* SATURN has received funding
* * ;
. a U r n L o from the European Union’s
* +* Horizon 2020 research and
*

* innovation programme under
grant agreement No. 101006443.

Developing Solutions for
Underwater Radiated Noise

SATURN Internal Deliverable - Subtask 2.2.1

Fundamentals of URN measurement and acoustic field
evaluation: a critical evaluation

Author(s): Roberto Yubero de Diego
[Internal Deliverable]

BARCELONATECH

DNV “
™oz~ /Y pmy @

3 AARHUS UNIVERSITET

@

2 TSI ILCETENA SIREHNA

UNIVERSITAT POLITECNICA Universidad
DE CATALUNYA de La Laguna
APPLIED SCIENCES

Consiglio Nazionale
delle Ricerche

VERITAS NAVAL GROUP

NAVAL BUCC . _Quiet S &

GROUP University College Cork, Ireland Leiden WARTSILA

Colaiste na hOllscoile Corcaigh ‘The Netherlands




Internal deliverable - Subtask 2.2.1 SatU rn

Developing Solutions for
Underwater Radiated Noise

Document Information

Grant Agreement Number 101006443

Project Acronym SATURN

Work Package 2

Task(s) 2.2.1

Deliverable -

Title Fundamentals of URN measurement and acoustic field
evaluation: a critical evaluation

Authors Roberto Yubero de Diego

File name SATURN - T2.2.1. Review fundamentals of URN
measurement and acoustic field evaluation

Delivery date 27/4/2022

Dissemination level Internal deliverable

Keywords URN, measurements, propagation loss, standards,
regulations, acoustic field calibration

Description = Authors  Reviewed by Approved by

V0.1 12/11/21 Roberto Santiago Alva rez-Buylla | Alfonso
Yubero Alfonso Jurado Jurado
V0.2 8/2/22 Roberto Michael Ainslie
Yubero Christ de Jong
V0.3 28/3/22 Roberto Michael Ainslie
Yubero Christ de Jong
V1.0 1/4/22 Roberto Michael Ainslie
Yubero Christ de Jong
V1.1 26/4/22 Revision of | Roberto Mohammad Ghasemi
section 2 Yubero Vincent Lamaison

Authors (alphabetical) and Organisation
Roberto Yubero de Diego TSI - Técnicas y Servicios de Ingenieria

Acknowledgements/contributions (alphabetical)

Name Organisation

Christ de Jong TNO

Michael Ainslie JASCO

Santiago Alvarez-Buylla TSI - Técnicas y Servicios de Ingenieria

Publio Beltran TSI - Técnicas y Servicios de Ingenieria
Disclaimer

The content of the publication herein is the sole responsibility of the authors and does not necessarily represent the
views of the European Commission or its services. While the information contained in the documents is believed to be
accurate, the authors(s) or any other participant in the SATURN consortium make no warranty of any kind with regard to
this material. Neither the SATURN Consortium nor any of its members, their officers, employees or agents shall be
responsible or liable in negligence or otherwise howsoever in respect of any inaccuracy or omission herein.



Internal deliverable - Subtask 2.2.1 aa- Saturn
Underwate Redited Nlee

Table of Contents
EXECULIVE SUMIMEAIY .uuuuuuuuuuuunuuunununnuunsunnsnsssnssssnssssssnsssssssssssssssnsssssssssssssssssssssnsssnsssnsnsnnnssnnsnnnnnnns 6
DA Vo] (0] 0 0 1T PP 7
0 IO = T Yo 7€ =1 ¢ 1 | o 8
2. URN standards and classification societies’ NotationS........ccccvvvveeerircceeeenssceeeesssseeeenn 9
D20 I [ o1 € e T 1¥ o 4 o [PPSR RRPRSPRRPN 9
2.2.  Measurement PrOCEAUIES .......uiuiiicierreiieireeresssseesessseeesssssseesssssseeessssseeessessseessnns 12
D270 N 1 T (0T L= ) = L o IS 11 o 12
D =T A o (Yo =T LU = R 14
2.3, POSE-PIOCESSING ..eeiieeiiececietiee e e e e ee e e e e e s e e s e s srse e e e e e e s s eeessannreeeeeeeeeeaasnnnneeeeeneennnnns 17
2.4.  URN reSUItS COMPAIISON ..ciiiiiieeeeiirireeesssiseesssssseesssssseesssssseessssssesessssssseessnsseesssnns 22
2.5, NOTAtiONS HMITS coieeeeieciieee e e e e e e e s e e e e s nn e e s s e nnneenanns 24
3. Underwater sound propagation MOAeliNg.......cccoeiuerriieiiieieee e 26
G R I [ o L4 o o 11 [ o o ISP 26
3.2. Propagation models for underwater enViroNMeENtS......cooccceeeeercceeeerssceeeessssneeeens 26
G T2 I = = | 11011 1 o Yo [ 27
G 222 Lo 4 0 0= N 0 1o o [T PR 28
3.2.3. Wave NUMDEr iNTEEIratiON .....ceieieeeee e 28
3.2.4. ParaboliC €QUATLION ..cccei it 28
G T TR =1 1= =1V 1 0 GRS 28
4. Propagation 10SS MEASUIEMENTS ....cuiicieieeeieieree e e e e e e e s ssnr e sne e e ssne e e s s nneeeeeans 29
7 R 014 o T 11T 1 o 29
T Y/ =11 g T Yo o] [ =3 PSR 29
4.2.1. Instrumentation SETUP «eiieie ettt 30
D151 0 JRTT7= ] 30
S =] 11 1T A= = 31
4.2.2. Underwater aCoUStiC XCItatioN.....cc.eeviieieiee it 31
][ LS TS T o 32
PINK NOISE ..ttt e e e e e e s nn e e e e e e e e e e mnr e e e e eeeas 33
VAP G T =Y o o (0 Y=o [ =SS 35
D151 o JRVY7= ] 35
S g F= 1 Lo A= L = SRR 35
4.2 4., POSE-PrOCESSING ..ccueeeiiiiiereeisireeesssssreesssssseeessssseeesssssseeesssssseessssssseesesssneeessnsnens 36

Background NOISE COMMECION .....ciieeeiee et e e e e 36



Internal deliverable - Subtask 2.2.1 aa- Saturn

Developing Solutions for
Underwater Radiated Noise

Processing CONfiBUIatioN .........eeeiiiiiee e e e e e e e e 36
4.3.  Potential appliCation ... e 37
L R 00 o o] 10 =10 1S PRSP TRRPRRR 38
T U= =T (=] o= PR 39

Annex 1: Tables for URN limits 42



Internal deliverable - Subtask 2.2.1 SatU rn

Developing Solutions for
Underwater Radiated Noise

List of figures

Figure 1: Timeline of URN measurement procedures. National standards (green),
international standards (blue) and classification societies’ notations (purple). Just first
issues of the documents are gathered. Consulted documents for this report are available
T T 1= o= TR 11
Figure 2: Limit curves per classification society expressed in decidecade band.............. 25
Figure 3: Summary of propagations models suitability (source: Wang et al. [2014))....... 27
Figure 4: Hydrophone geometry for ISO 17208-1 (deep water) (Source: ISO 17208-1)..30
Figure 5: Hydrophone geometry for ISO 17208-3 (shallow water) (Source: ISO 17208-3

o = 1 i ) 31
Figure 6: Simplified underwater SoUNd SOUICE SETUP ..vvvcuveerririeereisieee e s seeee s sesre e e snneeeas 32
Figure 7: Sine sweep in tiMe dOM@iN .......eeeiiieeir e e e e e e e e nne e 33
Figure 8: Pink noise in narrow band (bandwidth independent of frequency).................... 34
Figure 9: Pink noise in 1/10 decade band (bandwidth proportional to frequency).......... 34
List of tables

Table 1: Instrumentation setup — Details per standard or notation ........ccccceeeveeeccnenenennn. 13
Table 2: Test procedure - Detail per standard or notation (1/2)...ccccceeeceeeriecceeeniecceeennnnns 15
Table 3: Test procedure - Detail per standard or notation (2/2)....ccccceveeeeeerieccccineeneennnn. 16
Table 4: Post-processing - Details per standard or Notation..........eecccceciieeeee e, 21
Table 5: Reporting metrics per URN notation and their corresponding refence unit values.
................................................................................................................................................. 22
Table 6: Detailed procedure to demonstrate the resulting reference units to be employed
[T T = ] o R 23
Table 7: URN limits for different classification societies’ notations - Table 1 of 3 ........... 42
Table 8: URN limits for different classification societies’ notations - Table 2 of 3 ........... 43
Table 9: URN limits for different classification societies’ notations - Table 3 of 3 ........... 44



Internal deliverable - Subtask 2.2.1 SatU rn

Developing Solutions for
Underwater Radiated Noise

Executive Summary

This report aims to set a background based on the fundamentals of URN for the following
subtasks included in T2.2, with special interest for the measurement campaign that will
be carried out in "Subtask 2.2.2. Full-scale URN (Underwater Radiated Noise)
measurements of vessels in deep and shallow waters”.

In the first section of the report, a brief overview of the activities related to underwater
noise is provided, introducing the progress reached up to date and the future objectives to
be achieved.

In Section 2, a thorough analysis of the different standards and classification societies
notations is performed, mainly comparing the following aspects: measurement procedure,
instrumentation deployment, post-processing of the measured data, and reporting of the
URN results.

Most of the available measurement procedures report vessel URN levels applying a
distance correction to the measured sound pressure level (SPL). This metric is commonly
named radiated noise level (RNL) and it basically corrects measured noise levels by a
simple distance law. When applying a more elaborated distance correction, the reported
URN level is generally named source level (SL). In most of the cases, this correction is
obtained by using underwater propagation models. Section 3 of this report introduces
these models and the main aspects to consider when using them.

In the last section of the report an alternative methodology to obtain the propagation loss
from measurements is proposed. This methodology intends to be an intermediate solution
for the obtention of PL, by improving the simplistic distance correction method (RNL metric)
but without incurring into the complexity and time-consuming use of propagation models
(SL metric).
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1. Background

Environmental protection of the seas has been a key point within the agenda of policies
around the globe for many decades, especially in Europe, North America and Australia.
These policies have aimed to assess different sources of pollution: oil spills, air pollutants
such as CO2 or NOx or plastics for instance. Now the time has come to address noise
pollution. Underwater radiated noise - henceforth called URN - is not a new concern. It
has been of great interest in specific sectors such as research vessels and naval platforms.
However, the environmental impact of URN produced by anthropogenic activities in the
marine ecosystem has raised public awareness during the last decade, having
administrations set sights on the shipping industry. This increasing interest has triggered
the immediate transformation of a so far considered minor issue into a real concern to be
solved in the coming future. To achieve quieter seas, regulatory bodies, international
standards organizations, classification societies, and other companies from the naval
industry are working together to define the way ahead.

