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Underwater acoustic noise radiated by civilian gbsgs becoming of increasing importance because
of its possible impact on marine fauna. For examgle URN lists three fundamental consequences:
masking (interfering with communication, navigatidnunting, etc.), behavioral changes and physio-
logical impacts (temporary or, in extremis, perm@nimjury). While for military purposes well-
established procedures and dedicated acoustic gargeused in measuring the underwater radiated
noise of naval vessels, for civilian ships stangattbn institutes and classification societieséhauly

in recent years published measurement procedutéke,wn parallel, some entities are still trying t
define noise criteria to assess impacts.

In this paper the authors outline the evolutiorthef international regulation framework, with refer-
ence to the first class notations issued from tbgifters and to summarize the outcomes of recent EU
funded research projects that investigated thigctapd provide suitable guidelines. The European
Union has included the impact of anthropogenic umdter noise on marine life into the Marine
Strategy Framework Directive (MSFD). Also, exististandards for both measurement and data
analysis of underwater noise from merchant shipgpegsented and compared, and the issues encoun-
tered in their application are discussed. Examplesich issues managed by Fincantieri group during
measurements at sea on different ships using sgstempliant with international standards are re-
ported.
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1. Introduction

Anthropogenic noise in the marine environment lnes gotential to impact marine life across
many trophic levels (e.g. Solan et al., 2016, Rallet al. 2012). Some noise sources are a conse-
guence of time limited, spatially localised, prases e.g. pile driving and seismic surveys. The
responsibility for mitigating potential impacts traise from such activities can be assigned te spe
cific operators. This provides a clear route byahkhgoverning bodies can, to a limited extent at
least, control such activities within their jurisdon. By contrast noise from shipping is a chronic
noise source, i.e. it is a persistent source extgnover large geographical areas and arises from a
large number of individual vessels. Its pervasiaéure complicates both efforts to control it as a
source of noise (since effective action requirésrimational agreement) and severely hampers field
studies into its impact on marine life. In spitetis reduction of vessel emissions into the marine
environment, including energy like the sound rastlatinderwater, has received growing attention
in recent years. Surface vessels radiate underwaise mainly due to propeller cavitation; on-
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board machinery and the flow of water around thp’stull and appendages also contribute to the
overall radiated noise (Urick, 1975; De Jong, 2009)

To date, the measurement of radiated noise fropsdias been carried out mainly at fixed noise
ranges. Only recently, a quite large set of difiemaobile deployable systems to measure shipping
noise have been used in the civilian ambit. Evethese measurements have provided a valuable
contribution to the understanding of the phenoméhea,lack of a standardized methodology in
terms of measurement procedure and data analysehimdered accurate comparisons between
datasets of different origin. Moreover, non-staddaed data from far field measurements of un-
derwater radiated noise of ships have resultedrtaioges in the data which forms the basis of nu-
merical models that generate sound maps of spesafiareas.

The publication of standards by international bedgan important step towards rectifying the
above issues. On the other hand, some difficultiesmdertaking the measurements according to the
highest precision standards in the real world heaverged, and are discussed in this paper.

Section 2 discusses some of the initiatives anwitdes which are aimed at controlling ship
noise. In Section 3 an overview of the relevanhddads for measurement of ship noise is pre-
sented. Section 4 illustrates some of the most comyradopted measurements systems. Section 5
reports some example of the actual use of suclkemsgsturing measurements carried out by Fin-
cantieri and CETENA. In Section 6 issues and litrotes from the field application of standardized
systems are discussed. Conclusions are resumextiiois 7.

2. International activities on shipping noise

At present, there are no regulatory requirementthemnderwater noise from individual vessels.
The absence of standards for measuring ship nsis@a reason for this, progress in this area is
detailed subsequent sections of this paper. Prpllablgreater hindrance is the problem of obtain-
ing international agreement on the very great pralcproblems implementation of any such condi-
tions would raise. It is unsurprising then thapetgsent agreements have been either voluntary or
not legally binding. The following details two thife most important initiatives in this area.

The European Union, under the auspices of the Maimategy Framework Directive (MSDF)
has developed metrics for assessing Good Envirotan&tatus (GES) in terms of underwater
noise. One element of these metrics is based @suriag noise in 1/3octave bands centred on
two frequencies (63 Hz and 125 Hz) (Dekeling ek8ll4). The goals these metrics aim to assess is
simply whether progress is being made towards GESy are not a direct mechanism by which
specific criteria are imposed.

