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Abstract
This document is thé St A @S M2 Rdcd@nmendations on the applicability of acoustic

propagation modelling approaches for continuous sound assessment in the Mediterranean Sea
and Black Sea regio(s™" May2022) ¢ 2 ¥ TBRABrojecifunded by the DG Environment

2F (GKS 9dzNBLISIY [/ 2YYA&aaA2y200 R .iTksicall fuidgrSjec® f £ a5 D
to supportthe implementation of the second cyctd the Marine Strategy Framework Directive
(2008/56/EC)(hereinafter referred to as FD, in particular toimplement the new GES
Decision Commission Decision (EU) 2017/848 of 17 May R20dying down criteria and
methodological standardson Good Environmental Statu€GES)of marine waters and
specifications anh standardised methods for monitorirzgnd assessment, and repealing Decision
2010/477/EY and Programmes of Measures according Article 13 of the MIBFIETSEAS aims

to support the practical development of the second implementation cycle under the MSFD for
D11 (underwater noise).

The objective of thislocumentis to provide ecommendations on the applicability of acoustic
propagation modelling approaches for continuous sound assessment in the Mediterranean Sea
and Black Sea regionshe Mediterranean and Bick Sea are challenging environments as
regards the application of the appropriate acoustic models, due to their topography,
bathymetry, and their physical characteristics. These regions are separated into appropriate
marine assessment areas belp the userwith a potential decisiormaking system. The most
suitable acoustic propagation models for each of these areas is studied, taking into account their
specificities, to assess ldinequency continuous sound from ship traffic. This report aims to
serve as milestone for the development of the project, by providing a useful management tool
for continuous sound assessment.
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1. Introduction

The QUIETSEAS Project is funded by DG Environment of the European Commission within the
OFrff 45D 9b+xka{C5 HnNnHNné®d ¢KA& OlIff FdzyRa a{ C5
the next 6year cycle of implementation. The QUIETSEAS project aims ta@nbaoperation

among Member States (MS) in the Mediterranean Sea Region (MED) to implement the third
Cycle of the Marine Directive and in particular to support Competent Authorities and strengthen
cooperation and collaboration in the Mediterranean Sed &tack Sea regions.

This deliverable is the result of work done on Activity Specificities for the practical
implementation of the Assessment Framework for Continuous Noise (D11C2) at (sub)regional
level (Mediterranean Sea and Black Sea Regantssypport the achievement of the following
specific objectives of the project:

6 Specific objective 1 (SO1): To identify relevant indicators for criterion D11C2
(Anthropogenic continuous lodrequency sound in water).

& Specific objective 2 (SO2): To promote to@solidation of relevant indicators for D11
and support the operationalisation of indicators on the state, pressure and impacts of
underwater noise in close coordination with TG Noise.

6 Specific objective 3 (SO3): To promote harmonisation of regional aroitkreshold
values with TG Noise recommendations.

The project is developed by a consortium made up of 10 entities coordinated by CTN and it has
a duration of 24 months starting ori'February 2021.
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2. Gonsiderations on acoustic propagation mdelling in a risk-based
assessment framework for continuous noise

2.1. The role of modellingn a T@G\oisecompatible riskbased assessment framework
for continuous noise

According to theTG Noiseacommendationgor an assessment framework for EU threshold
values br continuous underwater soun@G Noise, 202 1acoustiomonitoringis defined as
either modelling or measurement of underwater sound, or a combination of bistithe
relevant Annex 5, eme considerabns (examples)or choosing modelling athe primary
employed methodology areareas where spatial coverage is need@dundscape maps);
high shipping density, where no measurements of reference conditiepossible;models
can be used when the modelgnresults are representative for the areahen other
information sources for no#\lS vessels are available, efgom harbour logs or earth
observation (satellites).

