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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
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Introduction

This document was written to provide a standardized measurement method for the measurement of
the radiated underwater sound during percussive pile driving.

Sound is often an unintended by-product of man-made activities, and the increasing number of sound-
producing human activities in oceans, seas, lakes, rivers and harbours have led to concern over noise
pollution from unwanted sound and its potential effect on aquatic life. In some countries, there is
already incipient regulation with regard to the impact of the radiated underwater sound, requiring

acoustic mo

Percussive

nitoring for environmental impact assessment during construction projects.

ile driving can be a significant source of low-frequency impulsive underwater”s

During the fjrocess, a pile is driven into the seabed (or river-bed, etc.) using a hammer, which is\typ

driven hydrfulically. Such a technique is commonly used to position piles in shallow water ¢onstru

applicationg. Examples of such applications include the following:
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The soul

tion of offshore wind farms;
tion and mooring of platforms for the offshore oil and gas industgy;

tion of bridge supports and foundations in rivers, estuaries, harbours and quays (and
ty to them);

b and positioning of aquatic renewable energy devices.

tific literature, a number of attempts to measure the water-borne noise levels have

to guidance being provided to address the need within individual countries[14]-[16]
nt of piling noise is made difficult by a number of factors.

[, air and seabed, and vibrating the seabed surface.

tion of the sound.

modelling without-sufficient validation. Progress with modelling the source has

this documént”is to provide procedures and methodologies for measurement of s
Fo the water, and recommend acoustic metrics to describe the sound field. The assess
the radiated sound on marine life is not part of the scope of this document.

13], Often, these are difficult to compare because-different acoustic metrics are used|

Irce extends from the water surface to the€ seabed (or river-bed, etc.), generating sound w

Vironment is often shallow water which gives rise to substantial reverberation,
etric features and seabed «(or river-bed, etc.) interaction can strongly influencg

propags

e assumptions about-equivalent point sources have been used in measurements an

the scientific literattre, but a complete understanding has not yet been achieved[1Z]-[22].
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Un

derwater acoustics — Measurement of radiated

underwater sound from percussive pile driving

1 Scope

This document describes the methodologies, procedures, and measurement systems to be used for the
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— {for validation of modelling or predictions.

This
The 1
crite

vicinlity of the source.

Inth
the s
is pr
betw
utilit
the d
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s with a hammer.

hjor motivation for undertaking measurements of the sound radiated during per
g is as part of an assessment of impact on aquatic fauna required by regulatory framg

ent describes a generic approach to measurements that can be applied-to differen
rements.

document is suitable for measurement of percussive pile driving undertaken
llation of foundations (monopiles, jackets, tripods, etc.) used‘in ‘construction of of
s, oil and gas platforms, and other inshore structures suech as bridge foundations
lvable energy devices. This document does not cover meastihement of the sound radiaf]
b or sheet piling. This document does not cover piling indwater of depth less than 4 1
100 m.

procedures described herein provide guidance on¥haking measurements to satisfy t
tives:

o monitor source output during piling, for example, for regulatory purposes;

o provide consistency in comparison ofpiling noise from different construction projeq

document covers only the measurement of the sound field radiated during percussive
cope of this document dogés)not include the assessment of exposure metrics, or the use
ia. No attempt is made'to prescribe a methodology for generating maps of the acousti

b normative partof this document, requirements and procedures are described for med
pund field atspecific ranges from the pile being driven. In this part of the document, n
pvided for determination of an acoustic output metric that is independent of the prop{
een soufce and receiver (such as a source level). Ideally, such a metric would have som
y (forexample, in calculating noise impact zones and noise maps). However, some inf
etermination of a possible acoustic output metric is provided in Annex A.

b percussive
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of exposure
¢ field in the
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e predictive
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This document covers only the measurement of sound pressure in the water column. The scope does
not include measurement of sound particle velocity in the water column due to the propagating sound
wave, or seabed vibration caused by waves propagating across the sea-floor. This exclusion does not
imply that such measures are unimportant; indeed, their importance in assessing the impact on aquatic
life is recognized. However, at the time of drafting, measurement of these quantities is not yet mature

enou

gh for standardization.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.
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[SO 18405, Underwater acoustics — Terminology

3 Terms

and definitions

For the purposes of this document, the terms and definitions given in ISO 18405 (especially: sound
pressure, sound pressure level, mean-square sound pressure level, sound exposure, sound exposure

level, peak s

NOTE

ound pressure, peak sound pressure level) and the following apply.

Although the definitions of sound exposure and sound exposure level are taken from ISO 18405,

specific nomenclature is used in this document for sound exposure level calculated over the duration of one

acoustic puls

e, and over the duration of multiple acoustic pulses; this nomenclature is described in 3.2.

ISO and IEC
IEC Eleq

ISO Onl

3.1
pulse durat
percentage

Note 1 to ent

Note 2 to ent
the result. Fo

Note 3 to en
acoustic wav
as harbours,
identify indiy

3.2
sound expd
SEL
level of the 4

Note 1 to ent

Note 2 to ent
strike) is cal

maintain terminological databases for use in standardization at the following address

tropedia: available at http://www.electropedia.org/

ne browsing platform: available at http://www.iso.org/obp

ion
bnergy signal duration over the acoustic pulse

y: The percentage energy signal duration is defined in ISO 18405,

I'y: The energy percentage over which the pulse duration has been calculated should be stated
r the purposes of this document, the energy percentage farthe pulse duration is 90 %.

try: In general, in shallow water, the acoustic pulSe*includes multiple arrivals of the out
bs, including multi-path signal arrivals from surface and seabed. In reverberant environments

where sound waves may be reflected by boundaries such as harbour walls, it may be diffic
idual outgoing acoustic pulses.

sure level

ound exposure, for a specifiéd reference value

Fy: The sound exposure levelis as defined in ISO 18405.

ulated over the pulse“duration on the basis of 100 % of the pulse energy. For the purposes g

document, thiis is termed the'single strike sound exposure level (abbreviated as SELgg). It is recognized that

scientific lite

Note 3 to ent
is, for the puj
reporting th
cumulative s

Fature, this parameter is sometimes called the single pulse sound exposure level.

ry: The sound exposure level over a defined period of time, which includes multiple acoustic p
poses.of this document, termed the cumulative sound exposure level (abbreviated as SEL¢ym).
b cumulative sound exposure level, the number of pulses and the time duration over whig
uid exposure level has been calculated are stated.

with

coing
such
ult to

ry: The sound exposure’level for an individual acoustic pulse (corresponding to a single hammer

f this
n the

llses,
Vhen
h the

Note 4 to entry: In the acoustic near field, sound exposure is not related to the sound intensity or energy in the
straightforward manner that applies for the acoustic far field. Therefore, care should be taken when interpreting
measurements of SEL made in the acoustic near field.

3.3

pulse repetition frequency
pulse repetition rate

number of h

ammer strikes per unit time

Note 1 to entry: Typically stated as the number of strikes (or acoustic pulses) per second.

Note 2 to entry: It is common for the pulse repetition frequency to be less than 1 per second.
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3.4

background noise

all sound recorded by the hydrophone in the absence of the pile driving signal for a specified pile driving
acoustic signal being measured

3.5

measurement system

data acquisition system consisting of, but not limited to, one or more hydrophone(s), conditioning
preamplifier(s), analogue-to-digital converter(s), computer and ancillary peripherals

3.6

freq encyrange
span{from the lowest frequency to the highest frequency over which the measurement system is able to
meagure, for a given uncertainty

Note |l to entry: The frequency range is expressed as the lowest frequency to the highest-frequency.

3.7
dyngmic range
amplitude range over which a measurement system is able to measire, for a given folerance of
distdrtion, expressed as a range from the lowest to the highest amplitude

Note |l to entry: Dynamic range can also be expressed in decibels represénting the difference betwegen the level of
the npise floor created by the system self-noise and the maximumdevel which can be measured with a specified
maximum allowable distortion. It can be expressed for a single frequency or at a range of frequencigs.

3.8
field| calibration
metHod of using known inputs, possibly using physieal stimuli (such as a known and calibratg¢d/traceable
acouftic or vibration source) or electrical input {¢harge or voltage signal injection) at the input (or other
stage) of a measurement system in order to,ascertain that the system is, in fact, responding properly
(i.e. within the system’s stated uncertainty)to the known stimulus

[SOURCE: ISO 17208-1:2016, 3.9][23]

3.9
measurement uncertainty
estimate of the range (or dispersion) of values within which the true value is considered to lie to a
specified degree of confidence (for example, for a confidence level of 95 %)

[SOURCE: ISO/IEC Guide 98-3:2008]

3.10
hydrjophone
undgrwatersound transducer that provides an electrical signal in response to fluctuations|in pressure,
and is designed to respond to the pressure of a sound wave

1 4 s 141 1 4333 1 i 1 43 1o 41 H | s A o la:d N i i
Note T cOCIIeT y 1T e e e ICar Stgirar 15 propoT trotrar co eI CTaCTIc SOt pressur Gty UT OP1t neis Sald to

have a linear response.