The second major international initiative which veasmducted with the explicit objective of re-
ducing ship was conducted by the International Mae Organisation (IMO). The IMO have es-
tablished non-mandatory Guidelines intended to ipegeneral advice about reduction of under-
water noise were also released by the IMO (MEPGrd&33), where these guidelines focus on the
design of the primary sources of underwater nois# @nsider types of computational models,
common technologies and measures that may be meléwareducing underwater noise (IMO
MEPC.1/Circ.833)

3. Measurement standard methods for civil ships

Underwater radiated noise measurement method&hdapplication to civil ships, have been is-
sued by technical committees of different intermadil bodies, especially during the last half a dec-
ade. These methods, each of which implies spauiécision levels and exhibits strong points and
limitations in terms of actual application, covélrthe aspects of ship radiated noise trials in ful
scale, i.e. the measurement system specificatien]dcation requirements for the tests, the pre-
scribed vessel course, the analysis and the raegaofithe data. Moreover, all include a rule to as-
sess the noise levels at a reference distance,iegéien according to different criteria, in geakr
clearly specified. So, they can be considered assarement standards for the underwater radiated
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noise assessment of commercial vessels, which égladlolw the of comparison of measurements,
even when the relating datasets are obtained angadog different groups.

Among Classification Societies, to date Det NorSkeitas and Bureau Veritas have published
their additional class notations on underwaterai@di noise from ships, that is the DNV Silent
Class Notation (Det Norske Veritas, 2010) and tveUBRN Rule Note NR 614 (Bureau Veritas,
2014) respectively. Furthermore, RINA plans to éssiti the beginning of 2017 its Dolphin Nota-
tion.

In the ISO (International Organization for Standzaton), the Draft International Standard
ISO/TC8 DIS 16554.3 (ISO, 2014) and the ISO/TC43 Wi208-1 (1SO, 2013) are soon to be re-
leased, while an ISO Publicly Available Specifioati(PAS) is available (ISO, 2012), which is
based on the popular ANSI/ASA (American Nationahristards Institute/Acoustical Society of
America) S12.64-2009/Part 1 (ANSI/ASA, 2009).

Of course, the additional class notation documentsddition to methodologies, also include
radiated noise limits against which vessels mustdrepliant in relation to the proposed methods
and the different operational conditions of thepsiNoise limits were also included into the ICES
Cooperative Research Report No.209 (ICES, 1995)chwhddresses (fishing) research vessels.
Noise limits, when reported in the standards, a@essed in terms of spectra, in the frequency
range specified within each standard.

Procedure and systems described in the most ctaéimelards above are summarized in section 4.

4. Measurement systems and procedures

The ANSI/ASA method, on which subsequent documangsiargely based, is outlined here.
Three measurement Grades with related requiremamis geometry conditions are specified.
Grades A and B both require the use of a threedpjime sparse array with variable geometry,
depending on the length of the ship to be meas@eade A (Precision Method) prescribes noise
analysis in the widest bandwidth (10 to 50,000 M#)ile Grade B (Engineering Method), requires
the same hydrophone array geometry as Grade Aintutg noise analyses to the frequency band 20
to 25,000 Hz. For Grades A and B, the hydrophorse® lto be positioned vertically in the water
column at depthsd(, d», d3) which result from nominad;=15, 8,=30, 8:=45° angles from the sea
surface, at a distance equal to the so-called €id2eint of Approach (CPA, see figure 1 - left).
The nominal distance at the CPAcfd must be one ship length or 100 m, whichever eatgr.
Simultaneous sampling of data from all hydrophasegquired. The distance measurement of the
horizontal separation between acoustic centre®¥#ssel under test (‘target vessel’) and the posi-
tion on the sea surface above the hydrophonesjisresl continuously throughout the data acquisi-
tion for Grade A, and only at the CPA for Gradedd C). Ship underwater noise is measured
when the vessel passes closest to the hydrophaés) are assumed to remain stationary. The
distance between ship and hydrophones changeggtioouthe measurement period, and this may
be accompanied by changes in the sound propagaimatitions, affecting the propagation loss.