What makes it difficult to address the URN issue produced by the shipping industry is
mainly the wide variety of species affected (e.g., marine mammals, fishes and
invertebrates), the broad diversity of vessel types, the number of different noise sources
and the inherent difficulties of underwater acoustics. Focusing on the latter one, the
complexity of underwater propagation has a significant influence when characterizing the
noise produced by vessels. In deep water, there are still uncertainties to reduce as well as
repeatability issues. In shallow water, this task becomes even more complex due to,
among others, seabed interaction and surface reflections.

Deep water URN measurements have been widely studied, and measurement and analysis
procedures are gathered in consolidated national and international standards (ANSI ASA
$12.64, ISO 17208-1). However, these testing procedures are intended for deep water
and their use in shallow waters is far from being correct. Bathymetry in many areas around
the world - for instance, the North Sea with an approximate depth of 30 m - requires the
use of a specific underwater noise measurement standard for shallow waters that is not
developed yet. Due to this identified need, ISO is working on the development of the first
international standard for measuring underwater radiated noise in shallow waters: ISO
17208-Part 3 (included in SATURN T2.1).

In addition to the above-mentioned standards, most of the classification societies have
developed their URN notations. These notations usually differ in the measurement
procedure, the post-processing activities and the reporting metrics. This report aims to
summarise the main features of every studied rule, gathering their measurement and post-
processing procedures. Some of the reporting URN metrics require the use of propagation
models for underwater noise, which will be introduced in the scope of the report as well.
Finally, an alternative methodology for the obtaining of propagation loss from empirical
measurements is proposed.
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2. URN standards and classification societies’ notations
2.1. Introduction

The first underwater sound standard was published in 2009; ANSI ASA S12.64. This
standard aimed to contribute to the reduction of the impact caused by noise in marine
mammals. Its contribution was to define a methodology to measure underwater radiated
noise for surface vessels in deep water. It was published by the American Society of
Acoustics, covering a national application that was not extended until 2016, when the first
international standard for underwater sound measurement was published; ISO 17208-1.
These two standards are quite similar, as ISO 17208-1 is based on Grade B of ANSI ASA
S$12.64, with slight modifications (as nomenclature or specific terms definitions) having an
international validity. For this reason, ISO 17208-1 is considered the reference standard
in the scope of this report.

ISO 17208-1 details instrumentation requirements, test setup and execution, and the later
post-processing tasks required to report vessel URN levels. This standard is applicable just
for deep water and does not provide any limit curve. Since 2010, classification societies
started to publish their own notations, based on ANSI ASA S12.64 or in ISO 17208-1
standard to a greater or lesser extent. Unlike ANSI ASA S12.64 or ISO 17208-1, notations
usually provide limit curves (generally specific for a particular ship type), with the aim of
comparing measurement results, and reporting if the tested vessel meets their
classification requirements.

Although there is not any international standard covering URN measurements in shallow
water, some classification societies have developed their own methods to cover this scope.
However, provided details, mainly in the testing procedures are, in the authors’ opinion,
imprecise. International Standard Organisation (ISO) realised the need of covering shallow
water application and it is currently working on its development. It is planned to have the
first international standard covering URN measurements in shallow waters probably by
2024; I1SO 17208-3. Its development will use performed measurements in on-going
research international projects, one of which is the SATURN project.

Standards and classification societies’ notations studied in this report are listed below,
providing a summary of everyone. In the following subsections, their details are breakdown
according to their measurement procedures and post-processing activities, summarising
their main features in table format. This reporting structure tries to comprise the great
amount of information provided in this report, intending to ease the understanding of the
notations’ differences.

ANSI ASA S12.64: Quantities and Procedures for Description and Measurement of
Underwater Sound from Ships - Part 1: General Requirements (2009). First published
standard for underwater noise measurements. It provides a standardised measurement
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method for ship underwater radiated noise in deep water. It provides three testing
procedures according to test setup; Grade A, B, and C.

o Det Norske Veritas (DNV): Measurement procedure for noise emission. DNVGL-CG-0313
(First issue: 2010). It mainly follows ISO 17208-1 measurement procedure for deep
water, including slight modifications in post-processing. DNV additionally provides limit
curves for different vessel types in a later document (DNVGL-RU-SHIP Pt.6 Ch.24. (First
issue: 2010)). This notation also covers shallow waters.

¢ International Organization for Standardization (ISO): Underwater Acoustics - Quantities
and procedures for description and measurement of underwater sound from ships. It is
composed of two parts, with a third one (for shallow water) currently ongoing;:

o IS0 17208-1. Requirements for precision measurements in deep waters used
for comparison purposes (First issue: 2012). Based on ANSI ASA S12.64 -
Grade B, it is the first international standard for measuring underwater noise in
deep water.

o IS0 17208-2. Determination of source levels from deep water measurements
(First issue: 2019). It is the first international standard for measuring Source
Level (SL). It follows the same measurement procedure as ISO 17208-1 and
proposes a methodology to compute SL from URN levels obtained according to
ISO 17208-1 post-processing methodology. This conversion is specific for
deep water measurements with a specific hydrophone geometry. This standard
is not included in the summary tables of this report (Section 2.2 and Section
2.3) as it just extends 1ISO17208-1 post-processing scope.

e Bureau Veritas (BV): Underwater Radiated Noise (URN). Rule Note NR 614 DT RO2 E
(First issue: 2014). Notation that proposes a methodology to obtain URN levels both in
deep and shallow waters. The measurement and post-processing procedure notably
differ from those gathered in ISO 17208-1.

e China Classification Society (CCS): Guidelines for underwater radiated noise of ships
(First issue: 2016). It follows a different approach compared with the rest of the
notations. Instead of splitting the tests in deep and shallow water, test conditions are
dependent on the number of hydrophones used and the vessel type.

e Registro Italiano Navale (RINA): Rules for the Classification of Ships Part F. Chapter 13
- Other Additional Class Notations. Section 25 - Dolphin Quiet Ship and Dolphin Transit
Ship (First issue: 2017). It covers deep and shallow waters with important details
overlooked or ambiguously defined.

e American Bureau of Shipping (ABS): Guide for the classification notation: Underwater

Noise (First issue: 2018). This notation combines features from both ISO 17208-1 and
BV notation. Its scope covers deep and shallow waters.

10
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o Lloyd’s Register (LR): ShipRight. Additional Design and Construction Procedure for the
Determination of a Vessel’s Underwater Radiated Noise (First issue: 2018). It mainly
follows ISO 17208-1 measurement procedure and proposes the use of MSL (Monopole
Source Level) following ISO 17208-2 methodology. It covers deep and shallow waters.

o Korean Register (KR): Guidance for Underwater Radiated Noise. GC-37-E (First issue:
2021). This notation combines features from both ISO 17208-1 and BV notation. Its
scope covers deep and shallow waters.

Below, Figure 1 shows the timeline of the above-mentioned URN procedures developed by
regulatory bodies and classification societies. This figure is inspired in one from the report
released by EMSA (Cruz, et al., 2021):

2009 ANSIASAS12.64

2010 Det Norske Veritas

2012 ISO/PAS 17208-1

2014 Bureau Veritas

2016 China Classification Society
2017 :!Seogilsf:JDIfaliano Navale
2018 () Lioyd's Rogister

China Classification Society
American Bureau of Shipping

2019 1SO 17208-2

2021 Korean Register

Figure 1: Timeline of URN measurement procedures. National standards (green), international standards (blue) and
classification societies’ notations (purple). Just first issues of the documents are gathered. Consulted documents for
this report are available in Table 3.

11
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2.2. Measurement procedures

This subsection addresses the test preparation and test execution for URN measurements,
both for deep and shallow water. First, instrumentation details and test preparation are
introduced, and the specific details per standard or notation are provided in table format.
Then, test execution is addressed, covering aspects as vessel distance to hydrophones,
water depth, or vessel speed, gathering those details in table format as well.

It is important to mention that just Grade C from ANSI ASA S12.64 is covered in this study.
Although this standard provides two additional measurement procedures (Grade A and
Grade B), with their particular instrumentation deployment and post-processing activities.
Grade C is currently the most popular procedure of the ANSI standard, mainly due to its
use in an ongoing and important research project called the ECHO Program (project based
on measurements of opportunity to study vessels noise in an area of Canada populated
with killer whales, that showed anomalies in their behaviour).

Two main types of URN measurements can be distinguished: opportunistic and dedicated.
Opportunistic measurements are made when vessels pass a monitoring station, in order,
for example, to estimate the shipping URN levels in the vicinity, or analyse temporal (daily,
annual) trends. Therefore, the data recorded will represent noise levels for typical local
marine traffic, with numerous vessel types and operating conditions included. Data
processing and analysis then require additional information, primarily automatic
identification system (AIS) data, to determine individual vessel source levels and
categorise or aggregate their sound level spectra. The ECHO program is a good example
of these sorts of measurements. On the other hand, dedicated measurements concern
noise trials of a specific vessel. These may be performed following standards, classification
societies’ notations, or other recommended procedures, and their main purpose is to
determine the total (spectral) source level of a particular vessel. Procedures gathered in
this report correspond to dedicated measurements and, although all of them are optional,
this may change in the coming years.

This subsection covers the described details in the studied standards and notations
regarding the instrumentation setup. These details comprise aspects as number of
hydrophones and their properties, their deployment in the test site, their accuracy, or their
calibration requirements (in-situ calibration to be performed during the test period and
periodic calibration; mandatory to consider the system suitable for its use). Some of the
studied notations require the use of underwater propagation models to precisely compute
vessel URN levels. To properly characterise the test site, it is necessary to obtain the
propagation speed of the water column, generally extracted from the CTD (Conductivity,
Temperature and Depth). This equipment measures the mentioned magnitudes, using
them to obtain the sound propagation speed for the test site at different water depths.
Table 1 summarises the details of the mentioned requirements for each of the studied
notations.