3.11
hammer energy
kinetic energy of the hammer used for the pile driving for a specific blow

Note 1 to entry: This is equal to the kinetic energy with which the hammer mass strikes the pile.
Note 2 to entry: The hammer energy is expressed in k].

3.12
pile dimensions
dimensions of the pile in terms of the overall length, diameter and wall thickness (if hollow)

© IS0 2017 - All rights reserved 3
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marine area, including coastal areas, regional seas and continental shelf, but excluding harbours,
coastal inlets, inland waterways, river estuaries, and rivers

3.14
inshore

marine or aquatic region, including harbours, coastal inlets, inland waterways, river estuaries, and

rivers, but e

3.15
equivalent

Pw
ratio of the

band presen
hydrophone

Note 1 to ent
[SOURCE: IE

3.16

equivalent
ten times th
noise presst

Note 1 to ent
Note 2 to ent
[SOURCE: IH

3.17

signal-to-n
ratio of the
noise voltag]

Note 1 to ent

Note 2 to ent
voltage shall

Note 3 to ent
This may be
frequency ba|

to-noise ratiq.

Note 4 to ent

3.18
system sen

xcluding regional seas, continental shelf and coastal areas

A 2l H
AdIIUWIULIT IIUIST lJl COooUuI T

root-mean-square noise voltage at a specified central frequency in the relevantfseqy
t at the electrical terminals of the hydrophone, in the absence of pressure fluctuations 3
input, to its free-field open-circuit hydrophone voltage sensitivity at a specified frequ

Fy: Equivalent bandwidth noise pressure is expressed in pascals, Pa.

C 60500:—][24]

bandwidth noise pressure level
e logarithm to the base 10 of the ratio of the square of the‘value of equivalent bandy
re, pw, of a hydrophone to the square of a reference pressure, po, in decibels

ry: Equivalent bandwidth noise pressure level is expressed in decibels, dB.
Fy: The value of the reference pressure, po, is 1 uPa.

C 60500:—](24]

pise ratio
mean-square broadband signal voltage after all processing to the mean-square broad
e after all processing

Fy: The noise voltage is the'voltage caused by non-acoustic noise and background noise.

y: The time duratiopforthe mean-square operation on the signal voltage and the background
be the same. This averaging time is specified with the value of signal-to-noise ratio.

ry: As a broadband quantity, the signal-to-noise ratio is evaluated over a specified frequency

he entire range of interest, which for this document is a minimum of 20 Hz to 20 kHz, or a sp
hd such as @third-octave band. The applicable frequency band is stated with the value of the s

Fy-The signal-to-noise may be expressed as a level difference in decibels.

ency
tthe
ency

ridth

band

noise

band.
lecific
gnal-

sitivity

quotient of the root-mean-square open-circuit voltage at a specified point in the measurement system
(usually the electrical output terminals) to the incident root-mean-square sound pressure that would
be present at the position of the reference centre of the hydrophone in the undisturbed free field if the
hydrophone was removed for specified frequency and specified direction of plane wave sound

Note 1 to entry: The system sensitivity is defined here for an acoustic measurement system designed to measure
sound pressure signals in water. The measurement system will typically consist of hydrophone(s) connected to
amplifier(s) and filter(s), and will feed an output voltage into a digital acquisition and storage system. Note that
the response of the hydrophone(s), amplifier(s) and filter(s) will in general vary with acoustic frequency.
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Note 2 to entry: The system sensitivity is defined here as an acoustic free-field sensitivity using the free-field
sensitivity of the hydrophone. If the hydrophone is physically attached to the body of an acoustic recorder (rather
than deployed on an extension cable), diffraction and scattering of sound by the recorder body may affect the
free-field sensitivity at kilohertz frequencies, causing enhanced directivity compared to the response of the free
hydrophone.

Note 3 to entry: The system sensitivity is described in terms of the electrical voltage developed per pascal of
acoustic pressure, and is stated in units of V/Pa. The sensitivity level is sometimes expressed in decibels as dB re
1 V/uPa. The system sensitivity accounts for the response of the hydrophone(s), gain of amplifiers, and insertion
loss of filters within the system.

Note 4 to entry: For digital systems, where the system records the sound as a digital waveform (rather than
g g rter) may be

incorporated into the overall sen51t1v1ty of the whole system including the digitizer. This may‘be termed the

digitdl system sensitivity, which is the number of digital counts per unit change in sound pressure (uhit Pa-1).

Note |5 to entry: In general, the measuring system may introduce a phase delay into themeasuregl signal. This
may be accounted for by representing the system sensitivity as a complex valued quantity, the modulus of which
reprgsents the magnitude-only response (and is described by the definition abeye), and the phase of which
descrjibes the phase response of the system. Note that the complex-valued systemrsensitivity will inf general vary
with pcoustic frequency.

[SOURRCE: IEC 60500:—][24]

4 Instrumentation

4.1 | General

This clause deals with the choice of measuring instfiumentation and the key performance splecifications,
systdm calibration, and data quality assurance.

The I—ueasuring system generally consists of'the following instruments:

ydrophone(s);
— amplifier(s) and signal conditioning equipment;
— (ligitization and storage(equipment.

The amplifier can be a separate element in the system with an adjustable gain, or may bg an integral
partjof the hydrophone with no possibility for gain adjustment. Digitization is provided by pn analogue
to digital convertef,(ADC) and the electronic storage is typically provided by a computer hfard drive or
flash{ drive memory.

The mmeasuring’system may consist of individual components, as listed above, or an integrpted system
formfing part of an autonomous recorder that provides a self-contained recording system.

4.2 Performance of the measuring system

4.2.1 Sensitivity

The sensitivity of the measuring system should be chosen to be an appropriate value for the amplitude
of the sound being measured. The aim in the choice of the system sensitivity is to

— avoid poor signal-to-noise ratio for low amplitude signals, and

— avoid nonlinearity, clipping and system saturation for high amplitude signals.

© IS0 2017 - All rights reserved 5


https://standardsiso.com/api/?name=0c03edf7ac70dc1e62be1d49dd84f320

ISO 18406:2017(E)

NOTE1 Itis the latter of these two criteria that is most important for measurement of percussive pile driving
because it is a high amplitude source, and distortion of the measured signal will render the results of no value.
To build in some flexibility, it is preferable to have some selectable gain in the amplification stages, or in the
settings of the ADC. These can then be set to appropriate values once the sound levels are known after some
initial measurements. However, note that for autonomous recorders and hydrophones which have integral

preamplifiers, the gain cannot usually be modified after deployment.

NOTE 2

If measurements of background noise are necessary then it might not be appropriate to use the

same hydrophone or gain setting for the background noise measurements as those used for the measurement
of the noise radiated from the pile-driving. For measurement of background noise, a hydrophone with low-noise

performance

NOTE3 T

rrﬁ—n_ﬁﬂ‘n_l_ﬁ_rﬁ_ﬁ—l_he Sensitivity 1s described In terms of the electrical voltage developed per pascal of ac
pressure, angl is stated in units of V/Pa. The sensitivity level is often expressed in decibels as dB re,1\V

Where the s)
sensitivity is
relate to the
represented
bit ADC reprs¢
dynamic ran

NOTE4 N
this will red
capacitance

the effect of
preamplifier

4.2.2 Freq

The frequen
record all f
hydrophone

For the mea3|
from no moj

NOTE1 In
of the hearing
at acoustic f1
propagate. I
noise and cah

NOTE 2
requires the
signal which
the maximurn
interest.

NOTE3 It

The requirement{oy unambiguous representation of the signals within the desired frequency

and high sensitivity is generally preferred.

rstem records the sound as a digital waveform (rather than providing an analogue yvoltage
expressed in digital counts per pascal. Note that the range of numerical values producedby ar
humber of bits used in the conversion, the full voltage range allowed for the analggue signal
by values covering a range equal to 2N where N is the number of bits of the ADC.\Kor example
sents the full scale voltage range with 216 values (e.g. -32 768 to +32 767), whi€h is equivalen
re of approximately 96 dB.

te also that if extra cable is added to a hydrophone which does not havé an integral preamp
ice the overall sensitivity for the hydrophone due to the extra eléctrical loading caused b
f the extension cable. Either the hydrophone is calibrated with.tlie extension cable connect
he electrical loading is calculated. See Annex B for details. Eer~hydrophones that have an in
within the hydrophone body, adding extension cable will not affect the sensitivity.

quency range and sampling rate

cy response of the measuring system shall extend to a high enough frequency to faith
requency components of interest withinithe measured signals. This requires tha
and any amplifier and filter, be sufficiently broadband.

surement of percussive pile driving; at minimum the system frequency range shall ey
‘e than 20 Hz to no less than 20 kHz:

general, when selecting a suitable minimum frequency range for the measurements, consider
b abilities of the relevant recéptors is given on a case by case basis. However, note that measurer
equencies of less than 20(Hz are difficult in very shallow water where low frequency waves d

addition, at such low acoustic frequencies, contaminating signals due to artefacts such as
le strum become mgre)prevalent (see 5.3).

sampling ratéyfs; of the ADC within the recording system to be greater than the Nyquist rate
is input to\the ADC. Where the measured data are to be represented in one-third octave b
h frequency of interest will be the upper limit of the maximum one-third octave frequency b4

ustic
pPa.
, the
ADC
being
alé6
ttoa

lifier,
y the
bd, or
egral

fully
L the

tend

ation
nents
0 not
flow

fange
bf the
ands,
nd of

is~desirable that the system sensitivity be invariant with frequency over the frequency ran

ge of

interest (i.e. that it possess a “flat response”), to within a tolerance of 2 dB. Note that it is possible to correct for
the variation in the sensitivity with frequency with better accuracy than the above tolerance if the hydrophone
and measuring system is calibrated over the full frequency range of interest.