For Grade C (Survey Method) the analysis frequelatige is 50 to 10,000 Hz, and just one
hydrophone is positioned at a depth resulting ftoeB=20 angle from the sea surface at the CPA,
with a tolerance of £5°. The nominal distance &t @PA shall be one ship length or 75 m, which-
ever is greater.

In the ANSI/ASA measurement procedure, the targstel transits a straight line course at con-
stant speed with the array at the side, both ih g&pect and starboard aspect between the COMEX
(starting point) and the FINEX (ending point) tdheve the Closest Point of Approach (CPA), for
an assigned number of runs. In figure 1 (right)dketch of the test course according to ANSI/ASA
is reported. The DWL (Data Window Length) is thetdice on the track defined by a %aagle
before and after the CPA, and represents the disthatween the start data (acquisition) location
and the end data location. The distance betweelCB# point and the COMEX and the FINEX
points respectively must be twice the DWL.
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DWL = (2 x dcra x Tan(30))
DWP = DWLIv

iy i
/@ ; dw:m 100 m or 1x Ship Length (m)
(a) Port Approach Test Course = Ship Speed (mis)

Figure 1. Left: hydrophone geometry — Right: course configuration, Gr. A-B (both according to ANSI/ASA).

As described in Section 3, ISO PAS is largely basethe ANSI/ASA method. ISO/TC43 WD
17208-1, it removes the Grades approach, butpsgents a three hydrophone methodology close
to that of the ANSI/ASA. The BV URN Rule Note ca@ &ssimilated into the previous standards in
terms of requirements and procedure.

ISO/TC8 DIS 16554.3 and DNV Silent lay down the o$a single hydrophone, similar to the
ANSI/ASA Grade C.

As far as water depth at the test location is coresk ANSI/ASA and all the 1ISO standards dis-
cussed here imply deep water applications. The BRNURule Note includes prescriptions both for
deep and shallow waters, whereas the DNV Sileapicable to depth below the keel from d=30
m up, or d> 0.64 V for vessel operating at high speed, where v isttagimum ship speed in m/s
required for the test and d is the depth in meters.

Regarding the deployment of the hydrophone(s) at seandard methods can be grouped into
two main categories: bottom mounted/anchored systamd floating lines deployed from a support
vessel or suspended to a floating buoy. In gendralformer configuration is adopted in shallow
water trials, but such a possibility is also in@ddas one of the options in the ANSI/ASA.

5. Use of measurement systems

The interest for environmental implications of urvdater noise grew at the beginning of the
century, and rapidly the need of effective measergnsystems suitable for civilian application
emerged.

According to this trend, a first system was joirdigveloped, implemented and first applied by
Fincantieri and CETENA (Pescetto et al., 2006).effort was made to align layout and procedures
of a cost effective system with the emerging mesasent standards. In particular, the system was
composed of two separate units: an in-water uniyliadrical ‘buoy’ of 1,900 mm height 220 mm
diameter) and a receiving station on the target. hisingle omni-directional hydrophone was sus-
pended to the underwater cable which could be gegifor measurements at depths of 30 / 50 / 80
or 100 m. The surface buoy was provided with ancabdard that digitalized the acoustic data re-
corded from the hydrophone with a sampling freqyerfc44,100 Hz and 16 bit quantization. The
adopted course configuration was similar to thainshin figure 1.

In figure 2 (left) the emerging part of the buoysbkd system is visible during its first application
on a 290 m length and 110,000 tonne cruise shiger Alfiat first trial, several other ships have been
tested through the same system. In figure 2 (righthe measured third octave band radiated noise
levels are reported for three different ships akidoxs.