12
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(in accordance with

Shallow water: in

Every 2 years

"Within the validity

(in accordance with

(in accordance with

As ISO 17208-1

ANSI ASA S12.64
(Grade C3) I1SO 17208-1 DNV BV CCs RINA ABS LR KR
N° Hydrophones 1 3 lor3 3 lor3 3 3 3 3
Deep water: as ISO
Directionality Omni-directional Omni-directional sh 17208’1, Omni-directional Omni-directional Omni-directional Omni-directional As ISO 17208-1 Omni-directional
allow water: Not
specified
Floating line or bottom Floating line or bottom Floating line or bottom
Floating line or bottom mounted. Upper Conditioned by the mounted. Upper
Deep mounted. Angles from mounted. Angles from hydrophone > 40 m from selected number of hydrophone > 40 m
' the sea surface at CPA As ISO 17208-1 . As I1SO 17208-1 As ISO 17208-1 As ISO 17208-1
water the sea surface at CPA di Lo oo the sea surface. Distance hydrophones. The from the sea surface.
N istance: 15°, 30° and . . .
distance: 20° +5° 45° between hydrophones > | notation does not split Distance between
Hydrophone ) 30m the hydrophone hydrophones > 30 m
deployment Bottom mounted. deployment according Lower hydrophone 5 m | Floating line or bottom
1 hydrophone (bottom Hydrophones separated to water depth but above seabed, upper | mounted. Hydrophones
Shallow R } mounted). Up t0 0.2 m 15 - 20 m, the lower 3-5 according to the . Bottom Mounted hydrophone H/10 from | separated>20m,>5
water above t.he seabéd m from the seabed and number_of sea surface and m from the seabed and
the upper > 15 m from hydrophones installed middle hydrophone at | the upper =15 m from
the sea surface. H/2 the sea surface
Deep water: as ISO
Hydrophone sensitivity Not specified +2dB 17208-1 +2.5dB +3dB +1dB +3dB As 1SO 17208-1 +2dB
accuracy Shallow water: Not
specified
Deep water: as ISO Every 12 months
Every 12 months Every 12 months 17208-1 Every 12 months Every 12 months

(in accordance with IEC

trials"

Hydrophone calibration (in accordance with g
IEC 60565) IEC 60565) accordance with period IEC 60565) IEC 6085162(§;r ANSI 60565)
manufacturer i
Deep water: as ISO
L . . . . . . 17208-1 . . ) . ) . . )
Hydrop_hone_ in situ Required (da|lxdur|ng Required (da|lyldur|ng Shallow water: before Required (before and Not specified Required (da|lyldur|ng Required (dally'dunng As 1SO 172081 Required (before the
calibration test campaign) test campaign) after the test) test campaign) test campaign) test)
and after each
"measurement survey"
< 5° No actions < 5°: No actions Deeplv;ztg;_is 150 Measured to ensure < 5°: No actions < 5°: No actions
Hydrophone drift angle >5°: Update Slant >5°: Update Slant i ; Not specified >5°: Update Slant Not specified As ISO 17208-1 >5°: Update Slant
Shallow water: not Distance Accuracy
Range3 Range3 o Range3 Range3
specified
. Just for MSL
Deeplv;ztgg_is IS0 Celerity profile to be
CTD Not specified Not specified i measured every 2 m Suggested Not specified Just for MSL As ISO 17208-1 Not specified
Shallow water: not B
specified before and "after the

Table 1: Instrumentation setup - Details per standard or notation

Slant Range: Distance from the acoustic centre of the ship under test to each hydrophone.

13
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Description of the test procedure is the wider part of the rules, having the greater number
of details to be considered. This part of the notations describes aspects as the test site
(deep or shallow water), the distance between measurement location and vessel under
test, the measurement time, the number of runs per boat side, the data window length, or
the vessel speed. To properly understand the contents of the summary tables, it is
necessary to previously define some concepts related to the measurements. The following
definitions are gathered from ISO 17208-1:

e Acoustic centre (referred to as ship reference point): is the point on the ship where
all the sources are assumed to be located. The longitudinal coordinate is required
to properly monitor the distance between vessel and hydrophones. The acoustic
centre depth (vertical coordinate) is just required for standards using SL (Source
Level) to report URN levels.

e Background noise: “noise from all sources (biotic and abiotic) other than the ship
measured, including self-noise”. It could influence measured noise levels and
therefore its measurement and evaluation are mandatory.

e CPA (Closest Point of Approach): “point where the horizontal distance (during a test
run) from the ship reference point of the ship under test to the hydrophone(s) is
the smallest”.

e COMEX (commence exercise): “start test range location”. At this location, vessel
operating conditions shall be fixed and kept stable up to the FINEX distance.

e FINEX (finish exercise): “end test range location”. From this location, vessel
operating conditions are not fixed, and the test run is considered finished.

e DWL (Data Window Length): “distance between the start data location and end
data location”. The recorded data within this window is the data to be used for the
post-processing and reporting of the URN levels.

Some other interesting definition, not gathered in ISO 17208-1, but typically mentioned in
the studied notations is:

e COMEX-FINEX distance: overall distance along which the vessel is under test. Within
this path, the vessel shall maintain uniform operating conditions, which means that
it should have reached the test speed before arriving at the COMEX, keeping it until
FINEX and maintaining the rudder as steady as possible.

The following tables summarise the main features for the studied notations according to
their testing procedures.

14
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ANSI ASA $12.64 IS0 172081 DNV BV css RINA ABS IR KR
(Grade C?)
Scope Deep water Deep water Deep & shallow water Deep & shallow water Not specified Deep water Deep & shallow water | Deep & shallow water Deep & shallow water
Deep H>max (76 m, 10) | H>max (150 m, 1.50) H>150 m H > max (200 m, 2L) Not specified H>150m/H> 5 @50 m, 150 | As1SO 172081 H>150m
water 200m (see comments)
Water depth
Shallow max(30 m, 3T)< H< max (60 m, 0.3v2) < H < . max (60 m, 0.3v2) <H max (60 m, 0.3*v2) <
water : : 150m 200 m Not specified : <150m H<min(150m, 1.50) [ S0m<H<150m
max (200 m, L) Conditioned by ship
CPA distance max (100 m, L) max (100 m, L) 100 m < CPA<200 m It could be lowered if type and installed CPA > 100m max (100 m, L) As ISO 17208-1 max (200 m, L)
background noise issue equipment
Distance accurac Deep water: as ISO + 5m (for distances)
Y < 5% of the CPA < 10% of CPA 17208-1 +10m + 2m (for hydrophones 5% CPA < 10% of CPA As ISO 17208-1 10 m
measurement . iti
Shallow water: + 5 m position)
Deep water: as ISO
CPA distance tolerance +10% -10% to 25% 172081 +10m Not specified +10% Not specified AS 10 17208-1 Not specified
Shallow water: Not
specified
Deep water: as ISO
17208-1
. Shallow water: Conditioned by ship
Data W'(’I‘D‘m; Length 2dcen * tan(30°) 2dcea * tan(30°) depending on ship max(100m, L) type and installed 1.5L 2dcen * tan(30°) As 1SO 17208-1 400 m
speed equipment
(Lifv<5Kn, 2L
otherwise)
Deep water: as ISO
COMEX-FINEX distance 4+DWL 4+DWL 17208-1 1600 m Not specified 4*DWL 4+DWL As 1SO 172081 > 1600 m
Shallow water: Not
specified
Deep water: as ISO
. . 17208-1 10 Hz - 50 kHz
2 - - - - - - -
Acquisition bandwidth: 10 Hz - 50 kHz 10 Hz - 50 kHz Shallow water: 10 Hz - fs > 2.56 * 50KHz 10 Hz - 100 kHz 10 Hz - 50 kHz 10 Hz - 100 kHz 10 Hz - 20 kHz 10 Hz - 50 kHz
100 kHz

Table 2: Test procedure - Detail per standard or notation (1/2)
D = Distance from measurement point to source, H = Water Depth, L = Vessel Length, T = Vessel Draught, v = Vessel Speed (not always in Kn)

1 The maximum value usually defines the highest centre frequency (for 1/3 octave bands). This means that the acquisition bandwidth shall be increased up to the initial frequency for the next 1/3 octave
band.
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ANSI ASA S12.64
(Grade C1)

1SO 17208-1

DNV-

BV

Css

RINA

ABS

LR

KR

Runs per distance

4 runs at CPA
(At least 1 Port & 1

4 runs at CPA
(2 Port & 2 Starboard)

Deep water: as ISO
17208-1
Shallow water: 1 Port

6runs2. 1 Port& 1
Starboard at CPA. 1 Port
& 1 Starboard at
min(1.5*CPA, 400m. 1

Conditioned by ship
type and installed
equipment

4 runs at CPA
(2 Port & 2 Starboard)

4 runs at CPA
(2 Port & 2 Starboard)

As SO 17208-1

4 runs at CPA
(2 Port & 2 Starboard)

Starboard) &1 Starboard at CPA |  Port & 1 Starboard at
min(2*CPA, 500m)
Depending on vessel To be determined Depending on installed ) . >85 % MCR
Vessel speed v <50 Kn v<50 Kn type (details in according to contract equipment and vessel Not specified Depend|tngeon vessel Shall gfeacg”r::td with (of the main engine in
DNV-RU-SHIP-Pt6 Ch7) | specifications or at NCR size ype. normal operation)
Deep water: as ISO Halfway betweerj Halfway betweep Halfway between
Halfway between the 1/4 L forward of the 172081 propeller and main propeller and main ropeller and engine
Acoustic centre engine room and the ) engines at 2/3 of the engines at 2/3 of the Not specified prop g As ISO 17208-1 As ISO 17208-1
stern at sea surface Shallow water: as ISO room, at sea surface
propeller vessel draught from vessel draught from
17208-1 N h (assumed)
waterline waterline
30 seconds > 30 seconds > 1 minute
Before and after test Before and after test N
. } > 30 seconds Before and after each .
period or after period or after X . 1 minute
Lo R Deep water: as ISO 2 minutes ; Before and after test run. Vessel at least
. significant weather or | significant weather or > 2 minutes ) Before and after each
Background noise N ) 17208-1 Before and after the test. period. Vessel at least 2km away from
traffic changes. Vessel | traffic changes. Vessel i . Before and after test X As ISO 17208-1 run.
measurement Shallow water: Not Vessel at least 2 miles X 2km / 3km away from hydrophone while all
at least 2km away at least 2km away i period : Vessel at least 2 km
X - specified away from hydrophones. hydrophones (see vessel engines and
from hydrophone in a from hydrophone in a L away from hydrophones.
. ; - . comments) generators are in idle
quiet operation quiet operation -
L L conditions.
condition. condition.
Deeplv;a;g;iis IS0 Shallow water: as flat as
Seabed Not specified Not specified Shallow water: sloping possible. Bottom features As flat as possible Not specified As flat as possible As ISO 17208-1 Shallow: as flat as
could be extracted from possible
seabed preferred but
database.
not mandatory.
: Depending on Sea State < 2 (SS3
Deeplv;a;gg_is IS0 hydrophone positions: may be acceptable)
Weather Wind <20 Kn Wind <20 Kn Shallow water: Floating line: Beaufort < Sea State<3 & Sea State < 3 & Wind Sea State<3 & Sea State <3 &
(Recommended) (Recommended) 0 2. Bottom mounted: Beaufort < 4 <10 Kn Beaufort < 4 Beaufort < 4 Beaufort < 4
Sea State <3 & ) . X
Beaufort < 3. No Rain Rain to be avoided, but
Beaufort < 4
Allowed accepted
GUIDELINES FOR . .
ONVGL.CG.0313 UNDERWATER ABS GUIDE FOR THE Add't(':%r;asltzecfi'f: and
ANSI/ASA S12.64- (2019) RADIATED NOISE OF RINA Rules 2021. Pt F. CLASSIFICATION Procedure for the
Consulted document 2009/Part 1 1ISO 17208-1:2016(E) DNVGL-RU-SHIP PL.6 NR 614 DT RO2 E (2018) SHIPS. CHINA Ch 13. Sec 2'5 ! NOTATION Determination of a GC-37-E (2021)
(Rev.2019) Ch. (2020) CLASSIFICATION ’ UNDERWATER NOISE. | - yessel's Underwater
o SOCIETY. GUIDANCE 2018

NOTES GD 28-2018

Radiated Noise (2018)

Table 3: Test procedure - Detail per standard or notation (2/2)

D = Distance from measurement point to source, H = Water Depth, L = Vessel Length, T = Vessel Draught, v = Vessel Speed (not always in Kn), NCR = Normal Continuous Rate
2|f vessel weight is above 10000GT, number of runs can be reduced to 2 runs at CPA distance. For these vessels, the measurement uncertainty should be risen by +1.5 dB.
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2.3. Post-processing

Post-processing activities are focused on the obtention of URN levels produced by the
vessel, according to a certain test setup and its corresponding test procedure. Those levels
are obtained from the sound pressure level (SPL) measured at the hydrophone locations
and corrected to a reference distance of 1 m from the tested vessel. Every notation defines
aspects as the processing bandwidth, the required background noise corrections, the
distance adjustment, or the reporting units (always expressed as decibels but with
different reference units). URN levels are typically reported in the spectral domain,
providing noise levels in frequency bands (one-third octaves or decidecades; commonly
used interchangeably as their difference is a 0.08%). Some notations suggest reporting
URN levels not only in frequency bands but also in narrowband. However, although this
information is highly valuable, its use is not widely extended.