NOTE4  The one-third octave bands are calculated using either base-10 or base-2, and the choice is stated
when presenting the results. The two calculation methods will give slightly different results, and base-10 is the
preferred method (IEC 61260-1). (Note that the base-10 representation of a one-third octave band is referred to
as a “decidecade” in ISO 18405).
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4.2.3 Directivity

The hydrophone used shall have an omnidirectional response such that its sensitivity is invariant with
the direction of the incoming sound wave to within a tolerance of 2 dB over the frequency range of
interest.

NOTE1 This requirement is not difficult to satisfy at frequencies up to 20 kHz. However, one issue that can
cause enhanced directionality is where the hydrophone is deployed close to another structure that is capable of
reflecting the sound waves. The combination of the direct and reflected waves causes interference, the nature
of which will change depending on the arrival angle for the sound wave. This effect can be evident at kilohertz
frequencies if the hydrophone is deployed close to a support structure such as a heavy mooring or support, or

a recorder case that houses electronics and batteries but is mostly air-filled. Similarly, if the hydr
guarcﬁ deployed around it (a protective cage to prevent damage of the element by impacts), this
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rectivity at kilohertz frequencies. If necessary, the above effects can be quantified by direéctid
urements of the hydrophone together with the mounting, in a free-field environment.

Signal-to-noise ratio requirements

rnal-to-noise ratio of at least 10 dB (expressed as a level difference) shall be 1
urements.

1  When considering signal-to-noise ratio, all contributions to noise are relevant. These in
oise (4.2.5) and platform-related deployment noise (5.3.1) as well'as background noise (3.4).

2 For measurements of percussive pile driving where .high amplitude signals are comm
ion is only likely to be challenging at significant range from the source (tens of kilometres).

System self-noise

Chieve acceptable signal-to-noise ratio whén measuring acoustic signals, the syste
essed as the equivalent bandwidth noise pressure level) shall be at least 10 dB beloy
| level (expressed as the mean-squaresignal voltage after all processing) to be mea

1 In the context considered here, the system self-noise is considered to be the noise orig
bdrophone and recording system(for considerations of deployment and platform noise, see 5.3]
oise is the noise generated by 'the system in the absence of any signal due to an external acot
hoise is electrical in naturé aid is generated by the hydrophone itself and any electronic compoj
fiers and ADCs. This igTiormally expressed as an equivalent bandwidth noise pressure level. V
ding system, it is poSsible for the spectral density of the equivalent bandwidth noise pressur
nudsen sea-state Zero levels (which include distant shipping noise) at 63 Hz and 125 Hz, the val
bproximately 64 dBre 1 pPa2/Hz and 59 dB re 1 uPa2/Hz respectivelyl[25].

2 For,gooed quality measurements of background noise, a measuring system with sufficieg
is used.Ntumight not be appropriate to use the same hydrophone for the background noise m
ht used-for the measurement of the sound radiated from the pile-driving. For measurement o
ahydrophone with low-noise performance and high sensitivity is generally required. For a sys

ophone has a
Can influence
nal response

equired for

clude system

onplace, this

m self-noise
v the lowest
sured in the

inating from
. The system
stic stimulus.
nents such as
Vith a typical
e to approach
ues for which

ntly low self-
easurements
f background
tem designed

asure very low sound levels, a maximum system self-noise of 47 dB re 1 uPa2/Hz at 63 Hz and 43 dBre 1

uPaZ/Hz at 125 Hz is preferred[25].

4.2.6 Dynamicrange

The system dynamic range shall be chosen to be sufficient to enable the highest expected sound
pressure, at the measurement position, to be recorded faithfully without distortion or saturation
caused by the hydrophone, amplifier, and ADC.

NOTE1 The dynamic range of the measuring system is the amplitude range over which the system can

faithfully measure the sound pressure. This ranges from the noise floor of the system (which defines the lowest
measurable signal) to the highest amplitude of signal that can be measured without significant distortion.
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NOTE 2  High amplitude sounds which are beyond the maximum capability of the measuring system will cause
distortions in the measured data. For example, clipping can occur where the peaks of the signal are missing from
the data (the peaks being truncated at the full-scale value of the system ADC). The measuring system is required
to be linear over the full dynamic range, requiring that the system sensitivity is constant over the full range of
measurable sound pressure. Systems with dynamic ranges of in excess of 60 dB are preferred for measurement
of pile driving noise. For some systems, when approaching the high amplitude limit, the response might no longer
be linear due to limits in the performance of components such as amplifiers. Therefore, it is advisable that a
measurement system is not used close to the limit of its dynamic range unless the linearity has been checked.

NOTE3 A method to mitigate problems with dynamic range is to have some flexibility in the sensitivity, often
achieved by use of adjustable gains for amplifier stages and scale settings on ADCs. However, where a system has
been deployed remotely (for example, an autonomous recording system), control over the system settings after
deployment fnight not be possible. In this case, some knowledge of the [ikely range of sound pressure Jevels is
required to dptimize the available dynamic range (this knowledge can be obtained from reported levels jn the
scientific literature or from approximate theoretical calculations).

4.3 Calibfration

4.3.1 Full system calibration

The full med

ey

suring system shall be calibrated over the full frequency range of interest indicated in

The compornents that require calibration are as follows:

hydrophone;
amplifigrs;
filters;

analogu f the

ADC sh{

e to digital converter (ADC) - the range setting (full-scale) and the calibration factor ¢
111 be known.

The calibra
hydrophone

fion of the hydrophones shall be.traceable to national or international standards{ The

calibration should conform to IEC60565.

NOTE1 Itfis possible to calibrate a hydfophone and recording system with an overall uncertainty of hetter

than 1 dB (e
calibrations 1§
after every

NOTE2  Hj
the form of 4
the correctio
for each of th
cannot be as{

pressed at a 95 % confidence’level). It is preferred that the time duration between full labor
s not more than two years,/and that a field calibration check (see 4.3.2) be carried out befor]
ajor deployment or sea-triall26].

rdrophone calibration data are typically expressed at a succession of discrete frequencies,
calibration curve. If the recorded data are already processed into one-third octave bands b
n for hydrophone sensitivity is applied, the required calibration values are the mean sensiti
e frequercy bands. Where the hydrophone sensitivity is not flat, a constant value across the
umed.

NOTE 3
or in decibels

the operating frquency range.

NOTE 4

r performanc

atory
e and

or in
efore
vities
band

plifie

The filter performance is typically expressed as an insertion loss factor, a positive number expressed

either as a linear factor or in decibels. By definition, a filter response varies with frequency, and is fully
characterised over the full operating frequency range of the system.

NOTE 5

output values (counts) of the ADC for a stated input voltage, and is typically expressed as counts per volt.

The range setting (full-scale) and the calibration factor of the ADC will depend on the digital amplitude
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4.3.2 Field calibration checks

In-situ field checks on the system calibration should be undertaken just before and after deployment
and in between any repeated deployments.

NOTE1 To do this, it is advisable to make use of a commercially available hydrophone-calibrator, which
provides the hydrophone with a signal of known amplitude at a single-frequency (commonly 250 Hz). The
calibrator typically consists of an air-pistonphone that generates a known sound pressure level inside a small
coupler into which the hydrophone is inserted. The sound pressure depends on the free-volume inside the coupler
when the hydrophone is inserted, and so the coupler is calibrated for each type of hydrophone that is used with
it. Although the hydrophone calibrator provides a check at only one frequency, it does allow the entire system to
be checked using an acoustic stimulus.

NOTHE 2 It is also possible to undertake an electrical check calibration of the system compdgnents. If the
hydrgphone in use has an insert voltage capability (many commercial hydrophones with integral preamplifiers
have this facility), this can be used to check the electrical integrity and perform a calibration‘by eldctrical signal
injection. This is a useful technique when deploying long cabled systems from vessels)and can e performed
withgut retrieving the hydrophones. However, the method does not perform anm\acoustical ¢heck on the
hydr¢phone element.

4.4 | Data storage

4.4.1 Data quality

If ddta compression formats are used in order to incredse’ the storage capacity (and [thereby the
recording duration), the data compression techniques used shall be lossless, or the effect{on the data
quality shall be demonstrated. All analysis shall be carfied out on uncompressed data.

4.4.2 Auxiliary calibration data

Any [crucial auxiliary data or metadata thatyare needed for interpretation of the resulffs should be
recorded (for example, the scale factor orgetting of the ADC, or the gains of any amplifiers, tthe sampling
rate and the resolution).

