation. Combined with knowledgk their sensitivity and vulnerability to
sound that knowledge in turn leads to evaluatioarnf effects upon them from their exposure to
sound from the proposed development.

Knowledge is also required on proposed sound-géngractivities, the associated sound
sources, their characteristics, and the circums&ot their deployment, including time of year.
Together with knowledge of the propagation condgiahe degree of exposure of animals to the
sounds can then be estimated and expressed inpapypeometrics (magnitude, duration, and
timing).

These two strands of information are then brougligether, along with known population
statistics of the animals of interest, in an assess$ of any adverse effects. Given the inherent
uncertainty of attempting to evaluate the impaanah-made sounds on fishes and invertebrates,
one useful approach is to conduct a risk assessiR&sit analysis systematically evaluates and
organizes data, information, assumptions, and taioges to help understand and predict the
relationships between environmental stressors lagid écological effects. The likelihood that an
adverse effect upon biological receptors may oasua result of exposure to potentially harmful
sounds is evaluated, and a conclusion is reachmat #e severity of the effects (Defra 2011).

As we have seen, a mass of information is requivealssess the risk to fish and invertebrates
from man-made sound in the marine environment ab rfienagement decisions can be made.
Much of that information is not yet available orimcomplete. In the next section we highlight
the present perceived shortcomings in the knowlédge.

Recommended future research to overcome present stfalls in present
knowledge

There are currently no standards for the descrnpiod measurement of underwater sounds and
no protocols for the detection of sounds and thealysis, or on the storage and distribution of
data on underwater sound levels. Provisional stalsdfor measurement and monitoring of
underwater sound (see TNO, 2011) need to be rediegsplained in simple terms, and agreed
for application in a wide context.
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Full quantitative descriptions are required of thiéerent sources of sound that exist, expressed
in appropriate metrics. A variety of metrics exist the physical description of underwater
sounds (e.g., Ellison et al. 2012). Some soundsnawee damaging than others, and for
determining biological effects it is important testribe the sounds in terms of those features
that relate to the damage caused. These includgustosound levels but other characteristics
including the bandwidth, kurtosis (Henderson anankanik 2012), particle motion and sound
exposure level. It is also necessary to determowve thhe characteristics of these sounds change
with propagation over larger distances from ther@®ult is evident that the current range of
metrics is limited, especially for repeated souraag] that several metrics are needed to properly
describe the effects of man-made sounds and tkkitive significance in terms of injury,
hearing impairment, masking and behavioural effects

Our knowledge of the way in which marine organistatect sound and then respond to different
sound stimuli is rudimentary for many invertebratesd fishes. One of the fundamental
problems in most studies of effects of sound onefisand invertebrates have been carried out in
a laboratory environment in which the sound fieddpioorly defined and subject to major
distortion. The sound field is often very compéd quite unlike the sound field that an animal
would encounter in a normal aquatic environmente Tnoblems arise from the numerous
perturbations in the sound field that result fromllvand air interfaces surrounding test tanks, no
matter how large the tanks might be (see Parvul&964d for a classic discussion of this issue).

Many fishes and invertebrates are sensitive tagbannotion and perhaps also to vibration of the
substrate. One major issue is the extent to whagtiqular sources generate particle motion that
may be detected or affect fishes and invertebratesat what distances from the source. More
observations are required under conditions wheopgrty measured sound signals can be
presented to fish and invertebrates. It is impartanmodelling sound fields to consider the
particle motions generated as well as the sounskpres. There is a clear need for inexpensive
instrumentation and methodologies to characterme garticle motion from various sound
sources, concurrent with measurements of soundymest the same location. Information is
also required on the particle motions associatetl imterface waves and ground roll that may
affect fish and invertebrates, especially from giiving and seismic sources.

It is evident that detailed knowledge of their egrabilities and responses to sounds of most
fishes and invertebrates is simply not availablee hearing abilities of many of the extant
species (and entire taxa) of fishes remain comlglaieexplored. This results in a serious
deficiency when metrics like the @B(Species) are being applied. Priority species for
examination include the herring (to be repeatdd nhackerel, the sturgeon, skates and rays, and
jawless fishes like the lamprey. Knowledge of trearing abilities of aquatic invertebrates
hardly exists. Auditory thresholds and audiogramesraquired for these species under natural
and varied noise conditions. Information is esgdbciacking on the hearing abilities of larval
fishes and on the changes that may take placegnotiith and age.

Many of the most valuable studies of the hearingitiéls of aquatic animals have been carried
out in the free field or at specialised facilitieesigned to provide appropriate acoustic
conditions. Thus, studies have been carried ouspecially designed tanks (Hawkins and
MacLennan 1976; Popper et al. 2007; Halvorsen.e2l1, 2012b) or in mid-water in the sea
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(e.g., Hawkins and Chapman 1973; Schuijf et al72)®vhere sound fields can be predicted and
measurements made with confidence. Such facildies currently not readily available to
researchers. Their provision would undoubtediystate further work.

Weighting functions need to be defined and refifteda number of fishes or fish categories, as
has been done for marine mammals (Southall etG07;2Southall 2012). Currently, many
weighting functions are based on fish and inveg®&braudiograms obtained under far from
satisfactory acoustic conditions, often using augtitevoked potential (AEP) techniques. Most
measures to date do not distinguish between sahsitd sound pressure and particle motion.
There may be some advantages in developing gemezighting curves for the different
categories of fish species, and applying these evtk@mowledge of the hearing abilities of
particular species is lacking.