An advantage ahodellingis that it can providéigh resolutiorresults for large marine areas
However, it is actually aomplex procedure requiring expert knowledge for the integrated
model setup requires computing powerand availability of reliable environmental and
shipping data and it $iould be validated with masurementsto provide results ofa
quantitative and not qualitative naturéMlore specifically, as mentioned in Step 4 of the
description of the individual parts of the methodoloigyTG Noise (2021the assessment of

the acoustic state with regard to uedwater noise requires information related to the
properties of the ship traffic as well as to the acoustic environment of the sea. Information
on shiptracks and speed is obtained from the Automatic ldentification System (AIS) and
information on fishing &ssels is obtained fronthe Vessel Monitoring System (VMS).
Environmental data are divided into two categories: dynamic data, such as wind and wave as
well as temperature and salinity distributiomnd static data such as the nature of the
seabed. Knowledgof seabed properties at regional scales is fragmentary, but it can be found
from national and international public servicor environmental data sourcesee Section

3.2). Also, f modelling is employed, models should reflect the capacity to adequatel
simulate the shipping activity or other relevant continuous sound sources, and the natural
soundscape. As the guantities are dynamic and partially uncertain, validation of the model
result is required through direct measurementsetasure its credibilityn supportng decision
making to identify thresholdalues.

2.2.Grid Cell considerations

The Grid Cell is the basic building bloclkadfG Noisecompatible riskbased assessment
methodology As mentioned in the definition of the Grid Cell in TG N{#2621), he grid cell
needs to be considered as an area unit (2D) that includes bathymetry and oceanographic
conditions. The cumulative effect of underwater sounds from several different ships in the
specified time frame isised to assess the status of allClts acoustic status is used to
evaluate the environmental status of the habitatnder studyby aggregating the statusf
multiple Grid €lls.

This Grid Cell is not necessarily identical with the numerical grid cell used for modelling

purposes. Howeverthe aforementioned definitiomotesthat, for modelling the Grid Cell
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can be used to calculate sound propagation (3D) as well as the time frame which is
consideredin assessings status (4D)In TG Noise (2021Annex 4t is clarified that he
resoltion of the grid must be sufficient to cover the spatial variabilitthefsound field, but
also computationally efficien® fine grid needs to be used for soundscape maps as a result
of modelling and a coarser grid as a means to display (iheermediate) results for
comparison with other information (e.ghe distribution of indicator specieshlso, arious
input data are supplied on a grid (e.gbathymetry), which may be different from the
assessment area. There should be sufficient neralof Grid Cells within an assessment area
such that any summary statistics reported (gpgoportion of area assessed to be in GES) are
not substantially affected by the choice of Grid Cell s\zeregardshe depth for which the
noise will be assessedt is dependent on the sound properties over depth. In case of a
layered water column (in temperature and/or salinity)ultiple depths may be chosen. The
depth can be chosen relative to the sea bottamthe surface or the sound can be averaged
over ore or more depth intervals.

2.3. Aspects ofacoustic propagation modelling ithe modelling procedure

Modellingof continuous sound in a marine areabased on three types of models:
6 Models for sound propagation
6 Models for the source properties
6 Models for the oceanographic conditions (wind, waves, etc.) for the Reference
Condition see basic entities of the framework and definitions in TG Noise (2021)

The role of an acoustic numerical model in the process of modelling continuous sound from
ships can be shun illustratively in Fig. 1 while more information on the shippifgpise
modelling procedure can be found in the next sectiSound propagation models are used

to produce a soundscape map based on a numericakgraihat usually is smaller than the

Giid Cell(see Section 2.2 abovéljhe soundscape maps are used to assess both the temporal
and spatial distribution of noise

[ marine traffic “‘

data

I’ geographical information
| (bathymetry, coastline)

( spectral SPL for }> NUMERICAL ( seasonal oceanographic data \’
various ship types l (temperature, salinity, ssp)

-
)

MODEL

{

‘ seafloor geoacoustic J

‘/ Acoustic field ' | information
. (single ship)

~z

superposition of contributions
from all ships in the area

( shipping noise
footprint

Figure 1 The process of numerical modelling for estimating the shipping noise footprint of a marine
area (slightlymodified from Prospathopoulos et al., 2019).
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Several numerical models have been developed for sound propagation and the choice is
dependent on the conditions of the assessment areas, such as bathymetry, sea bottom
composition, and ice coverage. The inpuparameters for these models are primarily
information on the sources and the source distribution, supplied by AlS. Furthermore, static
and dynamic environmental conditions need to be known, for example bathymetry, sea
bottom composition, stratification, wether and sea stateApart from the distribution of
sources, the source strength must also be estimated.