NOTH It is desirable that such calibration data information be included in a file header or log file so that the
information is kept with the data, Though a number of suitable data formats exist (for example, WAY file format),
therelis no standardised formatfor’storing ocean noise data.

4.4.3 Longevity

If dafa storage is required to be long-term (many years), consideration should be given to the likely
future compatibility of the storage media and data format. Note that some formats and stprage media
become obsolete over time.

5 Deployment for measurement

5.1 Deployment methodology

5.1.1 General

One of the following generic deployment methods shall be adopted depending on available resource and
conditions.

5.1.2 Vessel based deployments

This involves deployment of hydrophones (either individually, or in arrays) from a vessel, with the
analysis and recording equipment remaining on the vessel, which can be either anchored or drifting.
The method has the advantage that deployments can be quick and mobile, and a relatively large area can
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be covered fairly cost-effectively. The risk of losing instrumentation is low, the data can be monitored
as they are acquired, and instrument settings can be adjusted in real time to provide the optimum
settings for high quality data (for example to avoid saturation and distortion). This deployment
method is suitable for measuring piling noise, especially if there is a need to measure the acoustic
field as a function of range from the source. Figure 1 shows an example of a vessel-based deployment
configuration. Vessel-based deployments can suffer from certain types of platform-related noise (see
5.3 for further details).

5.1.3 Static deployments (moored systems)

Static systems are a good alternative to vessel-deployed systems. Each system provides a measurement
at a fixed rajnge for the duration of the piling sequence. This is very important when the sourcefoyitput
varies with fime (as commonly occurs with percussive pile driving). Figure 1 shows an example 0f a fixed
deployment|configuration. Multiple units may be used to obtain measurements as a functionf of range.

A bottom-mpunted deployment is preferable to a surface deployment to minimise parasitic signals from
the influenc of surface wave action, to keep the hydrophone away from the pressuretrelease watgr-air
surface, and to minimise disturbance by surface vessels. Cost effective solutionsfor most deployments

are autonomous recorders, which are archival and store data on memory cards’or local drives|with
the data onlly available after recovery. Recovery requires either an acoustic reléase system or a sufface
buoy deployed from a seabed anchor, which enables the recorder to be hauled to the surface.
NOTE A [number of typical deployment configurations are possible,,many of which are presented in the
scientific litefaturel2Z]-[30],
/ﬂ 1
~—— Z :
— | /] m~
3 . 2
4
O
5
AA
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a) b) )
Key
a) b) c)

surface buoy subsurface buoy subsurface buoy

suspension device hydrophones hydrophones

recording pod recording pod

BwWw N R

hydrophones bottom anchor acoustic release

U s W N

1
2
3 retrieval rope
4
5 weight weight

Figure 1 — Examples of deployment configurations deployed from a) surface vessel, b) bottom-
mounted with surface float, and c) bottom-mounted with acoustic releasel)

1) © Crown Copyright 2014, Reprinted with permission.
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5.1.4 Drifting systems

Drifting systems typically consist of a hydrophone and recorder attached to a drogue or sea-anchor
which causes the whole system to drift with the prevailing current. These have the advantage that the
effects of flow noise are minimised in high tidal flow areas. A GPS receiver is used to provide a log of
positional data. Note that a synchronized time stamp on the audio-track is needed to accurately link to
the GPS time.

A drifting system does not make a measurement in one location and there is limited control with regard
to the direction of travel. The range from the source is a crucial parameter and this will be constantly
changing as the system drifts past the source. This problem can be mitigated if the drifting system

has

angld
is po
Also

GPSTecetvertoprovide positionatdatafromrwhich the range carbecatcutated; but
 from the recorder to the source will also tend to change as the system drifts past\t
5sible to use several drifting systems at once to partially get around the problem with
use of several systems at once allows the separation of time-dependence from spatial

q

for time-varying sounds.
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Hydrophone deployment

Hydrophone deployment depth in offshore waters

measuring hydrophone shall be positioned in the lower half'of the water column, betw

dbove the sea floor and one-half the total water depth (measured from the sea surface)
spatial distribution of underwater sound pressure is.depth dependent. A stronger dej
1 is present in the upper quarter of an acoustic wavelength in the water column. For thi
bphone shall not be placed close to the water surface. For measurements in inshore watg

1 In some cases, there is a need to selectother hydrophone depths, for example, if the ¢
e are impractical or if there is a specific interest in the impact of noise on species that residej
ottom or near the sea surface. Percussiye'pile driving can generate surface waves on the sg
ile. The sound pressure and sound particle velocity associated with these waves decrease
hg away from the seabed. Thereforg; if there is a desire to investigate the levels of sound that
ttom-dwelling species, it is preferable to undertake measurements close to the seabed.

2
phone position can be influenced by displacement of the cable under the influence of the currsg

a weight to the end of the cable-will mitigate the effect, but to be sure of the hydrophone depths, it

attac

5.2.2

For I
meas

5.2.3

h a depth sensor to theycables adjacent to the hydrophone.

Hydrophone deployment depth in inshore waters

ydrophohe measurements in inshore waters such as harbours and river estuaries, the
uremént'depth shall be half of the water depth at the measurement location.

Number of hvydrophones

the azimuth
he source. It

directivity.
dependence

een a height
[15][16],

bendence on
5 reason, the
rs, see 5.2.2.

lepths stated
closer to the
abed around
quickly when
might impact

If hydrophones are deployed from the surface in the presence of strong currents, note that the actual

nt. Attaching
is possible to

hydrophone

Generally, the use of more than one hydrophone per measurement location has several advantages.

Redundancy: If one hydrophone or measurement channel fails, there is a back-up.

Dynamic range: Two hydrophones with different sensitivities may be chosen to mitigate the

requirement for a larger dynamic range than can be covered by a single measurement
or channel.

Spatial averaging: Use of more than one hydrophone allows averaging of the measured

hydrophone

data.

If using two hydrophones, it is recommended that these be placed at two depths in the lower half of the
water column, ideally between % and 34 of the total depth (measured from the sea surface) with the
separation between hydrophones maximized (as far as reasonably possible)[15][16],
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5.3 Minimization of platform-related deployment self-noise

5.3.1 General

In addition to the self-noise of the measuring system itself (see 4.2.5), the measured data can also be
contaminated by signals originating from the platform or method of deployment. This is sometimes
called “platform noise” or “deployment noise”. These parasitic signals are due to the deployment
method for the hydrophone and recording system and its interaction with the surrounding environment
(e.g. current, wave action, etc.). Care shall be taken in the design of the deployment systems to avoid
contamination from these sources. Often, the presence of the contaminating signals is not easy to

predict or t
in general a

The followi
contribute {
mitigation.

5.3.2 Flow noise
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detect (even though it is present in the data). The platform-related deployment nois
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1d to the system self-noise (see 4.2.5) and to the background noise.

ng illustrates some of the more common sources of unwanted parasitic signals
o the platform self-noise of the deployed system, and provides advice with rega

e taken to avoid contamination from flow noise. Any flow of the:medium relative t
or cable can induce turbulent pressure fluctuations at low frequency that will be se
e sensitive hydrophone. This noise is produced in a turbulentlayer around the hydrop
se to low frequency signals (typically <100 Hz), with the‘frequency dependent upo
diameter and the speed of the current. It can be theimajor source of deployment

environments. For autonomous recorders where thé hydrophone is protruding fron
ly, the problem can be exacerbated by turbulentflow around the end of the recorder cg
flow can also cause vibration of moorings and excite resonances in the recorder body.

\n acoustically-transparent shield (similagin effect to a “sonar-dome”) can be used.

] solution. Alternatively, locate the hyidrophone closer to the seabed where the current
r measuring at slack tide where theitidal current is minimised (not always practicable)
Mmitigation is to employ drifting systems where the system moves with the current an
ion of the hydrophone and medium is substantially reduced.

signals at low frequeneies (<100 Hz) are likely to correlate with tidal information. The flow
pow the same cyclic variations as the tides. If measurements have been made at both slack tide §
, it might be possible.to quantify the effect of flow noise by comparison of the data.

e strum

e taken-to’avoid contamination from cable strum. This occurs when cables are pulled
h of.cutrents, and the cable is then caused to vibrate by the action of the water flow ar
b parasitic low frequency signals.

that
d to

b the
nsed
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is not always easy to chegk for the presence of flow-induced noise, but for long-term deploynjents,

noise
nd at
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Mitigation: The effect can be mitigated by use of bottom-mounted deployments, and by the use of
mechanical fairings, often in spiral or helical form around cables and housings[271[28]. However, bottom
deployed hydrophones on long riser cables can be subject to significant displacement and strum due to
tidal flow. If surface deployments are used, decoupling of the hydrophone from suspension cables using
compliant couplings (for example, using elastic rope or a flexible loop) will reduce the problem.