Studies are also needed to document and quangfyletels of sound that have a specified
impact upon fishes and invertebrates. The impogariche timing of exposure, in terms of both
duration and intermittency is particularly poorlpderstood. How does long-term exposure to
low levels compare to relatively brief exposurehigh levels? For environmental assessment
this is one of the most pressing unknowns for theolev range of marine fauna —from
invertebrates to marine mammals. There is alseed o determine those characteristics of
impulsive sound that make some sources more dagaigam others. Is it the peak amplitude,
the total energy, the rise-time, the duty-cycle abrof these features that determines whether
tissues are damaged? There is also a need to detdnow the cumulative effects from multiple
pulses from the same sources should be dealt withvehether there are recovery effects
between pulses. Is there a better descriptor tloamds exposure level (SEL) that is now
expressed in two forms: the single strike SEL eracmulative SEL?

A study by Normandeau (2012), prepared with thei@pation of one of the members of the
SoundWaves consortium (Dr A. D. Hawkins), consideesshortcomings of current information
on fishes and invertebrates in greater detail.
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Appendix A: The description of sounds

Specifying sounds

An acoustic field consists of pressure fluctuatigascalar field) and particle motion (a vector
field). The total energy contained in a sound weweasists of the sum of its potential energy
(PE) and its kinetic energy (KE). The PE arisesiftbe compression and expansion of the fluid
and hence is related to the acoustic pressureetel KE arises from fluid motion quantified by
the acoustic particle velocity.

In a free sound field, where there are no physibatructions to passage of the sound, and where
the advancing wave front is an almost planar serfe oscillatoryarticle velocity (u, the first
time derivative of the particle displacement, espeel as m™ and thesound pressure (p,
expressed as Pascals (Pa), equal to 1Noml kg m* s are directly proportional to one
another. They are described by the plane wavetiequa

u = p/pcu=p/pc

Wherec is the propagation velocity of sound in that medigms® andp is the density of the
medium (kg ).

The quantitypc is known as the acoustic impedangg¢, @ quantity analogous to the electrical

resistance of an electrical circuit. In watehas the value and units 1.5 MRayl (a Rayl is IsPa
-1

m™).

Together the sound pressure and particle velocdterthine sound intensity. The local
instantaneous intensity is the product of the sopresure and the acoustic particle velocity
divided by the acoustic impedance of the medium.

The speed of propagation of a sound in a partiomadium can be expressed in terms of the
bulk modulus of the medium, which in simple termasai measure of its compressibility. The
speed of propagation in water varies with salirtégynperature and other factors.

There is a major difference in the speed of propagaf sound between water and air. In water
c is approximately 1500 mi‘scompared to 343 mi'sin air. The higher sound speed in water
arises from the relative incompressibility (larggkomodulus) of water compared to air. Water
is much more resistant to being compressed. Fvem sound pressure the particle velocity is
much smaller in water (approximately 3,500 timess ldan in air).

Both p andu are expressed in Sl Units. The SI unit for presss the Pascal. In the past a

variety of other units have been used for soundsune, including the bar and microbabdr)
and the dyne cth The conversions are 1 Pa = 1 N m1 x10° bar = 10ubar = 10 dyne cifh
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In SI Units the particle motion can be describeteims of the displacement (m), the velocity (m
s%) and the acceleration (mf)s Here we shall consider only particle velocitpcg it appears
naturally from detailed consideration of the wageation.

Many simple sound sources, like a tuning fork dre#l, generate regular waves of motion and
pressure, where the amplitudes of both particlecrgl and sound pressure vary with time in a
regular and even sinusoidal way. Other sources generate more complex sounds, with
irregular waveforms. However complex waveforms barbroken down into an assemblage of
sine waves of differing frequency (f), amplitudedgphase to yield a spectrum. Various forms
of spectral analysis can therefore be used to bescomplex sounds (see section X below). Itis
also important to note that in making measuremehsounds it is important to include all the

frequencies that make up the sounds of interest.

The spatial distance between two successive paakpiopagating sinusoidal wave is described
as the wavelength( expressed in m), wheke= c/f as shown in figure 1. Thus, the wavelength
of a 100 Hz sinusoidal sound wave in water is agprately 15 m. In air the corresponding
wavelength is about 3 m.

Wavelength i

Amplitude

Figure 1 Wavelength and amplitude for a sinusoidal wave.

The power of a sound is the quantity of sound energy transfie within a specified time
expressed in Watts (W); LW=13s

Theenergy of a sound wave is proportional to the sound pmressquared summed over the time
it is present and is expressed in Joules.
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The sound intensity is the acoustic energy flowing through a unit a#&p perpendicular to the
direction of propagation, per unit time (T). Theeimsity can be shown to be | P expressed
in units of W n¥s™.

The Propagation of Sounds

Sounds inevitably diminish in level as they propgagaway from a source, both as the wave
fronts spread out over a larger area and as thadsai absorbed by the medium and its
inclusions. Distant from a source, in a free atouield, where the plane wave equation
applies, both sound pressure and particle velagtfine with the inverse of the distance (i.e. by
a factor of 2 for a doubling of distance). Bothigraeters remain in phase with one another.

Close to a source, where the radiating wave franésno longer plane but spherical, or even
more complex, the simple plane wave equation rejgparticle velocity to sound pressure is no
longer valid. A more complex relationship can peleed which for an outgoing spherical wave,
from a monopole (see below) is

p 42r? o 2ar A

—=pcC +1
u P A% + 422 A2 + 4m2r2

Where the inclusion of thg the square-root of -1, indicates that the presancethe particle
velocity are not generally in phase.

Close to the source the particle velocity is mucbghér for a given sound pressure, the
relationship being:

p_ .
v i2mper /A

This equation characterises thear-field effect. The particle velocity declines with incse®y
distance for a given pressure, the phase of vgltagging that of pressure (the lag being 90°
close to the source).

For a simple monopole source, radiating sound Iggumaall directions (a pulsating sphere), the
outer limit of the near field is usually considetedoe at- = A/2, whereris the distance andis
the wavelength. The volume of water outside thage is termed thiar-field.