Once measurement data are acquired, and raw data are considered valid, it is hecessary
to process them to obtain their spectral representation. To do so, two approaches can be
followed: (i) to compute the Fourier transform (Bloomfield [1976]) over the measured time
signals, obtaining the spectral representation of the signals in narrowband and then
aggregating the noise levels per frequency band or (ii) to filter the measured time signals
with a bank of overlapping filters to directly obtain the spectral representation in band
levels (ANSI, 2004). Option (i) provides narrowband and band representations, while
option (ii) just provides band levels, being impossible to extract narrowband information
as the process is not reversible. As narrowband representation provides a lot more details
of the nature of a sound and allows to later represent those levels in frequency bands,
procedure (i) is considered the most suitable choice. Therefore, its details are explained
below as it will be used to process the results of URN tests within the scope of the SATURN
project.

Studied notations do not provide plenty of details about the spectral processing performed
and therefore users shall assume important aspects that may cause differences in the
reported URN levels. When using the Fourier transform (FT) - or its computational
optimisation; the FFT (fast Fourier transform, (Bloomfield P., 2000) - the following details
shall be provided: frequency resolution, percentage of overlapping, window type, and
averaging strategy to merge processed windows. A typical processing definition for
stationary measurements is to use 1 Hz frequency resolution, 50% overlap, Hann window,
and energy average between processed windows, using a certain amplitude scaling (rms
or peak-hold) according to the application requirements. Industries as aerospace use
international standards that provide such processing details (e.g., MIL-STD-810; for shock
and vibrations (United States Department of Defense, 2014)).

After the conversion of the measured levels to the frequency domain (represented as
frequency band values; whether as decidecades or one-third octaves) it is necessary to
apply some corrections over these values. The corrections cover background noise,
hydrophone sensitivity, measurement chain influence, and distance. Although all notations
cover these aspects, there is not a standard procedure or harmonized methodology. What
it is common, is the definition of the minimum noise level differences that should exist
between measured vessel noise and measured background noise. If those minimum
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differences are not met (those values depend on class notation or standard), it is required
to correct, or even discard, the measurement. It is important to mention that every run and
hydrophone is processed separately up to the final averaging phase, performed at the end
of the post-processing stage.

If background noise correction is not required or if it can be performed successfully,
sensitivity and measurement corrections are performed and then, distance correction is
carried out. Distance correction propagates backwards (from hydrophone to vessel)
measured noise levels to represent ship noise calculated with a reference distance of 1
m. The following equation explains the correction process.

LURN (T', h, b) = L”p (T, h, b) + ALURN (T', h, b) (1)

Lyrn (1, h, b): Level of underwater radiated noise for a certain run, hydrophone, and frequency
band;

L”p (r, h, b): sound pressure level after background noise, sensitivity and measurement chain
corrections for a certain run, hydrophone and frequency band;

ALygrn (7, h, b) : Correction factor for a certain frequency band to convert the sound pressure
level to underwater radiated noise level. It could be a simple distance correction (from
analytical formulae) or propagation loss values.

Correction factor (from equation (1)) can be obtained through different procedures:

a) applying previously developed analytical corrections (assuming spherical
propagation and considering that attenuation is just caused by spreading over
distance),

b) empirically (according to test performance),

c) using propagation models (considering aspects as source depth, seabed, surface,
sound speed, etc).

Methodology (a) is the most widely used. Methodology (b) implies difficulties due to the
complexity of performing such tests, adding the disadvantage that these tests are not
clearly defined neither in the notations nor in the international standards. Option (c),
despite its intrinsically associated uncertainties as a numerical model, allows a better
characterisation than just assuming attenuation caused by distance (option (a)) avoiding
the difficulties mentioned when performing PL tests (option (b)). However, the use of
models requires considerable previous expertise (further details are provided in Section
3). The last two options (option (b) and option (c)) are based in the use of propagation loss
(PL) as the correction factor. PL consider aspects as noise attenuation due to the distance,
sound reflexions caused by seabed and surface, seabed geometry or sound speed
propagation.

Every mentioned approach directly conditions the reporting metric used to represent
vessel URN levels. Methodology (a) is used for determining RNL (or its modified versions),
while methodologies (b) and (c) are more suited for SL. The details of the metrics used to
report URN levels are as follows:
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RNL (Radiated Noise Level): metric based on analytical corrections. It considers a
scaling proportional to the distance, applying a fixed factor of 20, associated to
spherical spreading. For the RNL metric, the propagation loss is defined according to
equation (2), where the resulting Radiated Noise Level is represented in equation (3).

d
ALURN =20 10810 (1 > dB (2)
d
Lrn(r,h,b) = L", (r, h,b) + 20 log10< ) dB (3)

ALyry : Correction factor to convert sound pressure level to underwater radiated noise level.
In this case this is a distance correction (from analytical formulae);

d: distance between hydrophone and vessel under test;

Lgry (1, h, b): Radiated noise level for a certain run, hydrophone, and frequency band, at 1 m
from the vessel;

L”p (r, h, b): sound pressure level after background noise, sensitivity and measurement chain
corrections for a certain run, hydrophone and frequency band.

The use of other multiplying factors results in another reporting metric: the RNLyo4ified
(Ainslie, et al., 2022).

RNLmodifiea (Modified Radiated Noise Level): this metric is based on corrections
provided by some classification societies. They set their own multiplying factor (typically
18 or 19) based on their own propagation hypothesis, however, the origin of and
motivation for these values are unspecified in their notations. The resulting URN levels
using this approach are usually lower than those obtained when computing RNL,
reporting the same vessel as less noisy when using RNLy,gifieq- HOWEVEr, their
reference values are different and comparing RNLyoaifiea With RNL is not correct
(further details provided in section 2.4).

d
ALURN =X loglo( ) dB (4)
d
LrnModifea (T, B, b) = L', (r, h,b) + X logy, (1 ) dB (9)

ALygry : Correction factor to convert sound pressure level to underwater radiated noise level.
In this case this is a distance correction (from analytical formulae);

d: distance between hydrophone and vessel under test;

X: a multiplying factor which varies according to notation. Typical values are 18 or 19;

Lrnmoaifed (75 1, b): Radiated noise level modified for a certain run, hydrophone and frequency
band, at 1m from the vessel;

L”p (r, h, b): sound pressure level after background noise, sensitivity and measurement chain
corrections for a certain run, hydrophone and frequency band.

MSL (Source Level): for this reporting metric, propagation loss is obtained whether from
experimental measurements or using propagation models. When using propagation
models, MSL considers source depth, sound speed, surface reflections, and seabed
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influence. However, the use of propagation models requires a solid technical
understanding. Further details on the use of propagation models are available in
section 3. Regarding measurements, MSL can be obtained according to ISO 17208-2,
where its computation is based on applying the surface reflection correction to the RNL
measured and computed according to ISO 17208-1 (see equation (7)). If the
hydrophone deployment deviates from ISO 17208-1, ISO 17208-2 additionally
provides an alternative correction to properly obtain MSL from RNL (equations (B.3)
and (B.4) from that document).

ALygry (b) = Npi(b) (6)

Ls(r,h,b) = Lgn(r, h, b, 1m) + Npy(b)

ALygry (b): Correction factor to convert sound pressure level to source level. In this case this
is the propagation loss;

Npy,(b): Propagation loss per frequency band;

L¢(r, h, b): Source level for a certain run, hydrophone and frequency band, at 1m from the
vessel;

Lrn (7, h, b): Radiated noise level for a certain run, hydrophone and frequency band, at 1m
from the vessel.

Some other metrics have been proposed in the last few years, trying to improve the
precision of the mentioned URN metrics; those are the DSL (dipole source level; (de Jong,
et al., 2010)) and the aRNL (radiated noise level adjusted; (Ainslie, et al., 2022)). DSL
metric considers not only the point source but also its surface-reflected image and
combines them as a whole underwater source. An advantage is that DSL is robust to the
choice of nominal source depth, making it suitable as a URN metric for ship certification.
On the other hand, aRNL tries to cover the current limitations of the RNL metric (specific
for deep water and for low frequencies), extending its approach to shallow water and
higher frequencies (Ainslie, et al., 2022). These two metrics are not widely used yet, but
this could happen in the coming years. A detailed explanation and a thorough comparison
of the mentioned metrics (RNL, MSL, aRNL and DSL) was already performed (Ainslie, et
al., 2022).