During the first period of application of the siaghydrophone system, it became clear that a
more sophisticated method would be necessary fibtheé emerging standards. So, a second meas-
urement system, fulfilling the ANSI/ASA approachdathe other similar methods, has been devel-
oped (Figoli et al., 2013; Gaggero et al., 2014sda on a vertical array of three digital hydro-
phones. The layout of the system is visible inifeg8 (left). The array has variable total lengtkd an
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variable spacing between hydrophones, to conduasarements on ships of different size, accord-
ing to standard requirements. Each hydrophone diesla depth sensor and an electronic calibrator.
Depth data are included in the digital acousticad#aw for providing real-time monitoring of
hydrophone’s depth. The hydrophones are hosteddiygée underwater cable of 335 m of length.
The data are addressed to a multi-channel datéveeable to obtain a continuous flow of digital
data at very high rate simultaneously from all iydrophones. The receiver allows the user to set
the array parameters, in particular the sampliegdency (96 or 192 kHz). In September 2013, the
system was firstly deployed (Dambra et al., 20D6)neasure the underwater radiated noise of a
research vessel (the Princess Royal) managed byrhersity of Newcastle, as part of the EU
‘SONIC’ (Suppression of Underwater Noise Induced @gvitation) project (http://www.sonic-
project.eu). After the SONIC trials, the system has succdlysheen applied in subsequent meas-
urements on Fincantieri vessels. A typical narrandspectrum of underwater noise from the three
hydrophones of the system is shown in figure 3hig
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Figure 2. Left : application of the single hydrophone system — Right : third octave band noise levels.

6. Field application issues and limitations

After the recent releases of standard methodsaresers have undertaken measurements at sea
of the noise radiated underwater from commercigdsstrying to fully comply with the require-
ments of the methods described in Section 3. Howyevany of these researchers have found prob-
lems fulfilling some of the specific requiremenkdost of the critical issues are in relation to the
special needs of commercial ships. In particulant@ry to military vessels, a long decommission-
ing of commercial vessel is generally not acceptdablthe owners. This implies that, in general,
measurements can only be carried out close todhkydrds or the commercial routes of existing
ships, and within a short time window, through pbleé systems deployed and recovered in the
space of one day. As a consequence, requirement&ian depth, ambient noise, weather and sea
conditions etc. often result real challenges, asudised below.

In table 1 the principal quantities that can impatthe actual feasibility of the measurement are
reported, with reference to the different standaB8tsme practical implications of the contents of
table 1 are discussed in the following.

1) The recommended number of hydrophones is ortaree, depending on the adopted stan-
dard. The advantage of using three hydrophoneslynammsists in mitigating, through the averag-
ing of the data across the three transducers, Ithalls mirror effect due to the reflections frometh
free surface (De Jong 2009, Ainslie, 2010). ExasplleRadiated Noise Levels spectra from three
hydrophone arrays got in sea trials are reportefigure 3. Radiated Noise Levels are the range
corrected noise data, i.e. values referred to ¢ference distance of 1 m and not corrected for the
presence of the sea surface (also known as affeotade levels).
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Figure 3. Left : variable length/spacing array — Right : Radiated Noise Levels from 3 hydrophones at dif-
ferent depths.

2) The use of a single hydrophone results in lighystesns when floating devices are adog
(especiallywhen very long cables anecessany and easier installations if bottom mountecu-
tions are chosen. As mentioned above, easier ater faolutions are often crucial requests w
commercial applications are involved, so the usa single hyrophone $ provided by some -
dards, even if the comparability of the measurencantbe lower in comparison with the adopt
of a three hydrophone configuration, mainly du¢hi® presence of trLloyd’s mirror interference
pattern.

3) As can be seen in table dnly Classification Societies have standards Wwipiovide mes-
urements in shallow waters. ANSI/ASA (Grade A) mooends minimum water depths-300 m,
down to around 900 m for example for large crulsps with the scope of avoiding any signific.
influences of the bottom on the measurements. Tépshdcondition, as well as other lower val
included in table 1, can be hardly matched fordasiips built or operating within shallow wa
areas which extend for more than one day sailirmyvéver,shallow water parts of some existi
deep water standards are under development, whidtidie recommendations for a proper acot
characterization of the specific measurement #ieir future release should be able to overc
the current issues.