Not all sources are monopoles. Some sources @aedi (approximated by a sphere that
oscillates back and forth giving a figure of 8 direity pattern). Others are quadrupoles (with a
directivity pattern resembling a four-leaved clgveindeed there are many different types of
source, and for each of these the pattern of the o particle velocity to pressure will differ
close to the source.
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Sounds also depart from the plane wave equatisedio a reflecting boundary. At a boundary
with a ‘soft’ material, having low acoustic impedan like air, the local amplitude of particle
velocity will be much higher. The sound will albe reflected with inverted phase. Close to a
‘hard’ boundary, like the seabed, the amplitudearticle velocity will be reduced and the phase
of the reflected sound will not be inverted. Soum@lso refracted by temperature and salinity
gradients that can affect water density and theeafopedance.

The source level is the sound pressure measurédndrom a hypothetical point monopole
source. Ainsliegt al. (2009) have pointed out that useful informationsource characteristics is
very scarce due to the lack of standardization @daxty on the definition and measurement of
source level. In practice, few real sources ateeimonopole or point sources, and source level
measurements are rarely made at one metre. Stawels are more often measured at some
distance from the source and a sound propagatiatelm@ee under ‘Estimating Changes in
Sound Level with Distance’) applied to determineawvthe sound pressure might have been at
1m range had the source been a point source. dfgrlarge sources like ships, pile drivers, or
air gun arrays there is no single point from whicl sound radiates. The actual sound levels in
the vicinity of the distributed source will be muldwer than the source level, i.e. the predicted
source level will never actually be reached in fisédd. These estimated source levels are
perhaps better calledddiated sound levels’. Such levels are valuable for the predictiorfast
field sound pressures. However, they cannot be tsepredict sound pressures or particle
velocities in the close vicinity of the source.

The Decibel Scale

A very wide range of sound pressures is encountenmedierwater, ranging from around
0.0000001 Pascal in quiet sea conditions to 1000@0Pascal close to an explosive blast.
Because of this, and because the human ear belmaeetogarithmic fashion, it has become
customary to express measured sound pressurasis ¢ a logarithmic scale the decibel scale -
that compresses the range of values.

Measurements expressed in terms of decibels araatigrdescribed as sound levels, the most
common being theound pressure level or SPL.

The SPL is defined as:

ref

SPL =20 Iogm(LJ

Wherep is the sound pressure that we are expressing oscddle andp,.r is the reference

pressure, which for underwater applications is &.pPor instance, a pressure of 1 Pa would be
expressed as an SPL of 120 dB re 1 pPa. In thep®a of sound pressures given above, the
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sound pressure level ranges from 0 dB re 1 uP&@odB re 1 puPa. Values of sound pressure
lower than the reference level result in negatieeilgel values.

The SPL is sometimes abbreviated to "dB", whichgiae the erroneous impression that a dB is
an absolute unit. In expressing the level of sopredsure it is always necessary to provide the
reference level, normally 1 dB re 1 pPa in water.

An additional advantage of working with the SPLth&t many of the mechanisms affecting
sound underwater cause loss of sound at a conatenthen it is expressed on the dB scale.
Although in water, the sound pressure level ismeteed in relation to a reference pressure of 1
uPa (1P Pa), in air it is determined in relation to a €ifint reference pressure of 2a (0 dB

re 20 uPais 26 dB re 1 pPa).

Caution should be exercised however when any casgrars made between levels in air and in

water. The comparison between the two is more cexfilan just the difference in the value

taken for baseline comparison. The actual energyageed in a wave is related to the acoustic
impedance of the medium. Usually it is best noiake a cross comparison between the two
media.

There are differences in the way that SPL may bénel® in the literature. Whereas the
definition given above, in terms of reference tprassure, is undeniably the more used, some
authors prefer to define the SPL as a ratio of peveppropriately scaled (Ainslie, 2010) —
remembering that the power is the square of thespre. This alternative approach has no
influence on the numerical values produced butltesue given relative to pPeather than pPa
as used here.

Relating Measurements to the Type of Sound

Sounds with different characteristics are measumedifferent ways to best capture their main
features.

Many sounds are effectively continuous or lastdaelatively long time. Such sounds can be
tonal (dominated by a single frequency and its loauios), broadband (containing a wide range
of different frequencies), or both. They may besbbrt duration but without the essential
properties of pulses (see later). Examples of madenoceanic sources producing such sounds
include ships, aircraft, machinery operations sastdrilling or wind turbines, and some Naval
sonar systems.

With such continuous sounds, like the sound radiétea moving ship or from an operational
wind turbine, the instantaneous sound pressureyamntinuously above and below a mean
value (the ambient or hydrostatic pressure) witleti To allow for this variation and describe
the sound by a single metric, the sound pressusefipst squared (to make all values positive)
and then averaged (to smooth out the rapid fluitogtwith time) to give the Root Mean Square
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(RMS) value. In Equation 2 above, a bar drawn abthe squared pressure represents the
averaging process. In practice, the effective dopressure level is calculated by taking the

decibel value of the ratio of the RMS pressure,r avgarticular time period, to the reference

pressure as follows:

SPL = 20logy, (p’”“)
pref
Note that the description of SPL in terms of RM$uea is only valid over a particular period of
time, theduration, measured in seconds. Duration is important becdusiects other sound
measures, specifically RMS sound pressure (Mad@0f). Because of background noise and
reverberation, duration can be difficult to speg@fgcisely.

If the source is moving relative to the hydrophomeis changing in source level then the SPL
must be measured repeatedly. In addition, cedasses of signals do not lend themselves well
to being averaged, for example impulsive signaly s&gnificantly in amplitude over time and
will have an average that is unrepresentative efrtmstantaneous level. The RMS sound
pressure is usually calculated over the periodhef pulse that contains 90 percent of the
acoustical energy (the total energy minus theah#i percent and the final 5 percent). This is
termed theeffective sound pressure.