5.3.4 Surface heave

Care shall be taken to avoid contamination from surface heave effects. Any system deployed from the
surface, for example, a system attached to a surface buoy or vessel, will have the potential to be affected
by the action of waves or swell. Although the buoy or vessel will follow the surface movements, the
hydrophone suspended in the water column is unlikely to be able to follow the movements of the water
surface exactly, which will cause changes in the hydrophone depth of immersion creating very low
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frequency hydrostatic pressure fluctuations detected by the hydrophone. These hydrostatic pressure
fluctuations are sensed by the hydrophone and, although they are low frequency, they can have a
relatively high amplitude and require a high system dynamic range to avoid distortion and saturation
of the ADC in the recorder (see 4.2.6). For example, a 10 cm change in height of the water column above
the hydrophone will cause a 1 kPa pressure change, equivalent to 180 dB re 1 pPa (a 100 cm change
causing a pressure change of 10 kPa, equivalent to 200 dB re 1 uPa).

Mitigation: Mounting the hydrophone/recorder from the seabed rather than the sea surface, using a
bottom-mounted frame or sub-surface buoy arrangement, will reduce the problem so long as the water
is not so shallow that the hydrophone is close to the surface (the influence of surface water waves should
be negligible). If surface deployments are used, decoupling of the hydrophone from the surface motion

using
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of th
How
that
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5.3.5
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shall
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poss
shall
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P compliant couplings (for example, UsINg elastic Tope and/or motion dampers) wil
em (such a design is sometimes called an anti-heave suspension). Additionally, since tH
e signals is very low (<10 Hz), the use of a high pass electronic filter can eliminate
bver, this shall be placed before the ADC to avoid saturation. A number of comnietcial h
have integral preamplifiers have built-in high pass filters with a cut-off of between 5 H
tigation for low frequency parasitic signals.

Vessel noise

shall be taken to avoid contamination from vessel noise. Deployments undertaken fj

reduce the
e frequency
the signals.
ydrophones
z and 10 Hz

om a vessel

be made under conditions as quiet as possible within yessel operational constraimts and safe

ing practices. Ideally, this means that the engines should‘be switched off, and as lif
ble made on the vessel itself by machinery and crew (the engine condition during me
be stated with the results). Preferably, the generator“should be switched off to avoic
res that the measurement instrumentation be powered from batteries. If the vessel

the anchor chain can be a source of noise. If the echo-seunder on the vessel produces freque

the f

requency range of interest, this shall also be switched off during the measurements. If t

auxiliary systems on the vessel are operational\during measurements, the operator shall g

that

Anoft]
(so
de

the requirements for signal-to-noise ratio are met (4.2.4).

her source of noise from vessel:.deployments is the noise of wave action on the
times called “wave slap”). This_can be reduced by orienting the vessel into the wz:

plifying the hydrophones on long cables using floats or buoys to increase the distance fro

tle noise as
asurements
| noise. This
is anchored,
ncies within
he engine or
lemonstrate

vessel hull
ives, and by
m the vessel

to the hydrophones; however, inspractice this is difficult to eliminate completely.

5.3.46 Mechanical noisé

shall be taken &o0)'avoid contamination from mechanical noise. This includes (i) d¢g
ent impacting.the hydrophone; (ii) biological abrasion noise; (iii) hydrophone and ca

bris and/or
bles rubbing
he mooring
phone. This
ple, chains).

etal coming
1d supports;
avoid placing hydrophone so close to the seabed that sediment can impact on the hydrophone; avoid
hydrophones touching the support cables by attaching them with vibration isolators (compliant
couplings). It should also be noted that long-term deployments require servicing at intervals to remove
biological fouling.

5.3.7 Electrical noise

Care shall be taken to avoid contamination from electrical noise. This can be a significant source of
parasitic signals. For vessel-based deployments, preferably the generator and the inverter should be
switched off (as well as the engine) to avoid electrical interference (electrical supplies on vessels can
suffer from electrical noise). This requires that the measurement instrumentation be powered directly
from batteries.
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6 Acoustic measurement configuration

6.1 Spatial sampling (choosing measurement locations)

6.1.1 Criteria for measurement locations

The measurement locations shall be chosen to satisfy at least one of the following requirements:

a) measurement at a fixed location to monitor the source output for comparison with other percussive
pile driving events;

b) measurpment to assess the accuracy of predictions made in environmental impact assessiments,
environmental impact statements, or environment statements;

€) measurpmentatranges thatallow comparison with a normative threshold level, for exanmple, where
specificl/impact criteria are expected to be exceeded;

d) measurpment at specific sites which are regarded as sensitive because of the presence of specific
speciesof aquatic fauna;

e) measurpment in order to derive a source output metric, which can be compared with other sources
and use(d in noise mapping and prediction of “impact zones”.

6.1.2 Recpmmended locations for offshore measurements

6.1.2.1 Mjnimum requirement for offshore measurements

As a minimum requirement, for offshore measurements of underwater noise from pile-dri
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ht shall be made in atleast one location. Where measurements are made at only one loca
as close as possible to 750 m range from the pile. This measurement should be of the ¢
nce. The actual range from the pile tofthe measurement locations shall be reported wit

The range of 750 m is chosen because there have been a large number of measurements already

by researchers, allowing for,aldegree of comparison in results. The minimum requirement dog
eds of any specific regulater.which may differ.

srecognized that, although a measurement at one fixed range is one possible measure of the ac
pile driving source, it'is not independent of propagation path, and it has no predictive utili
1s for the pile under’study, nor for other piling scenarios.

is quite likelythat measurement at a range of exactly 750 m will not be feasible. The actual
to the measurement locations is stated with the results.

rrently, there is no wide consensus on the most appropriate source output metric for percussiv
he’above measurement will provide data that may be useful in future calculations if such cons

ving,
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ntire
h the
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They can also be valuable in validation of models of source radiation mechanisms.

For measurements which are not considered “offshore”, for example, in harbours, inland waterways,

etc., where a measurement at 750 m is not feasible, refer to 6.1.3 for measurement in inshore environments.

6.1.2.2 Measurements at additional locations

If the requirement is to satisfy criteria 6.1.1 b), ¢) and d), measurements are required at additional
ranges from the pile location. These may be at a variety of different azimuthal bearings from the pile,
depending on the requirement (see 6.1.5). To monitor the levels at the boundary of impact zones for
exposure of marine fauna can require measurement at significant distance from the source, where the
acoustic signal has been significantly attenuated by propagation losses.
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The minimum range for additional measurement locations shall be three times the local water depth at

the p

NOTE

ile location.

The purpose of the minimum range criterion is to reduce the influence of variation with measurement

depth. The significance of which is greatest for distances of less than three times the local water depth (see also
6.1.3.2).

6.1.2.3 Measurements along a transect

Measurements may also be made as a function of range along a transect radiating away from the source
on a constant bearing. This allows an empirical estimate to be made of the decay of the acoustic metrics

with
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is case, the measurements shall be along a bearing that does not have severe bathyme
e sand banks or trenches). The transect measurements shall be combined with

everely sloping shoreline to avoid bathymetric refraction effects[31].

1  Currently, there is no wide consensus on the most appropriate source output metric fi
riving, but the above measurements will provide data which may be usefuhin future calculatio|
nsus is developed. They can also be valuable in validation of models of source radiation mechd

2 The procedure can be expedited in one of two ways.

mobile measurement platform such as small vessel is used\for the measurements, and while
tional, the vessel moves along a linear transect away from'the source, stopping to measure a

series of recorders are stationed along a linear transect from the source and these recorderg
ted noise along the transect simultaneously.

Recommended locations for inshoere measurements

.1 General

hshore waters, for example;rivers, estuaries, and harbours, the requirements for the m
lifferent from those for-offshore, and measurement at 750 m may not be appropr
ble. In these environments, measurements closer to the pile are necessary and sha
urement location eriteria outlined in 6.1.3.2 and hydrophone depth criteria in 5.2
cts of this document remain applicable when performing measurements of radiated
1ssive pile driving’in inshore waters.

.2 Cheice of measurement locations

hshore waters, it is recommended that the measurement be performed at a distance f
Fee-times the local water depth at the pile location.

tric features
ht least one

urement of the entire piling sequence at a fixed location. This bearing shall netbe oriented parallel

Dr percussive
ns when such
nisms.

the source is
[ a number of

s from the source; at the same time, a fixed monitoringstation measures the entire piling seqyience.

measure the

easurement
ate or even
| follow the
2. All other
noise from

rom the pile

If this is not feasible, the measurement should be made at the shortest distance which is no less than
three times the local water depth at the pile location.

NOTE1 There is observational and theoretical evidence that the broadband underwater acoustic field
associated with percussive pile driving is highly depth-dependent for measurement distances less than three
times the water depth[20][21], The above criteria reduce the influence of variation with measurement depth. The
significance of which is greatest for distances of less than three times the local water depth and applies to both
the peak sound pressure level and sound exposure level.

NOTE 2  For situations where water depth varies as a function of range from the pile, the water depth at the
pile is used for establishing the minimum measurement range in the above criteria.