Spatial and temporal assessment of a marine area by soundscape rmape dow
frequencies which are mainly of interest for shipping noise (1/3 octames with central
frequencies at 63 and 125 Hajay be quite time consuming for several cases and ocean
environments. This isecausdhe calculationsvhich have to b@erformed by & apprgriate
numerical acoustic propagation model a large number afhips appearing in a marine area
may require considerable computational tineeen for a temporaknapshot. To overcome
this problem,assumptions and approximations are applied both for specific cases of marine
environments (e.g., shallow waters) and adiusnodelling approaches (e.g., avoiding fully
3D modelling and decoupling the solution of the acoustic field as regardsgh#al
coordinates).Nevertheless, sound propagation modelling cdifl be challenging irsome
casessee Section 4.2.

Finally acoustic modelling needs to be validated with field measurements. For sound
propagation, the validation must be done for the oceanic conditions of the marine area under
consideration and for the acoustic parameters that are used in the assesgtimeatseries
need not to be reconstructed). Measurements can be used both to refine input parameters
for models and to validate model results.

D4.2.Recommendations on the applicability of acous 12/81 DG ENV/MSFD 20
propagation modelling approaches for continuous sou

assessment in the Mediterranean Sea and Black

regions



quict E

3. Shippingnoisemodelling procedureand acoustic propagation models

3.1.Importance of the acoustic propagation modgin the shippingnoise nodelling
procedure

Selection othe appropriate propagation modés$ of significant importancéor the estimation
of the ship traffic noisdield in the marine environmenfThe basic elments of shippingoise
modelling are summarkedin Figure 1Section 2.3

The scenario upon which the modeling is based, involves:

1 The identification of the ships (type, speed, course) sailing in the environment under
consideration, which is normally taken from an-lare real time systenproviding data
of ships sailing in the seas and give tracking details (course, speed exact location,
draught etc.) based on the Automatic Integration System (AIS) which is available for
commercial use.

9 The association of a sound pressure level (SPL)rapeéor each ship, based on data
from related databases,

9 The application of a sound propagation model to assess the ratéwvel (RL) at a
specific location in the areand finally

1 The superposition of contributions from all ships in the arealitain the traffic noise
level at specific frequencies.

To get a clear view of the importance of propagation modeling in noise predictithe
geometry of the noise estimation scenario (configuration of ships and environmentltimgge
will be briefly explaed.

At some moment the configuration of ships sailing under specific conditions ddog
represented by Figure.2

2

. 3 ¥
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7 N T 4
Measuring Pci\nt‘ T
———
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We assume that the point for which the estimation of the traffse is O (measuring point).

The measuring point along with each ship considered in the area dgfiopagation slices (0

1, 02, etc), each one of which is defined vertical to tbeean surface as in Figure Jhe

definition of the vertical slice isictated by the treatment of the propagation modeling in the

environment as Nx2D due to the complexity of treatmehthe acoustic propagation in 3D. The

Nx2D approach isonsideredsatisfactory taking into account the assumptions involved in the
D4.2. Recommendations on the applicability of acous 13/81 DG ENV/MSFD 20
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ship noise modelingorocedure Then, the noise estimation procedure from each ship involves
calculation of the acoustic field at the measuring pgnetceiver)

Sea surface

L a—

) Sound speed profile c(r,z)
®

Water Measuring point R,z

Sediment

Basement

Figure 3The vertical slice considered for the estimation of the ship noise contribution tonteesuring
point.

Each ship emitaoisewhich can be attributed to the propeller cavitation, to the machinery or

to the hydrodynamic flow. We know that the major source of noise is cavitation and that each
AKALI KFra Ada 26y al O2 dzZnvadaq paitsh datyit gemzchargyg K |
according to the load of the shighe speed and other parameters. For modeling purposes,
average signaturesaken from data bases according to the type of ship used for traffic noise
modeling, neglecting in most cases the other operational parameters as, at leasirto
knowledge there are no databases presenting systematic measurements of commercial ships
signatures according to their essential operatiopatameters.

The acoustic signature from each ship is defined through a fun&{e¥) which expresses the

acoustic pressure (ideally as a continuous function of frequency) that could be measured at 1m
from the source which is considmt as point source. The frequency here is expressed by means
of the angular frequencyw=2 pf ).