Impulsive or pulsed sounds are sounds of short duration (generally less thaa second) that
start and then stop. They are characterised lejatively rapid rise-time to maximum pressure
followed by a decay that may include a period ahidishing and oscillating maximal and
minimal pressures. Examples of pulses are sounds éxplosions, sonic booms, seismic airgun
pulses, and pile driving strikes.

Where sounds are single or pulsed, like the fiohg@ seismic air gun, a single RMS value does
not adequately describe the sound or its poteimiphct. The RMS value is also inadequate for
assessing effects upon animals, which are oftererged largely by transient characteristics of
sounds (e.g., rise time, peak pressure, and sdyration). The limitation of RMS as a metric
for assessing the levels for impulsive type signas been addressed in some detail in the
literature (Madsen 2005).

Therisetimeis the time a sound takes to rise to its higheakalue. The slope of the pressure
rise within a particular sound may be of particuaportance in evaluating its effects.

The peak sound pressure is the maximum excursion in sound pressure whethsra positive
(compression) or negative (rarefaction) pressurés perhaps better described as o to
peak sound pressure. This form of measurement is often used to charse the underwater
blast from an explosive charge, where there isargbositive peak following the detonation of
explosives. The highest pressure may also beibedcas the half peak-to peak-pressure, as it
measures the excursion from the baseline hydrogtatissure. The actupéak-to-peak sound
pressure is the maximum variation of the pressure from posito negative within the wave.
Where the wave is symmetrically distributed in pigsiand negative pressure, the peak-to-peak
pressure will be twice the zero to peak pressure hence 6 dB higher in level.

39



Another measure is trund exposure level (SEL), the integrated value of the squared signal
over time, where the reference value is 1 fiBa

The sound exposure level sums the acoustic enemgyaomeasurement period, and effectively
takes account of both the SPL of the sound soundetlze duration of the sound. For a plane
wave the sound exposure (SE) is defined by thetreoua

SE :} p?(t)dt

Wherep is the acoustic pressure in Pascalss the duration of the sound in seconds, and the
integral is ovet in seconds. The SE is a measure of the acoustigem@and, therefore, has units
of Pascal squared seconds’(Pa

To express the SE on a logarithmic scale by meérss dB, it is compared with a reference
sound energy level of 1 pP@*<) and a reference timé& (), usually one second.
The SEL is then defined by:

T 2

p*(t)dt

SEL = 101ogy, (foz—>
prefTref

By selecting a common reference pres$ygeof 1 puPa for assessments of underwater sound, the
SEL and SPL can be compared using the expression:

SEL = SPL + 10logeT

Where the SPL is a measure of the average lewblecsound, and the SEL sums the cumulative
sound energy.

For single sounds lasting less than one second&GBhewill be numerically lower than the SPL.
For periods of greater than one second the SELbeilhumerically greater than the SPL (i.e. for
a sound of ten seconds duration the SEL will belRCtigher than the SPL, for a sound of 100
seconds duration the SEL will be 20 dB higher ttinenSPL, and so on).

It should be noted that the SEL is often used ust for single sounds but also for describing
repetitive sounds, for example the level over tbeation of a pile being repeatedly hammered
into the substrate, which may last for several faand involve a large number of individual
strikes, each generating a sound.

For intermittent sounds, such as piling, the cutneéaSEL values are usually calculated for the
time when the sound is present (in effect, for @silsf identical amplitude, the length of a ‘pulse’

of noise multiplied by the number of pulses). lede circumstances it is better to refer to the
SEL.umVvalue to distinguish it from the SElvalue for a single impulse or strike.
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Note that the term SEL is often used indiscrimilyat@ithout stating whether it is the SEL for a
single impulse of sound or the Sk for a series of impulses, and, if it is the Iatteithout
specifying the time period, the number of impulsesvhether it is the duration for driving a
single pile.

Measurement of Particle Motion

Most aquatic invertebrates and many fish are deasibt to sound pressure but to the motion of
small imaginary ‘packets’ of the conducting mediumThese packets should be regarded as
being much smaller than the scale of the boundafifise medium but larger than the mean free
path of the molecules that make up the medium.

The actual organs that respond to sound in fishdaren not by sound pressure but by the
oscillatory particle motion; described by the paetidisplacementr its time derivatives: particle
velocity and acceleration

Theparticle velocity level (PVL) may be defined as

u
PVL =201lo —_
810 <pref/pc>

Whereu is the particle velocity in metres per secomds the density of water ardis its sound
speed. The definition effectively expresses patielocity relative to that of a plane wave with
a sound pressure of fPa, and has the advantage that for sound wavesr ureke field
conditions, distant from the source, the PVL and ®PL will numerically be the same.
However, particle motion is aligned along a patticdirection; it is a vector quantity, whereas
pressure acts in all directions (it is a scalarngit)d. In measuring or estimating the particle
motion it may be important to specify the directicor to measure the three orthogonal
components.

In many circumstances, such as close to a souricetloe presence of pressure-release materials,
at the water surface, the relationship betweerStke and the PVL may be very different to that
described by the plane wave equation. It is esppddficult to estimate the particle velocity in
small water tanks in the laboratory, where reftegtiand often pressure release) surfaces
surround the animal. However, it is crucially imfamt in considering the effects of sound upon
fish or invertebrates to distinguish between sopra$sure and particle motion.

Attempts have been made to monitor and measureclpastelocity by mounting seismic
accelerometers in “neutrally buoyant” waterproofiesges or cylinders. The main difficulty with
this approach is that it is difficult to suspené gystem without constraining its motion. The
neutrally buoyant body may not follow the back aodh water movements exactly. The
frequency response of the accelerometers is atsted, and at higher frequencies the responses
of the container will be superimposed on the responWhere such devices are employed it is
important to ensure that they have been calibrated.
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An alternative approach is to measure the soundspre gradient in the water. The sound
pressure gradient is given by

ap ou

ax Par

Wherex is the direction in which the sound energy flows a is the velocity of the water as the
sound wave passes. Consider an estimate of thed sprgssure gradient made using two
hydrophones separated by a spacingoto measure sound pressupsand p.. The particle
velocity may be estimated as

_ __f(Pl Pz)

Thus, the sound pressure measured using two hyoineghmay be processed to yield the particle
velocity along the line connecting the hydrophonése approach is based on an assumption of
linearity between the points; however, it can bevah that this is adequate if the frequency of
the wave is low; for example where the hydrophcaresseparated by significantly less than a
wavelength at the highest frequency recorded. iBeovthe hydrophones are calibrated and offer
an accurate measurement of sound, as will gendralthe case, the estimate of particle velocity
will also be accurate. The measurement may be lyeeglated to International Standards for
measurement of sound pressure.