© IS0 2017 - All rights reserved 15


https://standardsiso.com/api/?name=0c03edf7ac70dc1e62be1d49dd84f320

ISO 18406:2017(E)

6.1.4 Measurements of background noise for the purposes of SNR determination

Measurements of background noise, calculated from the mean-square broadband noise voltage after all
processing, shall be undertaken when sound from pile-driving is not present. This can be either before
or after the pile-driving or during any significant gaps in the pile-driving sequence. It is recommended
that any such measurements are performed at one of the locations used for measurement of the pile-
driving noise, or at a location which is considered representative.

From the background noise measurements, the signal-to-noise ratio (SNR) shall be determined (see 3.17).

NOTE1 The averaging time used for determining the background noise is the same as that used for the
measurementofthe time-averaged signalin 6422 2
NOTE 2  Bjckground noise is evaluated over the frequency range of interest, which for this documerJt is a

minimum of

NOTE 3

6.1.5 Med

The sound r
different azi
that measurn

For these m
the pile loc

Ideally, the
in the pitch

Piles driven

|

P0 Hz to 20 kHz. The background noise is often expressed in third-octave bands.

The signal to noise ratio is typically expressed as a level difference in decibels.

surements of piles driven at a slant angle to the seabed

hdiated from piles driven at a slant angle to the seabed should be medsured over a varig
muthal bearings from the pile for full characterization of the acoustic output. This ass
ements are possible at a number of different locations (see 6:4.2.2).

basurements, the minimum range from the pile shall be.three times the local water dey
ion. For the measurements, the azimuthal bearing from the pile shall be recorded.

nderwater sound from an individual slanting pile:should be measured in three direct
Hirection, in the opposite direction and in the perpendicular direction.

at “rake” are often used in Jacket-type structures. With a Jacket-type structure, the mu

legs define multiple pitch directions. For full charagterization, some azimuthal spatial sampling d

field is requ

NOTE W
because the
relative to th

6.2 Temy

To charactel
undertaken
with a moni

red. Ideally, a minimum of four ortheigonal bearings is recommended.

hen driven, slanting piles, often referred to as “rakers”, emit differently at different azimuth
lvave front emitted in different.directions by a driven slanting pile has different elevation
b seafloor.

oral sampling — Measurement duration

'ize the radiated‘sotind from the pile driving as a function of time, measurements need
for a period which covers any output variation of the pile driving. This shall be undert
foring statignrat a fixed range from the source for the duration of the piling sequence.

]

ty of
imes

th at

ions:

tiple
f the

ngles
ngles

to be
aken

NOTE1 The monitering station is either a static autonomous recorder or a vessel-based deployment which is

moored or arjchored at one location.

NOTE2 Tl hinges
causing significant water depth changes, increased seabed penetration, or hammer energy increase during the
soft start period.

......

6.3 Distance measurement

The distance from the pile to the measurement location shall be determined with an accuracy of 5 %
or better.

NOTE1 The range can be determined using laser range finding equipment at relatively short ranges. For
greater ranges, a more practical solution is to use the GPS coordinates of the pile and measurement position to
derive the range.

NOTE 2  When using a laser range finder, it may be necessary to correct for the radius of the pile to obtain the
distance to the centre of the pile.
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6.4 Data processing and calculation of acoustic metrics

6.4.1 Data processing steps

The output of the acquisition system is assumed to be a signal waveform consisting of a digitized time
series expressed in digital counts and representing the signal detected by the hydrophone and recorded
by the acquisition system. The data processing and analysis procedure shall be conducted according to

the following steps.

a)

b)

d)

f)

g)

h)

NOTE 1

Inspect the digitized time signals of the hydrophone recordings obtained over a discrete time

series, t, where t; corresponds to the ith point in the time series. Confirm that these

data exhibit

he expected pulsed (transient) sounds, with suitable signal-to-noise ratio. If there are

isturbances, or if the signals show signs of “clipping” (overloading the makim
gmplitude of the measurement chain), then these parts of signal are not suitable-for
ghould be discarded.

If required, apply digital low, high, or band-pass filtering to the data, to lithit the freque
f the signal to the overall band of interest.

$elect periods of the signals for further analysis. If acoustic pulses-are to be characte
¢an be found either by visual inspection of the waveform, og-in an automated marj
foutine that checks where the recorded signal exceeds a<given threshold. Identify]
the specific periods of the waveform to be analysed containing the data of interest (t
periods containing individual acoustic pulses or sequences of multiple pulses).

[onvert the signal waveform to a representation of,electrical voltage in volts, V(t;), by
the sensitivity of the digitiser ADC (analogue to digital converter), where the digitizer 5
the number of digital counts per volt (V-1). See4.2.1.

[onvert the signal voltage waveform in volts, V(¢;), to a sound pressure waveform p(t;) i
dlividing by the system sensitivity, Ms in ¥//Pa (assuming the system does not introduce a

¢ (ti) V(ti) /MS

If the response characteristics of the measurement chain are not uniform in the freq
f interest, then an appropriate frequency-dependent correction shall be applied unds
hase delay is introdueed by the system, see 6.4.2.1.3 for further guidance.

[onvert the time waveform in the selected periods to a frequency spectrum expressed §
Ibands, either using Fourier analysis or via digital filtering. The frequency bands shall b
3s one-third<octave bands. If frequency-dependent calibration corrections are req
them here-to the voltage spectra V(f;) [obtained by taking the Fourier transform of V(]
the acaeustic frequency spectra P(f;), using a frequency spectral representation of
magnitude only) of the system sensitivity, M(f;) (see 3.18 and 4.2.1):

unexpected
im allowed
inalysis and

tncy content

rized, these
ner using a
and isolate
hese may be

dividing by
ensitivity is

pascals by
hase delay):

)

lency range
r step f) If a

s frequency
e calculated
hired, apply
;)] to obtain
he modulus

£ 17( £

J2TA \
"7

(2)

Determine the acoustic metrics to be calculated (e.g. sound pressure level, sound exposure level
and peak sound pressure level) according to the procedures outlined in 6.4.2 from the selected

periods of the sound pressure waveform.

Perform a statistical analysis of the calculated acoustic metrics for the selected
reporting of results.

periods for

The phase information in the signal can be distorted by a non-uniform frequency response in a

measuring system or by filtering of the signal. For calculation of acoustic metrics which depend on the energy or
power in the signal (eg SPL and SEL), this is not usually a problem. However, a non-uniform phase response may
have a significant effect on time-domain metrics such as peak sound pressure. See 6.4.2.1.3.
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NOTE 2  The system sensitivity in Step e) accounts for the sensitivity of the hydrophone(s), gain of amplifiers,
and insertion loss of filters. For digital systems, the calibration of the digitizer (analogue to digital converter) in
Step d) may be incorporated into the system sensitivity, in which case Steps d) and e) are combined into one step
and the digital system sensitivity is the number of digital counts per pascal (Pa-1). See 3.18 and 4.2.1.

NOTE 3 Either base-10 or base-2 may be used for calculation of one-third octave bands, the two calculation
methods giving slightly different results, and the choice being stated when presenting the results. Base-10 is the
preferred method (IEC 61260-1). (Note that the base-10 representation of a one-third octave band is referred to

as a “decidecade” in ISO 18405).

NOTE 4

The combination of time sampling increment, t;, and number of points acquired, Np, determines

the frequency increment, fj, of the spectrum of the measured signal according to the equation: fj = 1/(t; Np).

Frequently, i
supplied bet?
available at t
from the cali

6.4.2 Aco

S found that this [Tequency INCrement of the spectrum of the measured data differs fromn
veen consecutive points in the hydrophone calibration data. To ensure that calibration.dat
he appropriate frequency points, it may be necessary to interpolate values at the requited sp|
bration datal32].

ustic metrics to be calculated

6.4.2.1 Analysis of individual acoustic pulses

6.4.2.1.1

Analysis of {

General

he transient sound from an individual acoustic pulse requires either manual or auton

identificatign of the specific acoustic pulses in the recorded time series of the sound pressure. A po

of the recorj
pulse corres

6.4.2.1.2

The single g
pulse asab
band levels

if necessary|

To calculatd
the pulse d
selected at {
sound expoj
determine d
well as the |
points subje

The single
from the di

ding is then selected which contains the specific aceustic pulse to be analysed (wit
ponding to a single hammer strike).

bingle strike sound exposure level (SELsg)

trike sound exposure level (abbreviation: SELss) shall be calculated for a specific aco
roadband value (single number for a'stated bandwidth) and in one-third octave freqy
Covering at least the frequency range from 20 Hz to 20 kHz (a wider bandwidth may be
(see 4.2.2).

the SELgs correspondingte~a specific acoustic pulse requires the SEL be calculated
iration as the percentdge energy signal duration. The 0 % sound exposure point (
he “start” of the acdustic pulse, just before the E (t;) curve begins to rise, and the 1
ure point (t190) justafter the “end” of the pulse, where it levels off. This can be diffic}
ue to the variation in background noise preceding (and overlapping) the acoustic eve
background soise following the event. Consequently, it may be necessary to identify {
ctively.

strike Sound exposure is then calculated in pPa2s for the entire duration of the |
bitized time series (t;) of the sound pressure waveform p(t;), using a numerical comj

implementa

fion of Formula (3), where f; is the sampling rate, and tp and t190 are the 0 % and 1

that
a are
acing

1ated
Ition
h the

ustic
ency
used

over
o) is
D0 %
11t to
ht, as
hese

bulse
buter
DO %

sound exposure points described above:

ElOO -

1 t100fs

> P (6]

fS i:tOfs

(3)

The total broadband single strike sound exposure level (symbol: Lg1go) in dB re 1 pPa2s is given in

Formula (4):

Lgigo =

where E1go =

18

E
10log,, % dB

ref

E (t100) which is 100 % of the sound exposure and Eyefis 1 uPa2s.