Once measured noise levels are corrected (background noise, hydrophone sensitivity,
measurement chain and distance correction), those results must be averaged. This
averaging comprises the information gathered by the different runs, hydrophones,
processing windows, and vessel sides. This procedure is aimed to reduce measurements
scatter, but differs between notations. Results obtained after this step are used for the
final reporting of vessel URN levels. Table 4 gathers the details for the studied documents.
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ANSIASAS12.64 SO 17208-1 DNV BV ccs RINA ABS LR KR
(Grade C%)
Deep water RNL RNL RNL MSL4 RNL
Measurement
. RNL MSL / RNL / RNL RNL / RNL; MSL / RNL

metric Shallow water - - MOPIFIED / RNL / RNLuoorrieo / RNLwobrreo - st/ MSL RNL / RNLwobirieo

Reporting unit dB dB dB dB dB dB dB dB dB

1yPa.m/ VHz 1pPa.m 1uPa. m
0.9
Reference value 1luPa.m 1uyPa. m 1luPa.m 14Pa . M5 / \Hz 14Pa . mos 1yPa.m 1uPa.m 1uPa.m 14Pa . mos5
Deep water: as ISO
' . 17208-1 10 Hz - 50 kHz or 10 Hz - 50 kHz or
Processing bandwidth 50Hz - 10 KHz 10 Hz - 20 kHz or 50 kHz Shallow water: 10 Hz - 10 Hz -50 kHz 100 KHz 10 Hz - 40 kHz 100 KHz 10 Hz - 20 kHz 10 Hz - 50 kHz
100 kHz

One-Third Octave One-Third Octave One-Third Octave One-Third Octave One-Third Octave

. One-Third Octave . . .
Frequency representation Band One-Third Octave Band One-Third Octave Band One-Third Octave Band Band Band Band Band Band
Acceptance criteria No No Yes (5 Curves; one per Yes (2 curves) Yes (3 curves. S.COpe Yes (2 curves) Yes (5 curves) Yes (3 curves) Yes (2 curves)
operation type) not clearly explained)
. 19 10
Data window number 1 1 1 - 45° to 45° each 5° 1 1 1 As ISO 17208-1 Evenly Distributed
No correction: If No correction: If

Background noise correction

No correction: If
SPLs+n- SPLy > 10
dB
Correction: If 3dB <

No correction: If SPLsn-
SPLy > 10 dB
Correction: If 3dB <

Deep water: as ISO
17208-1
Shallow water:

No correction: If SPLs+n -

No correction: If SPLs+n
-SPLy > 10 dB
Correction: If 3dB <
SPLs+n - SPLy < 10 dB

No correction: If
SPLs+n- SPLy > 10
dB
Correction: If 3 < dB

No correction: If
SPLs+n- SPLy > 10
dB
Correction: If 3dB <

SPLs+n- SPLy > 10
dB
Correction: If 3dB <
SPLs+n - SPLy < 10

As ISO 17208-1

SPLs+n- SPLy > 10
dB
Correction: If 3dB <
SPLs+n - SPLn < 10

Shallow water

RNLwopiriep: If H <

SPLs+n -SPLy €10 dB
+N - < . . - < +N - <
SPLin SPLy=10dB | o ol If SPLswy - SPL SPLy > 10 dB Non-valid: If SPLe.y - | SPLsw -SPLy<10dB | SPLsw -SPLy <10 dB dB dB
Non-valid: If SPLsn - <3dB See notation: If SPLs+n - SPLy < 3 dB Non-valid: If SPLs«n - | Non-valid: If SPLs+n - Non-valid: If SPLssx - Non-valid: If SPLs+n -
SPLn <3 dB SPLy <10 dB SPLn< 3 dB SPLn <3 dB SPLy < 3 dB SPLy < 3 dB
Deep water: as ISO No correction applied: If lower hydrophone
. . . . 17208-1 for RNL or RNLwmopirie . . is < 0.2 m from the .
Seabed reflection correction No correction No correction Shallow water: 5 dB MSL: considered in 5 dB reduction Not specified seabed: 5 dB As ISO 17208-1 Not specified
reduction propagation model reduction
- : 7 ! > N
Deep water RNL: 20l0g10(D) RNL: 20l0g10(D) MSL: Zgngat'c’n RNL: 20l0g10(D) MSLPI'_ 2010g10(D) + RN2L'O|g '15(35’0'
o RNL: If H > 100m: MSL: Propagation 1501720829 g
Distance 20log10(D) model RNL: If H>100:
. . > .
adjustment ) RNLwoorreo: 1810g10(D) RNEO'IOZIO%S?"" RNLwooirep: If H < ) or MSL: Propagation 20l0g10(D)
100m: 18log10(D) RNL: 20log10(D) model RNLwmopiren: IfH <

100: 1910g10(D)

Global uncertainty

Provided values for
guidance but exact

values not specified.

100m: 19log10(D)
1/3 Octave Bands 10 - MSL:
100 Hz: 5dB Deep water: as ISO Deep: £3,5 dB

1/3 Octave Bands 125 -
16000 Hz: 3 dB
1/3 Octave Bands > 20
kHz: 4dB

17208-1
Shallow water: not
specified

Shallow: +4,0 dB
RNL / RNLwmopiFieD:
Deep: #4,0 dB

Shallow: +4,5 dB

No specified

Not specified

Not specified

As ISO 17208-1

Not specified

4 MSL obtained from RNL according to ISO 17208-2 procedure.

Table 4: Post-processing - Details per standard or notation
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2.4. URN results comparison

It is important to remark that comparing URN results from different notations is usually
incorrect. To start with, different testing procedures and post-processing activities end up
in different URN levels for the same tested vessel. These differences seem to be more
obvious and could be studied and even corrected to allow such comparisons.

On the other hand, there is another extended misleading practice; the idea of considering
that the different URN metrics are comparable. All the notations report URN levels in
decibels, but many of them employ different reference units. This assumption makes their
direct comparison erroneous. Additionally, even if the reference units are equal, SL and
the various forms of RNL specified by the classification societies are different quantities
that cannot be directly compared. Table 5 summarises the main features to consider
before performing any comparison. Only the notations that belong to the same reporting
metric (first column) and use the same reference unit (last column) could be properly
compared. If these two premises are not met, performing the comparison would lead to
erroneous conclusions.

Ri/rlmrt_lng Notation Depth Reporting Unit Reference Value
etric
ANSI| ASA S12.64 >75m
ISO 17208-1 > 150m
CCs >100m
RNL dB 1uPa. m
RINA > 150m
ABS > 150m
KR > 100m
DNV > 150m
>30m 1pPa . mo:2
CCs <100m
RNLmobIFiED KR < 100m dB 1uPa . mo.95
> 100m 1uPa . m / VHz
BV
<100m 1uPa . mo-95 / VHz
ISO 17208-2 >150m
MSL dB 1uPa. m
LR > 150m

Table 5: Reporting metrics per URN notation and their corresponding reference unit values.

Some of the studied notations propose different formulae for the URN levels reporting,
ending up in esoteric reference units. In some cases, the resulting reference units are not
well reported in the corresponding documents, making it unfeasible to realise that the
comparison of some metrics is erroneous. Table 6 gathers the procedures followed to
compute the different URN reporting metrics (per notation) and therefore, the origin of the
resulting reference units showed in Table 5.
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Reporting , , Resulting
a— Notation | Comment Calculation Reference Value
Just to report
spL Al |soundlevelatl opr 50 logye(in) 14Pa
hydrohpone's g10 Do H
position
ANSIASA
=75m
512.64
1SO 17208-1 > 150m
CCs >100m r r
RMNL RNL = SPL + 20logyo(—) = ZOIuglo(i* —) 1pPa. m
To Po To
RINA > 150m
ABS > 150m
KR >100m
DNV > 30m - 20 r r p 2
RNLyopirien = SPL + 18 loggg (_) = SPL+ 2_018 logip(—) = SPL+20 10810(_)19"{20 = 20logyp(—=* (—) ) 1uPa. m™®
ccs <100m To To To Po Ao
20 ) 095
= I\ = j— LS Ty19/20 P.(C 0.85
KR <100m RNLypopirien = SPL + 191logyg SPL + 191ogio(—) = SPL+ 20 logio( ) 20logyp(—* ) 1pPa.m
0 20 To 0 Po \To
Rrq"l\o‘C)I}IFIED
10,20 0,5
>100m RNL = SPL + 20]0310(1) —10logyy (‘E) = SPL + Zﬂlogm(L) - ;Elt)loglo (ﬂi) = SPL+ Zﬂlogm(; —20log,y ( —) : = EDIuglo(p—* - (f% ) 1pPa. m/VHz
o o fo o’ 20 fo T fo po 10 \ASf
RNL SPL+ 191 (r) 101 (Af) SPL + 2101 (r) 2101 (Af) SPL + 20 | (rjl‘-‘m 201 ( )mm 201 (p (?')0'95 (fO 0'5) oss
<100m MODIFIED = o810\ —|— 010\ 7| = S5A121og10( ) — S~10logie | —| = 0g10( 277" — 0810 = og1o( —*| — * 1pPa. m™ [VHz
o fo 20 ' 20 fo 7o fo Po \To Af a
1SO 17208-2 > 150m
MSL MSL = RNL + AL 1pPa. m
LR > 150m

Po: LpPa; 15:1m; fy: 1Hz; SPL: Sound pressure level; RNL: Radiated noise level; MSL: Source level; AL: Average RML correction (see 1SO 17208-2)

Table 6: Detailed procedure to demonstrate the resulting reference values to be employed per notation
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2.5. Notations limits

None of the published standards or classification societies’ notations that cover vessel
URN levels are mandatory. ANSI ASA S12.64 and ISO 17208-1 just aim to provide testing
and reporting procedures for the characterisation of vessel URN levels and therefore, they
do not define any limit curve that needs to be met. However, classification societies usually
provide such curves together with their notations on voluntarily basis, to certify if a certain
vessel meets their requirements. Nevertheless, environmental consciousness and public
pressure about underwater noise pollution are promoting local and international initiatives
that will end up in mandatory noise levels restrictions, probably in the coming years.

In general, there are two threshold curves types defined in the classification societies
notations. Figure 2 gathers the limit curves for the studied notations.

Some classification societies provide additional categories, for example, DNV defines
qualification curves for Seismic, Acoustics, Fishery, and Research vessels. Regarding
research vessels, ABS provides a limit curve as well. Since the vessel to be tested in
SATURN’s URN tests belongs to this category, these two limit curves (DNV and ABS) are
shown in Figure 2. These limit curves are inspired by the ICES 209 (Mitson, 1995), where
this document additionally provides a solid base (and its details) to justify those threshold
values. On the other hand, BV allows using ICES 209 limits for fishery research vessels.

Regarding the URN results representation, only Bureau Veritas employs a different
representation than the spectrum. This representation is the result of applying a bandwidth
correction to the decidecade band spectrum as explained by equation (8).

B:
Lrnys = Lrn — 101l0gyg (1_le) dB (8)

Ly st Radiated noise spectral density for a certain decidecade;
B; : Total bandwidth for a certain decidecade.

As already mentioned in section 2.4, most of these curves cannot be compared because
they use difference reference units or reporting metrics. Just those that share these two
requisites are plotted using the same colour (see Figure 2). Exact curve values for Figure
2 are available in table format in Annex 1: Tables for URN limits.
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3. Underwater sound propagation modelling
3.1. Introduction

Acoustic propagation models have been widely used since the 1970s in a broad range of
applications (Wang, et al., 2014). During the last few years, the confidence in the use of
propagation models has increased and its use has become more common due to, among
others, the advances in computational acoustics, the available bathymetry databases, and
the improvements in computational resources.

The propagation models studied in this report focus on the obtention of the noise level
reduction caused by geometrical spreading and environmental factors. The spreading
rules are described through the wave equation, which can be solved by different
methodologies. The environmental factors include water sound profile and its attenuation,
surface influence (roughness, bubbles, etc), and seabed (sediment properties, bathymetry,
etc). All these environmental factors are not only geographic location dependent, but also
frequency dependent.