It may be noted, however, that there are sevemattioal considerations to be satisfied when
implementing this approach. The differential press{p, — p,) is typically created using a
differencing amplifier to subtract one estimateuoéssure from another; the result will generally
be much smaller than each of the individual pressuf there is an error in the measurement of
either pressure it may easily dominate the resitius, it is critically important that the
hydrophones are well matched in both the magniartk phase of their sensitivity. Note, also,
that this implies that this calculation cannot leefprmed digitally after digital acquisition of the
signal, due to the limitations of dynamic rangesealiby the convertor.

Particle motion, which is an important component sfund detection for fishes and
invertebrates, is seldom measured. Particle uwglotiydrophones’ are not commercially
available — although an alternative technology, sndgag the pressure gradient, is expected to be
available commercially in the near future. Howe\article motion does need to be considered
in assessing effects and it requires vector rathem scalar measurements. The measurement,
modelling and correct prediction of the influendeparticle motion on aquatic animals is one of
the more important areas for research in this tietthy.

Estimating Changes in Sound Level with Distance
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As underwater sound propagates away from the sdumezluces in level. This reduction of
sound with range, theansmission loss, is defined as:

r

Where p, is the acoustic pressure at a point at 1 m fromsirce, ang.,is the acoustic
pressure at rangeaway from it. The TL is therefore a measure of ridte at which the sound
energy decreases.

The sound from a source can travel through the ma@déeh directly and by means of multiple
reflections between the surface and seabed. Sownd atso travel through the seabed, re-
emerging back into the water at a distance. Refna@nd absorption further affect the sound.
Predicting the level of sound at distance from are® is therefore complex, and use may be
made either of propagation models or empirical Bated on measurements.

In many cases where a set of measurements of uatigraound from a source has been made,
the data are fitted to a simple propagation modeahsat general conclusions about the level of
the sound source and the rate at which the soura/davith distance can be made.

Sound propagation may be described by the paseiwar £quation (Urick 1983). It relates a
property of the received sound field, say the SP4 given distance to the source level:

L()=SL-TL

WhereL(r) is the SPL at distanaefrom a source (in metres}L is the source level, anfL is
the transmission loss.

A more accurate model of the transmission losessdbed by the equation:
TL=Nlog(r) +ar

Wherer is the distance from the source (in metrkis a factor for attenuation due to geometric
spreading, and is a factor for the absorption of sound in wated &oundaries in dB.th By
combining the previous two expressions, the le¥sbond at any point in the water space can be
estimated from the expression:

L(r)=SL—-Nlog (r) —or

Over short distances, and for low frequencies, gdtiem effects have little influence on the TL
and are sometimes ignored.

Several mathematical models exist which estinfdtefor given water column properties. A
value ofN=20 corresponds to spherical spreading of the saumdis often assumed near to a
source in deep water. Further afiel10 represents cylindrical spreading that can ootdeep
water channels and shallow water columns. Oftenalaev of N=15 is used as a working
compromise.
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Despite these models, predicting the level of soluach a source at a particular point in the
sound field is a difficult task. Measurements afrst levels must be made in the far field to give
a reasonable estimate of sound attenuation witlsrégion. Transmission loss is the gradient of
a linear fit to this data. Shallow water transnmossiosses of betweeN=12 andN=25 are
commonly found (Nedwelt al, 1999).

Whether it is measured or predicted, tie used will affect the predicted sound level
significantly. For example, over a 10 metre rangsoand subject tt\=15 TL will be 10 dB
higher than the same sound subjecN#?5 TL. Over a 10 km range, using the same example,
the difference will be 40 dB. Where there are ifisigiht data for an accurate estimationTaf
using a linear fit, for example when measuremergaly reported for one rangeTh of N=20

is often assumed, which equates to spherical sjpgad

Noise propagation is in fact far more complex th@simple model described above. There are
multipath reflections from the surface and seaflaad interactions with water of differing
characteristics and interactions with the bottotmstnate leading to many propagation paths that
may subsequently recombine.

It should be noted that sound propagation mighdéscribed for any physical quantity that
expresses a level of sound. For instance, it isiplesto describe the peak pressure of the source
in terms of a formulation of this sort. Howeveruatly well, it is possible to describe another
physical quantity for the identical source in aifamway, such as the SEL, particle velocity, etc.
It should be noted that all of the metrics thatused to describe the level would be different for
these different physical quantities. The sourceellend transmission loss for the SEL of the
source will not be the same as the source level temtsmission loss for the zero to peak
pressure. Thus, depending on their hearing alsilitarine animals will perceive not only a
different level of sound, but also a different ratevhich it attenuates with distance.

In some cases, the animal could be responding migtto the absolute received level of the
sound, but also to the sound level in relation ampeting background noise This relation is
defined as the signal-to-noise ratio where the mreasents of both signal and noise are in the
same frequency band, and the noise level is mehsurde absence of the signal. In practice,
the signal is not always detected at values of SNIRbut at some higher value.