4) The chance of waiting for the most favourable we#slea conditions is a peculiarity of na
vessels. As highlighted above, as a matter of tfastopportunity is highly reduced when em-
mercial vessel has to be decommissioned to thigesoo when a rw ship has to carry out noi:
tests during the trials at sea priorits delivery. This implies that often the weathendition limits
are ‘stressed’ to be able to complete the tesime.tThe main effects on data can be mbient
noise increasat all frequencies (see further considerationsviggland high levels of nwanted
signal at low frequencies for the motion of themup vessel due to the sea surface itions (this
effect can be limited but not cancelled completalpugh proper prdsions like an elstic tether
between the support boat and the array, as wéliraggh array st-surface suspension devict

5) Commercial ships have limited possibilities to feffte remote sea areas where very Im-
bient noise is in general founidlthey co not already operate therese- we could state that the hi
noise levels that the measurement campaigns intepartly mitigate are at the origin of the u-
bles of the measurements themselves. Even thebgingf simply reaching less ncy blue water
areas is often limited by the target ship’s avalifgband/or by the capability of the support b
used to deploy the portable systems to stay aftoseaore than a single day. This implies that br
adjustments for background noise aery common, mainly in the low frequency range, esply
for measurements performed in coastal waters; soregtentire datasets have to be disrega
due to the poor S/N ratio (see the limits in tableThe alternative would consist in carrying
measurements at shorter CPA distances, to enhans®timel signal from the target ship, but at
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cost of weakening the prescription of most of tteendards on the CPA distance (e.g. 100 m or one
ship length whichever is greater).

6) As already mentioned, two different approachespaovided by the standards for the hydro-
phone configurations, i.e. bottom mounted/anchaosgstems and suspended systems. Bottom
mounted solutions can be effectively implementedixad acoustic ranges. In this case the target
ship is forced to go to a specific location to umalee the trials, but with the difficulty that iadt-
tions close to all shipyards and commercial roiesave decommissioning time) are not available.
Mobile systems are more flexible as they can beadde the measurement areas, but in practice
bottom mounted hydrophones and anchored deploynsantbe adopted just in shallow waters, due
to the troubles in arranging in deep waters théarages in short times and at reasonable costs. On
the other hand, it's well known that as systemgended to floating bodies exhibit limitations in
the low frequency range due to the sea surfaceitbmmsl affecting the noise levels (see above).

7) Another significant issue is the drift of thedngphone array at sea, when systems deployed
from the sea surface are used. The evidence froaraedrials at sea is that controlling the move-
ment of the hydrophone cable within the limit angldor example 5° is highly challenging in pres-
ence of strong currents. Even when each hydroplsoaquipped with a depth sensor (see Section
4), this enables you to know if the above limit bagen exceeded. The possibility of taking the drift
angle into account to determine the actual slamgeas precluded by the lack of information on the
hydrophone positions in the horizontal plane; s® datcome is that it is not possible to include
those measurements into a valid dataset.

Table 1. Main quantities included in the standards impacting practical aspects of the measurements.

units ANSI/ASA ISO DIS/16554.3  ISO WD/17208-1 DNV BV
N° of - 30 _ 1@ 1 3 1 3
hydrophones
Minimum [m] 300 or 3xlsnip 1.5xckpa 150 or 30 or 60 or 0.3 x ¥
water depth 150 or 1.5Xknip 1.5XLsnip >0.64 ¥ 200% or 2 X Lenip
75 or 1xXLship

Sea/weather - wind speed SS<3 wind speed Beaufort<4 Ss<®
conditions <10.28 m/s <10.28 m/s SS<3 SS<3)
Min (S+N)/N [dB] 3 3 3 3 3
ratio”
Type of - SVD -BA - SVD-BA - SVD-BA - BM BA® — 0BD®
deploymerit) OBD OBD OBD
Maximum [°] 5 not defined 5 not applicable  adequate to fulfil disH
cable drift tance accuracy (10 m)

(1) Grade A&B

(2) Grade C

(3) For which adjustments are no longer allowed — lovedues to be so noted or discarded

(4) SVD = Support Vessel Deployed ; BA = Bottom AnclibréOBD = Observation Buoy Deployed , BM = Bottonodvhted
(5) For shallow water trials

(6) For deep waters trials

7. Conclusions

The methodologies described in recent standard$héunderwater radiated noise from ships in
trial conditions can actually lead to a quite dethiassessment of the noise features of the vessel.
Trials of this kind can also be useful to validatanerical techniques for noise prediction at the
design stage, and to correlate model scale resnttsfull scale results. At the same time, the out-
come of experimental campaigns carried out on carmialevessels to date have highlighted some
practical issues, discussed in this paper and dirikethe exact application of standard methodolo-
gies in the real world. These issues often impageadures from the requirements of most of the
current standards mainly in relation to the redugecommissioning time of commercial vessels or
to the short time available for trials of new binligs.
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