This representation of the attenuation suffered by a certain noise in the modelled situation
is referred as propagation loss (PL), and is used jointly with the measured sound pressure
levels at a certain geographic location. As mentioned before, the use of the obtained
propagation loss enriches the results obtained from experimental tests, allowing to
represent the noise source through the use of SL. This procedure improves the accuracy
of using the simple distance correction of the RNL metric and characterises the ship noise
independently of the environment in which it is measured. SATURN task T2.2.2 aims to
report the URN levels as described in different notations. Some of them state the need for
using propagation models, and therefore, their use in the project is likely.

The use of propagation models requires a solid base in the related theory and a wide
knowledge of their main limitations, restrictions of use, and particularities. This document
does not pretend to explain in detail the theory about propagation models or the details of
the physics behind the different methods, a good reference that gathers these details is
the book Computational Ocean Acoustics (Jensen, Kuperman, Porter, & H., Computational
Ocean Acoustics, 1997). However, a brief explanation of the most popular solutions is
provided in the following subsection.

3.2. Propagation models for underwater environments

Models used for the characterisation of underwater sound propagation are generally split
in two main categories: a) those which keep fixed the modelling parameters with distance
and are commonly referred as range-independent and b) those that consider variations in
the input parameters conditioned by distance and are commonly referred as range-
dependent.

Currently, there are a wide variety of available propagation models that can be categorised
based on their underlying method, resulting in the groups explained below (Jensen,
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Kuperman, Porter, & Schmidt, Computational Ocean Acoustics, 2nd edition, 2011). These
propagation models solve the wave equation (Helmholtz equation) following different
approaches and therefore their application is not valid for all scenarios. Their use is
commonly conditioned by the frequency range and water depth. The following table
summarises the suitability of every studied model according to frequency and water depth
constraints (Wang, et al., 2014).

Shallow water - | Shallow water - Deep water - Deep water -
low frequency high frequency low frequency high frequency
Ray theory Ray theory Ray theory
Normal mode Normal mode Normal mode

Wave number

Wave number

Wave number

integration integration integration
Parabolic Parabolic Parabolic
equation equation equation

Energy flux Energy flux Energy flux

Wave number

integration

Energy flux

Green — suitable; Amber —suitable with limitations; Red — not suitable or applicable

Figure 3: Summary of propagations models suitability (source: Wang et al. [2014])

Although some models can be suitable for a certain frequency range and water depth, their
computational cost could differ considerably. In some cases, these differences could even
reach orders of magnitude in the running time, so considering this aspect is commonly a
key point when choosing a certain propagation model. A brief description of the studied
propagation models is provided below.

Ray method is a geometrical high frequency approximation method. It solves the wave
equation in the high-frequency limit by integrating Snell’s law, following the analogy of
optics, giving a physical picture of the acoustic paths. It considers seabed reflexion but
omits sound diffraction (transmission of the sound from water to seabed) therefore, the
use of this model is not suitable for low frequencies where diffraction of the sound occurs
(typically below 200Hz). It can consider the variation of the propagation parameters
caused by depth and distance, being considered a range-dependent model. It is commonly
used for deep water and high frequencies, but it has a long run time and requires the use
of large memory.
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The normal mode method splits the solving of the wave equation in vertical and horizontal
components, applying different approaches to solve the horizontal one. Depending on the
solution of the horizontal component, the result can be range-independent, mildly range-
dependent, and range-dependent, although it better fits for mildly range-dependent
environments. As frequency increases, the number of detected modes increases
exponentially, causing a proportional rise in the computational costs, making unsuitable
the use of normal modes for high frequencies. At close distances, it should not be used
because it ignores im-proper modes influencing the results at short distances. It is valid
for both deep and shallow water, having a fast computational time and not requiring the
use of large memory.

The wave number integration method solves the wave equation using Green’s function
(Schmidt & Jensen, 1985). It provides an exact solution as it considers propagation modes
and leaky and evanescent ones, so it is commonly used as a benchmark solution for other
less exact techniques. It considers the ocean physical properties are just dependant on
depth and, depending on the approximation used, it can be range-dependent or range-
independent (this approach is the one used when using wave number integration as a
benchmark model, and it is therefore its common use). Its memory requirements and
running time are considered medium (compared with the rest of the studied propagation
models).

The parabolic equation method proposes a totally different idea, it does not involve the
computation of the field propagation from a source to a distant receiver. It assumes the
propagation is one-way and splits the wave equation into incoming and outgoing solutions.
It is suitable for range-dependent environments and it is applicable to deep and shallow
water. Its computational cost increases with frequency, consequently, it is used below
1kHz, requiring high memory usage.

The energy flux method is a hybrid solution between rays and modes. It covers simple
environments (flat bottom and constant sound speed) resulting in range-independent
solutions, with some implementations for range-dependent environments. Its computation
is very fast with considerable accuracy.
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4. Propagation loss measurements
4.1. Introduction

In recent years, different studies focused on the propagation loss in underwater
environments. Several authors addressed this topic from different perspectives, covering;:
the spherical spreading (Lee, et al., 2012) and (Seol, et al., 2015), the Lloyd’s Mirror effect
(Lafeber, Bosschers, de Jong, & Graafland, 2015) and (Tani, et al., 2019a), the bottom
reflections (Lloyd, Lafeber, & Bosschers, 2018), the surface and bottom reflections jointly
(Kleinsorge, Schemmink, Klose, & Greitsch, 2017), and the propagation loss from a
theoretical perspective (Gaggero, et al., 2016). However just a few authors addressed
propagation loss from an empirical point of view, although they finally represented
transmission loss with the commonly used (and already mentioned) distance rule of
20log;o(d/1m) dB (Tani, Viviani, Hallander, Johansson, & Rizzuto, 2016b). Only a
reference providing details of PL obtention from empirical tests was found (Johansson,
Hallander, Karlsson, Langstrom, & Turesson, 2015), but neither the measurement details
nor the post-processing methodology is explained, being impossible to assess the followed
methodology. In this way, it was not possible to find any publication gathering how to
properly measure PL from tests.

Regarding the available URN standards, neither ANSI S12.64 nor ISO 17208-1 require the
use of the propagation loss and, therefore, they do not provide any details regarding this
aspect. ISO 17208-2 mentions this term in Annex A (A.3), although further details to
provide a complete context are missing. Regarding classification societies, some of them
suggest the use of PL and propose obtaining it from tests, although neither the test
procedure nor the post-processing activities are described in those notations.

Due to the lack of details aforementioned, a methodology for the PL obtaining from in-situ
measurements is proposed in this section, where both the testing details and the post-
processing activities are provided. As the SATURN project includes the performance of URN
tests, this opportunity will probably allow testing the proposed methodology in a real
environment for a ship, aiming to carry out the PL measurements under the same test
conditions as for the URN tests: location, sea properties, distance between source and
receiver, and depth.

Additionally, these results could be used for model calibration, by using the measured PL
to adjust the model input parameters, such as the local geoacoustic properties of the
seabed, for a better match between model and measurements.

4.2. Methodology

This section covers the details of the methodology proposed to obtain the propagation loss
from in situ measurements. The suggested methodology is divided into: (i) instrumentation
setup, (ii) underwater acoustic excitation, (iii) test procedure and (iv) post-processing
activities. As the proposed methodology intends to explore both deep and shallow water,
the aforementioned sections split their scope accordingly when needed.
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The instrumentation setup will vary depending on the water depth. For deep water it will
be based on ISO 17208-1 and for shallow water it will follow the draft version of ISO
17208-3. The main difference in the proposed testing methodology compared with the
mentioned standards becomes from the origin of the sound; an underwater sound source
will be used instead of a vessel. This underwater sound source will produce a known
excitation that will allow the characterisation of the environment, using the difference in
the measured sound levels between the excitation source and the receiver.

Deep water

According to ISO 17208-1, three hydrophones will be used, following the same spatial
distribution and any other instrumentation specification (see Table 1 for further details).
ISO 17208-1 sets the acoustic centre of the vessel at the sea surface, however, using an
underwater sound source at that location is senseless, therefore, the acoustic centre will
be considered as in ISO 17208-2 standard; “0.7 times the ship’s draft”. Figure 4 shows
the hydrophone array geometry to be reproduced in the PL test for deep water (described
in ISO 17208-1), where the ship under test will be replaced by an underwater sound
source.

/
- e 1 ship under test
ﬁ;\ - 2 distance, dgpp, at closest point of approach
3 P / 3 hydrophone
/ 4 15°angle between surface and shallowest hydrophone
~ 5 30°angle between surface and middle hydrophone

P / 6 45°angle between surface and deepest hydrophone
o

\ 3

Figure 4: Hydrophone geometry for ISO 17208-1 (deep water) (Source: ISO 17208-1)
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Shallow water

For shallow water, the instrumentation setup is based on the available draft version of ISO
17208-3. This standard recommends using three hydrophones (although it accepts using
two), keeping a certain distance both from the water surface (minimum depth not specified
yet) and the seabed (at least 2m above it). Precise details are pending to be confirmed as
the currently available draft version does not provide the exact depth values yet. As
described in the previous deep water section, the vessel is to be replaced by an underwater
sound source, at the same depth defined above (0.7 times the ship’s draft). Additionally,
the preferable option is to use bottom-mounted hydrophones configurations in order to
reduce platform-related self-noise (e.g., strum noise), however, the final setup would be
conditioned by the available resources deployed for the SATURN URN tests and using a
floating buoy to support the hydrophones is a likely scenario.

1 vessel under test

2 distance, dCPA, at closest point of approach
3 hydrophone

4 seabed

3

T L

Figure 5: Hydrophone geometry for ISO 17208-3 (shallow water) (Source: ISO 17208-3 draft)

An underwater sound source will be used to produce a known acoustic excitation, trying to
cover the wider possible bandwidth. The idea is to evaluate how the produced levels are
damped due to the distance and the environmental influence (i.e., to measure propagation
loss). The noise reduction (between source and receiver) will be obtained for the frequency
range under study and will represent the propagation loss of the testing location. The
excitation will try to produce the higher possible noise levels, producing a plain excitation
either for the whole bandwidth frequencies (narrowband) or for each decidecade (band
levels). Differences between the mentioned frequency scenarios are explained in the
following sections of the document.
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The underwater sound source will be externally controlled by a signal generator, producing
the required excitation signal. Produced sound levels are intended to be monitored through
a reference sensor, whether using a hydrophone to measure acoustic pressure, a specific
transducer to measure particle motion or any other equipment considered valid (e.g.,
accelerometer placed on the radiating surface). This reference transducer will be used for
the obtention of a transfer function between the excitation produced at this location and
the sound levels measured at the receiver position. Figure 6 illustrates the mentioned
setup.

Signal generator
& Data recorder

Signal Amplifier

Underwater
sound source

—DQ )

Reference transducer Receiver transducer

Figure 6: Simplified underwater sound source setup

The frequency resolution of the resulting propagation loss curve (which will represent the
propagation factor - i.e., noise reduction - per frequency) will depend on the excitation
methodology used: random noise or sine sweep. Both methods would allow the PL
characterisation in decidecade bands, although it is intended to increase the frequency
resolution as much as possible. Details for the two mentioned approaches are provided
below.