Estimating the Received Level of a Sound

There is often a requirement to assess whethertiaipar sound, as received by an animal after
transmission from a man-made source, is likelydose death, injury, damage to the auditory
system, or significant changes in behaviour. Tist $tep in this procedure, as described above,
is to take field measurements of the sound predsued at different distances away from the
source, and then estimate the source level at @teenfor more correctly, the radiated sound
level, see above) either by means of the sonartiequassuming a given transmission loss, or
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by application of an appropriate propagation mddehsen, 2011). The level received by an
animal exposed to sound at a particular point & $ound field can then be estimated by
application of the reverse procedure, to ascentaiether received level exceeds a recommended
threshold level. Alternatively, the distance aticththe received level exceeds a recommended
level is estimated, to define a zone of effecthwitwhich an animal may be killed, injured, or
show a strong behavioural response.

Such estimates require caution. Transmission $ogsd propagation models cannot be selected
to yield a particular outcome. They must be basethe conditions that actually prevail in the
area and for the source under consideration. Mlldvanot be appropriate to select a high
transmission loss when a lower value might be nvati. It is not sensible to adopt a model
that ignores transmission through the seabed,xfamele for a pile-driving source. Indeed best
practice for assessing the effect of noise on fasita assume the worst possible or likely case.
Hence efforts must be taken to ensure that thedbwansmission loss is used that is consistent
with the known physical parameters.

The Spectral Characteristics of Sounds

The waveform of a sound shows the variation in instantaneoumé@ressure with time, and
displayed on an oscilloscope or a computer scitegfifers a useful way of illustrating the overall
temporal characteristics of the sound.

Any waveform can also be decomposed mathematiogllya series of sine waves of differing
frequency. The main elements offl@equency spectrum are a number of sine waves with
differing frequencies. All sound waves can be dbsdr as a linear superposition of such sine
waves. Each sine wave can be characterised byedgiéncy, its amplitude and its phase in
relation to a zero-time mark.

The frequency spectrum is important because tlgpémrecy content of the sound may affect the
way a fish responds to or is affected by the squmtéerms of physical injury as well as hearing
loss). The frequency spectrum is also importantabse it affects the expected sound
propagation, as this is frequency dependent.

The frequency spectrum is a plot of sound pressuseund intensity against frequency showing
the relative magnitudes of the components of a ¢exngound as a function of frequency. The
sound pressure or intensity is usually measuredetibels and the frequency is measured in
vibrations per second (or Hertz, Hz) or thousanflsilorations per second (kiloHertz, kHz).
Many software packages can take a sample of a smoutding, perform the calculation to
obtain a spectrum (a Fast Fourier Transform or FAD) display it in ‘real time'.

With Fourier transform analysis it is necessarys&nple the input signal with a sampling
frequency that is at least twice the bandwidthhefgignal, due to the Nyquist limit.
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The spectra of continuous sounds are usually madef @ number of sine waves of differing

frequency. Those sounds with a tonal structureentay resonant structures including musical
instruments, yield a series of harmonics — freqgigsnthat relate to one another through whole
number ratios. Such series have some musical tame® and the individual components are
called harmonics. The lowest harmonic is ofterledathe fundamental frequency. Many

continuous sounds do not have a harmonic structure,they often contain a wide range of
unrelated frequencies.

When preparing a sound pressure spectrum for afarawethe unit of amplitude is normally the
rms sound pressure, which is measured over a defieguency band. The bandwidth can be as
narrow as 1 Hz or as wide as 1/3 octave (an odta@edoubling of frequency); therefore, the
bandwidth must be specified.

Where a description of the power of a sound iseodbated to the frequency, the power spectral
density level is expressed in dB re 1 ffAa and represents the average sound pressuresgquar
for a series of bands of width 1 Hz.

The sound spectrogram is another form of display that provides an ovenwiof the frequency
content of a sound as it changes with time. Itlmamised to identify strong elements of the sound
in both the time and frequency domain and is ofteed to characterize animal sounds. There is
an uncertainty principle relating time to frequeraay in preparing a sound spectrogram. One of
the problems in using the FFT is that it has adiresolution. A choice must be made between
high frequency resolution (long FFT length, or parrbandwidth) and high time resolution
(short FFT length, or wide bandwidth). This prpleiis often not understood by those preparing
sound spectrograms. If rapidly repeated impulsesaalysed with a narrow bandwidth then the
pulses will merge and give the impression of aioous sound composed of related harmonic
frequencies.

Determining the hearing abilities of fish & invertebrates

Most audiograms for marine organisms have beewetefrom experiments in small laboratory
tanks, where the presentation of measured soumadlspresents enormous difficulties. Fish and
invertebrates are generally most sensitive to Ieguency sounds, where the wavelength often
exceeds the dimensions of any water tank contaitmagnimals. The sounds are presented in a
variety of ways, sometimes with immersed sound qumtoys and at other times with the
projectors in air above the water, and only thengopressure levels are usually measured. With
an immersed projector in a small, open, thin-walledtainer very large particle motions are
associated with quite low sound pressures. Conyenséh an air loudspeaker above the water
the sound field consists almost entirely of souresgure. It has been evident for some time that
the ears in all fishes are essentially sensitivgpadicle motion (Pumphrey, 1950; de Vries,
1956). Only in some species are the ears coupleghs-filled bodies that can act as acoustic
transformers, converting incident sound pressumes particle motion at the ear (Poggendorf,
1952; de Vries, 1956; van Bergeijk, 1967; Sand Hawvkins, 1973). The hearing of marine
invertebrates has barely been investigated but toeré seems likely that they are sensitive to

46



particle motion rather than sound pressure. Partigdtion is rarely measured directly, although
it is sometimes estimated by means of the plangpberical wave equations. Sound pressure
thresholds and audiograms determined in aquarinkstenust be treated with great scepticism,
unless the sounds have been carefully presentedhaadured (for example by the employment
of controlled impedance wave tubes (Hawkins andlidanan, 1976) or by experiments in mid-
water in the sea (Chapman and Hawkins, 1973; Sadtwajl. 1972).