(4)
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If the pulse duration is greater than the period between hammer strikes, then successive pulses will
overlap and the period between hammer strikes will limit the time over which the SELgs is integrated.
In this case, the integration time for SELgs shall be chosen to be the period between hammer strikes. For
such cases, the mean SELgs for a pulse sequence may be obtained by integrating over the entire pulse

sequence and dividing by the number of pulses.

NOTE 1

A one-third octave band analysis of the sound exposure level can be obtained by applying

and (4) to the time series after digital filtering with one-third octave band filters.

NOTE 2

Where successive acoustic pulses overlap in time at the receiver, the ability to measu

Formulae (3)

re individual

pulses may be compromised by more than one pulse appearing in the time window. This may perhaps be

beca

se the hammer strike repetition period is shorter than the reverberation time of the chann

I, or because

meas|
madd
This

at thd

urements are being made in a highly reverberant environment like a harbour, or because meas
at large ranges from the pile such that the pulse duration is increased by dispersion during
effect may “even out” between successive pulses in a pulse train, but there is scope for efirer (ml
start and end of the pulse sequence). In this case, the mean SELss may be calculated(ever a pu

irements are
propagation.
ost obviously
se sequence.

6.4.21.1.3 Peak sound pressure, peak sound pressure level
The peak sound pressure and peak sound pressure level shall be calculated’for each acoustif pulse from
the spund pressure waveform (time domain signal) with the portion¢f‘the waveform corrgsponding to
the pulse identified as described in 6.4.1 and 6.4.2.1.1.
The peak sound pressure, pp, is expressed in pascals (Pa) andealculated as the greatest magnitude of
the spund pressure, p(t;), for the time duration of the acoustic pulse. This may be given by Hormula (5):
o = max ‘ plt. (5)
PRyt <t100 ( ! )
whetfe tp is the time at the start of the acousticpulse, and t1gg is the time at the end of the pulse (as
described in 6.4.2.1.2).
The peak sound pressure level, L, pk, is expressed in decibels and is given by Formula (6):
Ppk
— P
Lp,pk = 20log,,| — | dB (6)
bo
whete the reference value;pp;is 1 uPa.

NOTH
presg

NOT]H
affec
is ide
best
resor

1 A peak sound‘\pressure can arise from a compressional (positive) or rarefactional (ne
ure. The peak seund pressure is sometimes referred to as the zero-to-peak sound pressure.

2 The ateuracy of the estimation of the peak sound pressure and peak sound pressure
ed by thé. bahdwidth and frequency response of the measuring system. The frequency respon
ally invariant with frequency to within a tolerance of 2 dB in the range 20 Hz to 20 kHz (s
hccutacy, influences that cause fluctuations in the frequency response are ideally avoided, ex
ances in the hydrophone response or application of digital filtering within the overall frequen|

rative) sound

level can be
e magnitude
e 4.2.2). For
amples being
Cy range.

NOTE 3

The phase information in the signal can be distorted by a non-uniform frequency response in a

measuring system or by filtering of the signal. For calculation of peak sound pressure and peak sound pressure
level, a non-uniform phase response may have a significant effect on the accuracy of the estimation of the peak
value of the acoustic pulse. For best accuracy, influences that cause fluctuations in the phase response are ideally
avoided, examples being resonances in the hydrophone response or application of digital filtering within the
overall frequency range.
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NOTE4  The system sensitivity, Ms(f), is actually a complex valued quantity describing the magnitude and the
phase response of the system (see 3.18 and 4.2.1). Historically, the hydrophone sensitivity has typically been
available as a magnitude-only quantity, but calibration methods do exist for determination of phase responsel24].
If the system sensitivity has a magnitude and non-zero phase response which varies appreciably with frequency
in the range of interest (minimum of 20 Hz to 20 kHz), the sound pressure waveform may be derived from the

measured voltage waveform, V(f), by a process of deconvolution using the relation p (ti )

[32],

6.4.2.2 Ti

37V /M

me-integrated analysis of sound

(f)]

6.4.2.2.1

The time-in
noise or mejy

6.4.2.2.2

The broadb
1 pPa from
Hertz), whe

Representat
seconds), cq
frequency b
frequency b
each band).
levels withi

The backgrd
are present,

eneral

egrated analysis of sound includes time signals captured either for measuring backgr
isurements obtained of the entire piling sequence or sections of the piling sequeitce.

Sound pressure level (SPL)

the digitized time series (t;) of the sound pressure p(t;), recorded.at a sampling rate

T/,

>

2
p(t;)
2
Py
ion of the sound pressure level, Ly, in a specifigd frequency band, averaged over time,
n be obtained by applying the same formula to the time series after digital filtering
Aands. The broadband SPL should be equalto the power sum of the levels in the indiv
ands (the power sum being calculatediby summing the mean squared sound pressur

[he frequency band spectrum can alsobe obtained via power summation of the narrow
1 each frequency band.

1

OglO F dB
S

und noise level may be calculated as the SPL during a period of time when no piling p
the period being deemed(to be representative of background noise.

It is recomnpended that the SPL beycalculated over a specified time (T). The time is always stated

the results.

NOTE In|
SPL has been
value for sou
quantityl[16].

the context ofiréporting of radiated sound from marine pile driving, in some publication
referred to.as the unweighted equivalent continuous sound level (Leq), calculated using a refe
hd pressure'of 1 pPa. The definition used is identical to that for SPL and it is intended as the

6.4.2.2.3

pund

ind sound pressure level, SPL, averaged over time T (in seconds), ean/be obtained in ¢IB re

fs (in

‘e the reference sound pressure pg is 1 pPa, using a numerical cgmputer implementation of

Formula (7))

(7)

T, (in

into
idual
es in
band

ulses

with

s the
rence
same

Camulative sound exposure level (SELcym)

To calculate the cumulative sound exposure level (abbreviation: SELcym), the single strike sound
exposure associated with each hammer strike shall be summed up over a specified duration (a duration
which includes multiple pulses). This shall be calculated from ten times the logarithm to the base 10 of
the ratio of the cumulative sound exposure (symbol: E¢ymy) to the reference sound exposure (symbol:
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Ep), the cumulative sound exposure being the sum of the time integrals of the time-varying square of
the instantaneous sound pressure over multiple acoustic pulses, as given in Formula (8):

cum

L = 10log,, dB (8)

E cum
0

with cumulative sound exposure E¢ym for N acoustic pulses, each with single strike sound exposure
(symbol: Ej) given by Formula (9):

9

where Ej is the reference sound exposure of 1 pPaZs.

6.4.2.3 Analysis of temporal metrics

6.4.2.3.1 Pulse duration

The |
perc

bulse duration shall be calculated as the percentage energy signal*duration based on 90 % energy
bntage.

6.4.1.3.2 Pulse repetition frequency

This
or cdg
gap t

NOTHE 1  Where the hammer strike repetition period is shorter than the pulse duration, the abilit
the time between individual pulses may be compremised.

the hammer
bm the time

should be obtained from the hammer piling sequencéinformation, usually supplied by
nstruction contractor. If this information is not.avdilable then it can be calculated fr
etween each acoustic pulse and reported as an average for a defined piling period.

y to measure

7 Measurement uncertainty

7.1 | General

The

unce
spec
shall
(ISO

Note|
quan
the 1

value of a measurement is extremely limited without some estimation of the unce
rtainty is an estimate of the range of values within which the true value is considerg
fied degree of confidence (for example, for a confidence level of 95 %). Any uncertai
be made in aceordance with the international Guide to Expression of Uncertainty in M
IEC Guide 98-3:2008)[33].

that uncertainty estimation should be distinguished from the natural variation in tH
tity: that might occur due to the fact that the quantity itself is changing over time. F
oise radiated during a piling operation will vary during a soft-start where the hamm

rtainty. The
d to lie to a
nty analysis
easurement

e measured
or example,
er energy is

increasing graduatty, orimroughr weather due to the sea-state inftuencing the propagatiomioss.

There are two general classes of uncertainty. Type A uncertainty is sometimes described as the
“random uncertainty” or repeatability, and may be assessed by making repeated measurements of a
quantity and examining the statistical spread in the results. For piling, it might not be possible to make
repeated measurements if the event being measured is unique. The Type A uncertainty is a measure of
the precision in the measurement - high precision is obtained if the measurements are repeatable with
little dispersion in results.