Sine sweep

The sine sweep produces a tonal excitation whose spectral characteristics vary with time.
It produces a certain sound level for a specific frequency and, as time passes, this
frequency increases progressively. This methodology allows the excitation of the studied
frequencies individually, where the frequency increment and the excitation time shall be
configured for each frequency. The computation formula to produce the sine sweep is
described in equation (9). Figure 7 shows an example of a sine sweep signal in the time
domain that could be used as input signal for the underwater sound source.
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y = sin(2nf; * t) (9)

fi: excitation frequency. Its value increases in fixed steps every defined time interval (e.g.: steps of 1Hz every
10 seconds);
t: time array. It increases constantly according to a certain sampling frequency (time between samples).

)

n

Time (s)

Figure 7: Sine sweep in time domain

The main drawback of using the sine sweep excitation is the time duration of a complete
measurement, since every frequency is excited individually and it requires a sufficient
excitation time. For example, if one desires to excite from 50 Hz to 20 kHz in 1 Hz steps of
5 s duration per frequency, the measurement time would be 162.5 minutes
(1950[Hz]*5[s]). To optimise the testing time, some other strategies could be followed
(e.g.: the use of a logarithmic frequency sweep). However, it is very likely that the required
post-processing notably differs from the one detailed in section 4.2.4.

Pink noise

Another possible approach is to use pink noise as the input signal for the underwater noise
source. The use of pink noise is very popular as it provides a frequency excitation that
decreases with a slope of 3 dB per octave in the spectral narrowband representation and
consequently, the sum of the produced excitation per octave band results in a plain
response. This means that using pink noise produces a plain excitation if the frequency
representation used is the octave band format. This approach would therefore, instead of
exciting equally each frequency, excite equally each octave band. The plain excitation is
reached as well when representing pink noise levels in one-third-octave bands (or
decidecade as they can be used interchangeably). Figure 8 shows pink noise in
narrowband representation while Figure 9 provides its decidecade representation.
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Pink noise - Narrow band
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Figure 8: Pink noise in narrow band (bandwidth independent of frequency)
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Figure 9: Pink noise in 1/10 decade band (bandwidth proportional to frequency)

The use of pink noise allows exciting all frequencies simultaneously, with a considerable
reduction of the testing times compared with sine sweep excitation methodology.
However, an important drawback of using broadband noise is that the excitation energy is
distributed within the whole bandwidth, using lower energy per each exciting frequency
than when using a sine sweep. As a consequence, this method provides a lower signal-to-
noise ratio.

In this case, the excited bandwidth comprises 10 octave bands (from 50 Hz to 20 kHz)
and, taking into account the noise levels reduction (3 dB per octave), the difference
between the produced levels at the first and last excited frequency bands would reach -30
dB. This could be a problem if insufficient sound levels are produced at the higher
frequencies If source levels do not exceed the background noise at the hydrophone
location by 10 dB, the resulting measured levels would not be a precise representation of
the produced noise levels by the source. If that is the case, pink noise should not be used
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as an excitation signal and instead using white noise could be a possible solution. White
noise produces a flat signal in the narrow band representation, exciting with equal
amplitudes the whole bandwidth and solving the abovementioned background noise issue
possibly caused when using pink noise.

Another option could be considered regarding the reference transducer: to use an
accelerometer placed on the radiating surface (providing and appropriate estimation of
the volume velocity of the source, which is directly related with the free field source level).
If ongoing investigations confirm that these approaches are feasible and indeed reduce
uncertainties produced by measuring sound pressure through a hydrophone at the near
field, their use shall be considered.

Propagation loss measurements are intended to be performed both for deep and shallow
water. The planned deployments are inspired in ISO 17208-1 and ISO 17208-3 (the
available draft) for deep and shallow water respectively. The specific details are provided
below.

Deep water

The information provided in this section is based on the reference standard ISO 17208-1.
Water depth and CPA distance (see Figure 5) must be identical. Background noise
measurements will be required and, if measured noise levels when the source is active do
not exceed loosely the background noise levels (at least greater than 10dB of the
background noise), it will be required to reduce the source-to-hydrophones distance as
much as needed in order to meet this requisite.

Once it is confirmed that the background noise is within the acceptable levels, the
measurement shall start, using the underwater sound source to excite the environment
according to the selected excitation approach (sine sweep or broadband noise). In case of
using sine sweep excitation, the following parameters must be set: initial and end
frequencies; conditioned by the source, frequency increment; conditioned by the user
definition, amplitude per frequency; to properly equalise the frequency response of the
underwater sound source, and the excitation time per each frequency step.

Shallow water

The main idea is to reproduce the same abovementioned underwater test as for 1SO
17208-3, replacing the vessel under test with the underwater sound source. Details as
CPA distance or water depth are pending to be defined and will be set during the coming
months, as the ISO 17208-3 draft version will be further detailed. However, the underwater
sound source configuration to be used will be the same as the one selected for the deep
water measurements; reproducing the same excitation methodology and following the
same location and transducer type for the reference sensor.
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The following subsections detail the post-processing activities to be performed in order to
get the PL results. As different approaches are considered for the excitation of the
underwater environment, their common processing details are provided first and then,
their specific considerations are detailed.

Background noise correction

One of the main concerns while performing these tests is to avoid background noise
influence, whether by adjusting the excitation amplitudes or reducing the distance
between source and receiver. If it is not possible to fulfil this requirement, results shall
coexist with it, and the influence shall be assessed and mentioned.

Processing configuration

After performing the tests, raw time signals acquired by the hydrophones are to be
processed to represent measured SPL (sound pressure level) in the spectral domain. To
do so, time signals will be processed through the use of the Fourier transform according
to the following parameters:

- Processing windows of 1 s; to obtain a resulting 1 Hz resolution

- Hann window; to avoid leakage

- 50 % overlap between consecutive windows; to avoid losing information caused by
the Hann window

- Energy average between the resulting spectral representation of the processed
windows

Sine sweep data present an important difference with the pink noise excitation; the
measurements progress with time and, therefore, they must be considered as non-
stationary. To properly process these data, the original raw time signal will be divided in
consecutive slices (with the same duration as for the produced tones). Then, every slice
will be processed separately (following the same procedure as the one detailed above)
obtaining a set of consecutive spectral representations. This processing is commonly
referred as spectrogram, where the spectra vary according to time. Once all slices are
processed separately, the whole set will be merged using a spectral envelope: for every
frequency, the maximum amplitude value will be kept. This procedure will provide the SPL
per run and hydrophone.

On the other hand, as pink noise excites the whole bandwidth simultaneously, it is not
required to slice the measured raw time signal, and the processing can be computed
straight forward as described above (1 s processing steps, Hann window, 50 % overlap,
and energy average) obtaining the SPL per run and hydrophone.

The same processing shall be performed for the reference sensor, applying any required
additional computation to represent the noise produced by the source through the SL
metric. This computation depends on the reference sensor signal magnitude (sound or
vibrations), the distance between the radiating surface and the installed sensor, or the
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piston diameter. After obtaining the SL from the reference transducer data, the
propagation loss per hydrophone results from equation (10).

Npp(fi, k) = Ls(fi) — Lp(fi, k) (10)

Np.(fi, k): Propagation loss for a certain frequency (f;) for the hydrophone k;
Ls(f;): Source Level of the source for a certain frequency (f;);
L, (f;, k): Sound Pressure level measured at the hydrophone k for a certain frequency (f;).

Once propagation loss is obtained per hydrophone, a proper methodology shall be
identified to obtain the final propagation loss for the test site.

4.3. Potential application

The proposed methodology aims to empirically obtain the test site propagation loss to
reduce the uncertainties caused by the current URN reporting metrics. As already
mentioned, the most accurate approach requires the use of propagation models, caused
by the highest number of factors considered (seabed, free surface, water column, etc) that
the commonly used metrics do not include (RNL, RNLwmooirien). This would lead to a richer
description of the test site, intended to be used as well to:

- Study the differences between the updated URN metrics (aRNL, DSL) and the
conventional ones (RNL, MSL) in deep and shallow water environments;

- Evaluate the accuracy of the results provided by propagation models used for the
characterisation of the same test site.

In case this methodology allows to improve the current metrics accuracy, it would be

necessary to evaluate its ease of use, the required investment in the specific
instrumentation, the difficulty of performing the test, and the duration of the trials.

37



Internal deliverable - Subtask 2.2.1 SatU rn

Developing Solutions for
Underwater Radiated Noise

5. Conclusions

This report describes the fundamentals of URN, offering a breakdown of the most popular
URN measurement procedures, whether coming from standards or classification societies.
It additionally introduces the need of further definitions as, for example, for measuring
vessel noise in shallow water, where an international standard is currently under
development (ISO 17208-3). The specific details of the studied documents were
summarised in table format, facilitating comparison between their measurement and post-
processing activities, allowing its use in the coming SATURN measurement campaign
(SATURN task 2.2.2). Additionally, the different evaluation curves defined for the
classification societies are provided, including those defined for research vessels (as the
ship used for the URN measurements belongs to this category). The objective of this
representation is to highlight their great differences in shape and to remark that their direct
comparison is not feasible because the lack of consensus in the reference units used per
notation and URN metric. Their precise values are available at the end of this document
(Annex 1: Tables for URN limits).

In section 3, underwater sound propagation models were introduced, explaining the main
used propagation models, their advantages and some considerations that might be
considered to guider their choice (e.g., frequency, accuracy, speed, computational cost,
ete).