A further acoustic problem encountered in aquatianks arises from the presence of high levels
of background sound and vibration. It has beemwshthat in fishes like the cod, at their most
sensitive frequencies background noise levels énsta may interfere with hearing even under
quiet conditions (Hawkins and Chapman, 1975). fatence with the detection of one sound by
another sound is calledasking. Masking results in an increase in the threshofddetection or
discrimination of one sound in the presence of lE@rotConditions in noisy aquarium tanks may
result in greatly elevated hearing thresholds. édweer, noise at particular frequencies may
mask sensitivity to those frequencies, but notmsthetering the shape of the audiogram.

There are several different ways of determiningingahresholds for fishes. Fish may habituate
to the repeated presentation of sounds, makingfiitudt to present a full range of sound stimuli
and fully explore their responses. Various trainargl conditioning techniques have therefore
been developed to ensure that fish will always aadpo sounds that they can hear. Thus, fish
have been trained to press a lever, or swim thramgtaperture when they hear a sound, in
anticipation of a subsequent reward of food. Ordleetrocardiograph of the fish is monitored
and fish conditioned to show a delay in the heattbe@hen presented with a sound, in
anticipation of a mild electric shock. Once a fishtrained the sound level can be reduced
progressively until the fish no longer respondsisiRg the sound level if the fish does not
respond and reducing it when the fish responds theay bracket the threshold for detection.
Although application of these techniques is vellyolar intensive, the thresholds obtained are
repeatable and reliably reflect the full hearinglitds of the fish. The thresholds are usually
determined for pure tones and plotted against &eqgyto give the audiogram

Physiological techniques may also be applied torgexa the hearing capabilities of fish. Here
an electrical response is recorded from the nerggstem of the animal as a sound is presented.
For example, microphonic potentials may be detefrtad the auditory hair cells of the ear with
an embedded electrode; or an auditory brainsteponse (ABR) may be monitored by surface
electrodes typically placed on the head of the, feshdone with mammals. It is probably more
correct to call the latter auditory evoked potdat{&AEPS) rather than ABRs, as they may not be
strictly from the brainstem. Thresholds at diffdréequencies may be determined by reducing
the sound level until the potentials can no lorngedetected against the background of electrical
noise; or frequency response curves may be pregredmparing the sound levels that yield a
given level of electrical response. Typically, flesponse curves show less dynamic range than
those determined by behavioural techniques. Thtdshare usually higher, as they are usually
determined by the inability of the experimenterdistinguish very small electrical potentials
against background electrical noise.

Fay and Ladich (2013) have suggested that heasiggnerally defined as the act of perceiving
sound, a sensory function that involves the ewtiganism’s behaviour. This behavioural “act of
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perceiving” can only be measured using behavionrethods. They emphasise that behavioural
studies of hearing have a degree of validity thBPAneasures lack and that AEP audiograms,
while popular and increasingly used, require comsparwith behavioural audiograms wherever

possible to help establish their usefulness asssilple description of a species characteristic.
Physiological methods (i.e. AEPs) only measure dabde electrical responses from the ear or
lower portions of the brain. They do not fully lesft the ability of the animal to process and

extract information, or indicate whether there Wil a behavioural response by the animal.
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Glossary of Terms

Aggregate effects

Effects arising from the accumma of effects from

different sources or different stressors

Ambient Noise

Background sound in the sea.
naturally occurring sounds from distributed sourbes
sometimes applied to all background sounds.
of naturally occurring sound sources include wawesd,
rain, snapping shrimp, fish, marine
earthquakes, and volcanoes.

Nommadistricted tg

Exasnpl

mammals,

Audiogram

The measurement of hearing sensitivitylgaest sound

level detectable — sef®uditory Threshold) at a number o
different frequencies in the hearing bandwidth of
organism.

Auditory Evoked
Potential (AEP)

A physiological method for determining the hear
characteristics of animals without training. Eledis
(wires) are placed on the head of the animal torce
electrical signals (emitted by the ear and centeal/ous
system) in response to sounds. These signals arenl
level and are averaged to raise them above thegbaakd
electrical noise. It is not possible to determinglitory
thresholds for fishes that are comparable to belaai
thresholds using this method but it is possiblgam an
idea of the frequency range and to compare theteffaf
various treatments, such as exposure to high leok
sound.

Auditory Threshold

The auditory threshold generalgpresents the lowe
sound level an animal will detect in some statilyc
predetermined percent of presentations of a sigviakt
often, the threshold is the level at which an ahimi
indicate detection 50% of the time.

St

Continuous sound

A sound that continues for a lpergpd and in which thg
mean squared sound pressuris approximately
independent of averaging time.

1%}

Cumulative effects

Effects arising from the repetitand accumulation @
effects from a particular source like a pile driver

—h

Critical Band

One of a number of adjacent frequebagds into which
the audio- frequency range of an animal may beonatly
divided, such that sounds in different frequencydsaare

heard independently of one another, without mutual

interference. An auditory critical band can be nedi for

various measures of sound perception that inv

olve
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frequency.

Cumulative sound The accumulated SEL for a specified sequence efateg
exposure level (SELy) | sounds. The sequence may be defined by a timedoeri
(e.g. 24 h) or by the operation producing the trafr
impulses (for example the number of strikes to rinse
particular pile). Se8&ound exposure level (SEL).

Decibel (dB) A logarithmic scale most commonly feporting levels
of sound. The actual sound measurement is comparad
fixed reference level.. The decibel value for sound
pressure level is 20lgg(actual sound pressure/reference
pressure). The standard reference for underwatendgo
pressure is 1 microPascal (uPa). The dB symbal is
followed by a second symbol identifying the specifi
reference value (i.e., dB re 1 uPa). In termsnefrgy, the
decibel value is defined as 10 jgdactual/reference),
where (actual/reference) is a power ratio.

dBr¢ A measure used for analysing noise that reflects| th
sensitivity of the species to different frequencids can
be used for range of species, both marine mamnmals a
fish. The approach combines the levels of nois¢hat
receptor with the known hearing capabilities ofpadfic
species and delivers results in levels that cam the
related to behavioural changes. Sometimes writtetiBa
(Species) where Species refers to the species being
considered.