The second category is the Type B uncertainty, which is sometimes referred to as the “systematic
uncertainty”, and represents the potential for systematic bias in a measurement (for example caused
by incorrect instrument calibration). This category of uncertainty cannot be assessed using repeated
measurements, and shall be evaluated by consideration of the potential influencing factors on the
measurement accuracy.
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7.2 Sources of uncertainty

7.2.1 Unc

ertainty in the calibration of instrumentation

Uncertainty in the calibration of instrumentation will contribute to the overall uncertainty. It is
possible to calibrate a hydrophone in laboratory conditions with an uncertainty of 0,5 dB, and the
overall uncertainty of the recording system can be of the order of 1 dB. Uncertainties introduced by
instrumentation can be significant; for example, an uncalibrated preamplifier with a 10 dB offset
will cause every measurement to be in error by this factor (an example of systematic bias or Type B
uncertainty).

7.2.2 Und

For measur]
measureme
extra confid
if the sourcg
buta 0,1 %

choice for dé

7.2.3 Spurious signals introduced by the deployment

Although ev
in 5.3, this i
uncertainty;

7.3 Evalu
When evalu

Check f
effects)

Assess
frequen|

Check fi
do the n
data set

Check a

Consid¢
toamo

ertainty in the position of source and receiver

ements in the ocean, it is not a trivial matter to achieve high positional a¢curag

ence, but residual uncertainty is inevitable. The relative uncertainty is likely to be gr
-receiver ranges are short: a fixed 10 m error equates to a 10 % error in‘a range of 1
error in a range of 10 km. For short ranges, laser range finding equipient is an approp
termination of distance, but for larger ranges (hundreds of metres}-GPS fixing is acceptf

ery attempt should be made to eliminate sources of spurious signals such as those ident
5 not always possible. Estimates should be made of anyresidual effects for inclusion i
analysis.

ating uncertainty
hting uncertainty, there are a number of st€ps recommended.

pr any spurious artefacts and eliminate spurious signals (try to estimate any res

the uncertainty in the instrument calibration (check that this is valid across the ¢
cy range).

r consistency in the results (for example, between hydrophones deployed at similar ra
neasurements vary~with position or range as expected or are there anomalous results i

7).

ny assumptions made (is it possible to assign uncertainties to these assumptions?).

el or\¢alculation) and determining the sensitivity of the results to these changes].

y. In

nt of radiated noise from a source, use of GPS or laser range finding equipmetrbcan provide

pater
0 m,
riate
able.

ified
n the

idual

ntire

hges;
n the

r conducting a sensitivity analysis [this involves varying the input parameters (for example

List un

prf:xinfy contributions and accign values

8

8.1 Auxil

Combine the uncertainties according to the ISO/IEC Guide 98-3.

Reporting of results

iary data and metadata

8.1.1 General

The report of results should include as much of the following information as possible where they are
pertinent to the measurement survey. It is beneficial to record any auxiliary data that are relevant,
since these can be correlated with the measured noise levels during analysis.

22
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8.1.2 Mandatory

Aucxiliary data to record shall include the following:

NOTH In very shallow water, the tidal variation can have a significant effeet,on the sound pro
greater precision is required in the reporting.

8.1.3 Optional

Itis

NOTE1 The sound speed profile can be obtained from measurements of conductivity, tem

hydr

(CTD) probéiFrom this information the salinity, density and sound speed profiles can be cal

standardéequations. Alternatively, the sound speed profile can be measured directly, using a velocitheter.

NOT Tl £ 1 3 £l 1. 34 d 1. 1 3 1 £11 railal
L4 1I'11C lJl COCTIICLT U vVESOTIS 11T L1IT AdI'Tda ula_y UT IIIUITItUI Tu Uy l\CC}JlllB [=} lUs Ul LIIT VISIUIT VTS5

date and times of recordings;
hydrophone depth in the water column;

GPS locations of sources, hydrophones and recording systems;

seabed/river-bed type at the measurement location (Folk sediment classification or similar is

sufficient; the classification used shall be stated)[34];

yvater depth at measurement locations and tidal variations in water depth during pilin
Iescription of significant sources of measurement uncertainty;

perating conditions of measuring vessel.

fecommended that the following auxiliary data be recorded*where available:
yind speed (and associated measurement height);

gignificant wave height;

fate of rainfall and other precipitation, including snow;

water temperature and air temperature@nd associated measurement position;

the presence of vessels in the area’where measurements are being made, up to a 1
around the measurement location;

the presence of any aquaticimammals in the area which are audible from the acoustic d

the presence of any distant sound generating activity such as geophysical surveyin
audible from the acpeustic data;

gound speed prefile of the water column.

static pressure as a function of depth in the water column using a Conductivity, Temperatu

D

pagation and

D) km radius

ata;

g which are

perature and
re and Depth
culated from

jivis]

Is; a receiver

of ship traffic Automatic Identification System (AIS) is useful for logging larger vessels which have an AIS
transponder.

8.2
The

Pile characteristics
following information about the pile being driven shall be recorded (where available):
identifier and location for pile;

pile dimensions;

— seabed/river-bed type at the pile (Folk sediment classification or similar is sufficient; the

classification used shall be stated)[34];
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— water depth at the pile;

— hammer model and system (e.g. S-1800 hydraulic hammer using a cushion);

— hammer energy history with energy per blow including soft start period;

— description of any noise mitigation system used including any additional information which might

have an

influence on noise reduction (e.g. air flow in the case of a bubble curtain);

— foundation type, e.g. monopile or jacket (for jacket or tripod-type foundations, whether the
jacket/tripod is in place during piling should be stated);

— pilema

— seabed
reporte

— pile mat
— anysub

— dynami

erial type (€.g. steel, concrete, etc.j;

or river-bed penetration depth (either as a depth history per blow or as a final d
d as metres below the bottom);

erial properties;
-bottom layers into which the pile is driven;

C (force and velocity) response of the pile, e.g. as measured accordingto the ASTM D494

8.3 Deployment configuration

8.3.1 Mandatory

The followiy

— measur
dynami

1g information about the deployment configuratiéh shall be recorded:

ement system description (including acquisition system type, bandwidth, system self-q
C range, sampling rate, filtering used, etc.);

— data coinpression routine, if one was used;

— suspens
mounti

ion system description/diagram jand platform description (vessel, surface buoy, bo
g, etc.);

— hydrophone depths;

— hydrop

— calibrat
certificd

one type/model/directionality/nominal sensitivity;

ion details (perfarmed by laboratory traceable to national standards, including datej
ites);

— field calibrationimethods and results.

8.3.2 Opt

jonal

epth,

b-08.

oise,

ittom

and

Other useful data to record includes

— system component description and diagram.
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Reporting of measurement results

8.4.1 Mandatory

The following measurement results shall be reported for each hydrophone at each measurement

locat

ion.

The single strike sound exposure level (as a broadband value). This can be expressed for every

pulse in the sequence or as an average value over a defined time period with some indication of the
statistical variation.

dn average value over a stated number of pulses within a defined time period wjith'son]
pf the statistical variation.

1
NOTH
with

This

sequy
exam
NOTH
NOTH
speci

8.4.2

Itist

|

.

[he peak sound pressure and peak sound pressure level. This can be expressed for ey

rariation

The signal-to-noise ratio calculated from background noise level {see 3.17 and 6.1.4) for

hat is selected to determine E100 (see 6.4.2.1.2).

1  To indicate the statistical variation, a report of the mifitmiim and maximum values wh
the associated hammer energy stated at the start, middle ahd end of the piling sequence can
can also be provided over other specified time periods duting the piling sequence (for example
nce after any soft start has ended). Greater detail can beprovided on the dispersion of measur
ple by inclusion of percentiles.

2 The bandwidth over which the acoustic metrics are calculated is stated where appropris

3 The measurement uncertainties aré stated with reported values where appropriate, i
fic sources of uncertainty, where known\(examples include uncertainty of instrument calibrat

Optional
ecommended that the following measurement results be reported.

he SPL over the specified averaging times, including a single pulse or longer duration
see 6.4.2.2). The avepaging time shall be stated.

[umulative sofind exposure level as a single number for the entire piling sequence.

The pulserépetition frequency as an average value during a stated period of the piling

The pulse duration for the associated broadband pulse SEL values reported.

hl form. This
juence or as
e indication

ery pulse in

he sequence or as an average value over a defined time period with some‘indication of the statistical

the duration

ich occurred
be provided.
for the main
ed values, for

te.

ncluding any
on).

as required

he’SPI for each one-third octave band in either tabulated or graphical form. The av

raging time

shall be stated.

NOTE 1

The peak compressional sound pressure level, and peak rarefactional sound pressure level.

To indicate the statistical variation, a report of the minimum and maximum values which occurred

with the associated hammer energy stated at the start, middle and end of the piling sequence can be provided.
This can also be provided over other specified time periods during the piling sequence (for example, for the main
sequence after any soft start has ended). Greater detail can be provided on the dispersion of measured values, for
example by inclusion of percentiles.

NOTE 2  The bandwidth over which the acoustic metrics are calculated is stated where appropriate.

NOTE3 The measurement uncertainties are stated with reported values where appropriate, including any
specific sources of uncertainty, where known (examples include uncertainty of instrument calibration).
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NOTE4  The cumulative sound exposure level can also be presented as a cumulative plot with time.
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