Finally, a methodology to obtain the propagation loss directly from measurements is
proposed. This methodology pretends to result in the PL obtaining from tests, as its
obtention is commonly suggested in the studied notations, but their details on how to
finally obtain it are not provided. This topic is not widely documented in alternative
bibliography neither, being another aspect that encourages the study of a possible
empirical methodology. The results produced by this test would be used, among others, to
evaluate the accuracy of the currently used (and some recently proposed) URN metric or
to study a cost-effective solution for the characterisation of the vessel URN levels.
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DNV - ABS -
Frequency | convoled | Advanced | Stentie) | stenrel | SO | ugerirer | Underweter | uwn | uwn | SRV kRuwn |Gl G o G| oot | potsin
Vessel Vessel Transit Quiet e Noise 3 Noise2 | Transit | Quiet Transit | Quiet | *% | Transit | Quiet | -Transit | - Quiet
RNLmodified | RNLmodified | RNLmodified | RNLmodified | RNLmodified RNFnTz;;ied RNFnTz;;ied MsL MSL RNfr:é;;ied RNfr:é;;ied RNL RNL RNL RNL RNL RNL RNL
dB (1uPa.m/ | dB (1pPa.m /
L v D i OOV Y PO S8 A P P S O P P A P P P
el Roaiing 14Pa.m0.9) | 1p:Pa.mn0.9) 14Pa.mA0.95) | 14Pa.mA0.95)
10 167.0 163.0 178.0 168.0 149.3 168.0 157.0 186.0 | 180.0 178.0 168.0 177.0 | 169.0 | 137.0 | 172.0 | 164.0 | 177.0 | 169.0
12.5 166.8 161.9 177.5 167.7 147.1 168.0 156.4 184.5 | 1785 177.5 167.7 1769 | 168.9 | 137.8 | 1719 | 163.9 | 176.5 | 168.6
16 166.6 160.8 177.0 167.4 144.7 168.0 155.8 182.9 | 176.9 177.0 167.4 176.7 | 168.7 | 138.7 | 171.7 | 163.7 | 176.0 | 168.2
20 166.4 159.7 176.5 167.1 142.5 168.0 155.2 181.5 | 175.5 176.5 167.1 176.5 | 168.5 | 139.5 | 1715 | 163.5 | 175.5 | 167.8
25 166.2 158.6 176.0 166.8 140.3 168.0 154.6 180.0 | 174.0 176.0 166.8 176.4 | 168.4 | 140.3 | 1714 | 163.4 | 175.0 | 167.4
31.5 166.0 157.5 175.5 166.5 141.1 168.0 154.0 178.5 | 172.5 175.5 166.5 176.3 | 168.3 | 141.1 | 171.3 | 163.3 | 1745 | 167.0
40 165.8 156.4 175.0 166.2 142.0 168.0 153.4 177.0 | 171.0 175.0 166.2 176.1 | 168.1 | 142.0 | 171.1 | 163.1 | 174.0 | 166.6
50 165.6 155.3 174.5 165.9 142.8 168.0 152.8 175.5 | 169.5 174.5 165.9 176.0 | 168.0 | 142.8 | 171.0 | 163.0 | 173.5 | 166.2
63 163.6 153.5 174.0 165.6 143.6 168.0 152.2 174.0 | 168.0 174.0 165.6 175.8 | 167.8 | 143.7 | 170.8 | 162.8 | 173.0 | 165.8
80 161.5 151.6 173.5 165.3 144.5 168.0 151.6 172.5 | 166.5 173.5 165.3 175.6 | 167.6 | 1445 | 170.6 | 162.6 | 172.5 | 165.4
100 159.6 149.9 173.0 165.0 145.3 168.0 151.0 171.0 | 165.0 173.0 165.0 175.5 | 167.5 | 1453 | 170.5 | 162.5 | 172.0 | 165.0
125 157.6 148.1 172.5 164.7 146.1 168.0 151.6 170.8 | 164.8 172.5 164.7 1749 | 166.9 | 146.1 | 1699 | 161.9 | 1715 | 164.6
160 155.5 146.2 172.0 164.4 147.0 168.0 152.2 170.6 | 164.6 172.0 164.4 1743 | 166.3 | 147.0 | 169.3 | 161.3 | 171.0 | 164.2
200 153.6 144.5 171.5 164.1 147.8 168.0 152.8 170.4 | 164.4 171.5 164.1 173.7 | 165.7 | 147.8 | 168.7 | 160.7 | 170.5 | 163.8
250 151.6 142.7 171.0 163.8 148.6 168.0 153.4 170.2 | 164.2 171.0 163.8 173.1 | 165.1 | 148.6 | 168.1 | 160.1 | 170.0 | 163.4
315 149.6 140.9 170.5 163.5 149.4 168.0 154.0 170.0 | 164.0 170.5 163.5 172.5 | 164.5 | 149.5 | 167.5 | 159.5 | 169.5 | 163.0
400 147.5 139.0 170.0 163.2 150.3 166.4 154.6 169.8 | 163.8 170.0 163.2 1719 | 163.9 | 150.3 | 166.9 | 158.9 | 169.0 | 162.6

Table 7: URN limits for different classification societies’ notations - Table 1 of 3
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DNV - ABS -
B IR T I I I =20 = S (v e e =g g e e e
Vessel Vessel Transit Quiet o Noise 3 Noise2 | Transit | Quiet Transit | Quiet |02 | Transit | Quiet | -Transit | - Quiet
RNLmodified | RNLmodified | RNLmodified | RNLmodified | RNLmodified RNFn’;‘z;;ied RNFn’;‘z;;ied MsL MSL RNE:{E;;ied RNE:{E;;ied RNL RNL RNL RNL RNL RNL RNL
dB (1uPa.m/ | dB (1pPa.m /
| || | canenos | cureon | o | || T ot | i | o | o ||
et | ey 14Pa.m0.9) | 1pPa.mn0.9) 14Pa.m"0.95) | 111Pa.mA0.95)
500 145.6 137.3 169.5 162.9 151.1 164.8 155.2 169.6 | 163.6 169.5 162.9 171.3 | 163.3 | 151.2 | 166.3 | 158.3 | 168.5 | 162.2
630 143.6 135.5 169.0 162.6 151.9 163.2 155.8 169.4 | 163.4 169.0 162.6 170.7 | 162.7 | 152.0 | 165.7 | 157.7 | 168.0 | 161.8
800 141.5 133.6 168.5 162.3 152.8 161.6 156.4 169.2 | 163.2 168.5 162.3 170.1 | 162.1 | 1529 | 165.1 | 157.1 | 167.5 | 161.4
1000 139.6 131.9 168.0 162.0 153.6 160.0 157.0 169.0 | 163.0 168.0 162.0 169.5 | 161.5 | 153.7 | 164.5 | 156.5 | 167.0 | 161.0
1250 137.7 129.8 166.8 160.8 152.4 158.8 155.8 167.7 | 161.7 166.8 160.8 168.5 | 160.5 | 152.5 | 163.5 | 155.5 | 165.8 | 159.8
1600 135.5 127.4 165.6 159.6 151.2 157.6 154.6 166.3 | 160.3 165.6 159.6 167.5 | 159.5 | 151.2 | 162.5 | 1545 | 164.6 | 158.6
2000 133.6 125.3 164.4 158.4 150.0 156.4 153.4 165.1 | 159.1 164.4 158.4 166.5 | 158.5 | 150.0 | 161.5 | 1535 | 1634 | 157.4
2500 131.6 123.1 163.2 157.2 148.8 155.2 152.2 163.8 | 157.8 163.2 157.2 165.5 | 157.5 | 1489 | 160.5 | 152.5 | 162.2 | 156.2
3150 129.6 120.9 162.0 156.0 147.6 154.0 151.0 162.5 | 156.5 162.0 156.0 164.5 | 156.5 | 147.7 | 159.5 | 151.5 | 161.0 | 155.0
4000 127.6 118.7 160.8 154.8 146.4 152.8 149.8 161.2 | 155.2 160.8 154.8 163.5 | 155.5 | 146.4 | 158.5 | 150.5 | 159.8 | 153.8
5000 125.6 116.5 159.6 153.6 145.2 151.6 148.6 159.9 | 153.9 159.6 153.6 162.5 | 1545 | 1453 | 157.5 | 149.5 | 158.6 | 152.6
6300 123.6 114.3 158.4 152.4 144.0 150.4 147.4 158.6 | 152.6 158.4 152.4 161.5 | 153.5 | 144.1 | 156.5 | 148.5 | 157.4 | 151.4
8000 121.5 112.0 157.2 151.2 142.8 149.2 146.2 157.3 | 151.3 157.2 151.2 160.5 | 152.5 | 142.8 | 155.5 | 147.5 | 156.2 | 150.2
10000 119.6 109.9 156.0 150.0 141.6 148.0 145.0 156.0 | 150.0 156.0 150.0 159.5 | 151.5 | 141.6 | 154.5 | 146.5 | 155.0 | 149.0
12500 117.7 107.8 154.8 148.8 140.4 146.8 143.8 - - 154.8 148.8 158.5 | 150.5 | 140.5 | 153.5 | 145.5 | 153.8 | 147.8
16000 115.5 105.4 153.6 147.6 139.2 145.6 142.6 - - 153.6 147.6 157.5 | 149.5 | 139.2 | 1525 | 1445 | 152.6 | 146.6
20000 113.6 103.3 152.4 146.4 138.0 144.4 141.4 - - 152.4 146.4 156.5 | 148.5 | 138.0 | 151.5 | 1435 | 1514 | 1454
25000 111.6 101.1 151.2 145.2 136.8 143.2 140.2 - - 151.2 145.2 155.5 | 147.5 | 136.9 | 150.5 | 142.5 | 150.2 | 144.2
31500 109.6 98.9 150.0 144.0 135.6 142.0 139.0 - - 150.0 144.0 1545 | 146.5 | 135.7 | 149.5 | 141.5 | 149.0 | 143.0

Table 8: URN limits for different classification societies’ notations - Table 2 of 3
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DNV - ABS -
BV - BV - DNV - DNV - CCS - CCS - LR - LR - ABS - ABS - ABS - ABS - RINA RINA
Frequency | Controlled Advanced SILENT(E) SILENT(E) ;ILENT(Rh) Underwater | Underwater UWN UWN K?,_ UV,\iN KRQ_ UVtVN UWN UWN R ey h UWN+ UWN+ | DOLPHIN | DOLPHIN
Vessel Vessel Transit Quiet sse:; Noise 3 Noise 2 Transit Quiet ranst = Transit Quiet 35:522 Transit Quiet - Transit - Quiet
. - . - - RNL or RNL or RNL or RNL or
RNLmodified | RNLmodified | RNLmodified | RNLmodified | RNLmodified RNLmodified | RNLmodified MSL MSL RNLmodified RNLmodified RNL RNL RNL RNL RNL RNL RNL
dfq(ir:grr/ dfq(rir:zj‘rr/ dB dB dB dB (luPam | dB (1uPa.m dB dB dB (lpPam | dB(1uPa.m dB dB dB dB dB dB dB
Hz or or or or
1uPa.m”0.95 | 1uPa.m”0.95 | (1uPa.m”0.9) | (1uPa.m”0.9) | (1uPa.m”0.9) N N (1uPa.m) | (1uPa.m) A A (1puPa.m) | (1pPa.m) | (1puPa.m) | (1pPa.m) | (1puPa.m) [ (1uPa.m) | (1uPa.m)
/ sqrt(H2)) / sqrt(H2)) 1uPa.m”0.9) | 1uPa.m”0.9) 1pPa.m”0.95) | 1uPa.m”0.95)
40000 107.6 96.7 148.8 142.8 134.4 140.8 137.8 - - 148.8 142.8 153.5 | 1455 | 134.4 | 1485 | 140.5 | 147.8 | 141.8
50000 105.6 94.5 147.6 141.6 133.2 139.6 136.6 - - 147.6 141.6 152.5 | 1445 | 133.3 | 147.5 | 139.5 | 146.6 | 140.6
63000 - - - - 132.0 138.4 135.4 - - - - - - 132.1 - - - -
83000 - - - - 130.6 137.0 134.0 - - - - - - 130.5 - - - -
100000 - - - - 129.6 136.0 133.0 - - - - - - 129.6 - - - -

Table 9: URN limits for different classification societies’ notations - Table 3 of 3
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