Far-field A region far enough away from a soundrseuhat the
sound pressure behaves in a predictable way, amd th
particle velocity is related to only the fluid perties and
exists only because of the propagating sound waee| (

Near Field).

FFT Fast Fourier Transform. A mathematical calioafor
determining the spectrum of a sound wave.

Frequency The rate of repetition of a regular everd waveform,
The number of cycles of a wave per second. Expdesse
Hertz (Hz)

Frequency spectrum A plot of sound pressure or countensity against

frequency showing the relative magnitudes of |the
frequency components of a complex sound.

Fundamental frequency| The lowest frequency of ambaic series. Thg
fundamental frequency is also called the first harim
frequency (f) of a harmonic series.

1%

Impulsive sound A transient sound, usually produoga rapid release of
energy. The sound is made up of one or more puseh
of short duration (less than 10 s), and with gajihomt
significant sound emission between the repeatedepl
Such sounds include sounds from seismic air guays)r
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impact pile driving, some sonars and explosions.

Instantaneous sound
pressure

A measurement of the sound pressure at a partitioiar
and place

Kurtosis

A statistical measure of the roughness eéund. In term
of an impulsive signal, kurtosis gives an indicataf how
the signal changes over the duration of the sigdighals
with a high kurtosis tend to have a single peak tiea
beginning and a long tail of lower energy, whergigsals
with very low kurtosis would have a uniform distrition
of energy.

M-weighted Sound
Exposure Level

An approach which has been proposed by Soudball

Uy

(2007) and has recently been adopted by the UKt Join

Nature Conservation Committee (JNCC) for
assessment of marine operations that may cause

could be defined as a deliberate injury or distodea

effect on marine mammals. This is based on critgsiag
two metrics; the peak sound pressure level and

the
what

weighted Sound Exposure Levels (SELs) for varipus

groups of marine mammals (low, mid and high freaqye
cetaceans and pinnipeds). Clearly defined critena
proposed for auditory injury for single pulses, tipk
pulses and non-pulses. Quantitative criteria argo
presented for behavioural response to single p(b=esed
on the level at which Temporary Threshold Shift §)]
occurs).

Near-field

A region close to the source, where tilane wave
equation no longer applies. Characteristicallyrehes
exponentially increasing sound pressure towards
source, and a high level of particle velocity. Extent of
the near field depends on the wavelength of thend
and/or the size of the source.

Noise

Unwanted sound that interferes with the detecof
sounds of interest. Often applied to all nmaede sounds
Also used to describe background sounds in the
including naturally occurring sounds (s@abient noise)

Particle acceleration

A time derivative of partickelocity. The units o
acceleration are meters per second squarecfm s

Particle displacement

The displacement of partiofes medium created by th
forces exerted on the fluid in the presence of andc
wave. The units of velocity are meters (m).

Particle motion

The back and forth motion of thenponent particles of
medium accompanying the passage of a sound.

Particle velocity

The time rate of change of thepthcement of fluig
particles created by the forces exerted on thel filuithe

the

sea

f

e

D

presence of a sound wave. The units of velocityneaters
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per second (m'Y.

Peak to peak soun
pressure

dThe range in sound pressure between the most neg
and the most positive instantaneous sound pressures

yati

Peak sound pressure

The range in sound presswedrerzero and the greate
instantaneous sound pressure. Also calleddé&® to
peak sound pressure

pSt

PTS

Permanent Threshold Shift is a permanentigheftiditory
threshold due to exposure to an acoustic signal

Propagation loss

The reduction in level of a sowitth distance from the
source

Received level

Measure of the sound energy arrivitiga receptor.

Measured on a logarithmic scale.

Rise time The interval of time required for a sigtwago from zero
or its lowest value, to its maximum value.
rms Root mean square.

For a time series(t) considering a time peridf.

_ 1T
RMS = /;fo |x(t)|2dt

Sound exposure

The integral over time of the sqohtke sound pressu
of a transient waveform.

[€

Sound exposure criterio

n The level of sound thatlts in specified effects upd
animals. The effects (which are specified) mayuide
death, mortal injury, tissue injury, impairment tfe
auditory system and behavioural responses.

n

Sound exposure level
(SEL)

A measure that takes the different duration of sisunto
account.
period (usually 1 second). It allows comparisors@inds
of different durations. Formally, the SEL is theeigral of
the squared acoustic pressure with respect to 1
expressed as a level in decibels over defined gerio

It is the accumulated energy over a ddfin

ime,

Sound intensity

The product of particle velocitydasound pressur
divided by the acoustic impedance. More formathg
work done per unit area and per unit time by a dovave
on the medium as it propagates. The units are Sqeée
square meter per second (3/1) or watts per squar
meter (W/nf). The acoustic intensity is also called t
acoustic energy flux.

[¢)

[¢)

he

Sound pressure

The fluctuations in pressure abavé below the
hydrostatic pressure accompanying the passage
sound, measured in Pascals.

of a

Sound pressure level

The effective sound presavezaged in time, relative 1
a standard reference pressure. More specifically ithe
root mean square (RMS) sound pressure expressed

level, in decibels. The reference pressure in gsasi 1

(0]

as
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microPascal (symbol pPa), which is one millionthag
Pascal.

Source level Characterises the sound power radiateah underwate
sound source expressed in decibels. It is oftenifspe as
the sound pressure level referred to a distandenoffrom
a hypothetical point monopole source.

TTS Temporary threshold shift is a temporary slift the

auditory threshold due to exposure to an acousfiat

=

Zero to peak sound
pressure

The range in sound pressure between zero and elagegt
instantaneous sound pressure. For a sinusoidadforaw

such as shown if figure ** it corresponds to thepéitude.
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