The sound propagates in the environment and the role of a propagation model is to define the
mean squared acoustic pressiP&1) at the measuring point. Standard propagation models

provide the response of the acoustic channel to a point harmonic source of unit strength
denoted, asH (#) . Therefore, taking into account filter theory and since the fuorctH (1) is

system transfer function of the acoustic waveguide taken as the filter to the source excitation
functionS(w) , the actual pressurkevel is given by formula (1)

PW)=H(W K (1)

Toobtain the receiver levelindB g, > ¢ KSNBE NBEFSNBY OS LINKthei dzNBE Ay

following expression holds:
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RL= 10|og| P —20|ogJm 20lo éﬁl"/ 20lo %— )
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To get a comparable output from propagation models, the benchmark casssthe
Transmission Loss quantifylf which expresses in dB the ratio between the predicted acoustic
pressure with respect to the pressure that ideally would be sugad at a distance of 1 m from
the point source of unitstrengthP (). If the source excitation function is considered,

P.(w) = Y v and the following expression holds:

TL(W) = 20|og||8$3|| :%zmoJ— 2@|0M gSL#) RL(u ()
Q ref '

ref

The Source Level (in dB &, ) is normally the quantity taken from the data bases and express

the acoustic energy introduced to the system by the ship dhé{iW) is the ouput of the

propagation model. Therefore, our subsequent analysis will be based on the comparison of the
TL(w) values obtained by the various models for the frequencies of interest.

The calculation of the system transfer functibh(w) or equivalently of the Transmission Loss
TL(w) is done by solving the acoustic propagation problem in the marine environméth is

defined by means of the linearized acoustic wave equadiath asuming harmonic wavethe
Helmholtz equation.

Many numerical models (as the onesnsidered in thisstudy) use a cylindrical coordinate
system and solve the acoustic equation in an axially symmetric environmenteofyfie

presented in Figure.3AlIso, they consider a point harmonic source located at some deptht

the beginning of the range axis. Using the appropriate form of the Laplacian operator for the
cylindrical coordinate system

2

> lpa po_ L
p2=—E% T s+
& 977

and assuming axial symmetry, the linearized Helmholtz equation in a medium characterized by
constant density iexpressed as

1pd pp(rz) 8 fp(r.d |, _d(n) 4z z)
Fggé " 1_) o «2(r,z) p(r,2) = 4)

where r =(r,z) is the field location vectar TheHelmholtz equation is supplemented by the

appropriate boundary conditions at the water surface, the medium layers (includvge tf
the bottom) and the behavior of the acoustic field at infinity to define a yweed problem
amenable to a unique solutio

Due to the complexity of the problem in general geometry and stratifications, several
approaches have been applit¢d its treatment. Detailed analysis of the various approaches is
found inJensen et al. (2011).
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3.2. Environmental input data

The transfer function calculated by the various models requires a geometric description of the
environment (bathymetry, bottom structure) and a set of physat®mical and geoacoustic
parameters respectively characterizing the water column and the seainot#hmong them, the
bathymetry and the bottom structure can be considered as invariant, which means that data
can be obtained from data bases describing the environment under consideration, while sound
speed profile in the water column is changing follogvchanges of the seaater temperature

and are seasodependent. It is known that the water temperature in the deep parts of the
water column does not changeuch but temperature at the shallower parts is seastyal
dependent at a large scale, or even éirdependent within a day at a very fine scale.

Publicly availablelata allow implementation of the assessment via modelinpast ata basic

level. Bathymetry can be obtained from EMOD#hé#listorical data of temperature and salinity
data in the Mediteranean (and in other areas as well) can be found in Sea DafaaNét
Copernicus basand in various publications, whifrgo profiles could be downloaded from the
Coriolis data portdl Real time data of sesurface temperature and salinity can beufal in
dynamic databases monitoring the quality of the marine environment at specific areas but for
the time being they cannot be considered as appropriate for estimating the sound speed profile
in real time.Therefore, and for practical reasons, traffmise prediction models should be based

on prelloaded data on the sound speed profile for the areas under consideration.

3.3. Acoustic propagation models
3.3.1. Godesand approachegonsidered

Our studywill be concentratecon models that are supported by open codes that can be used
without restrictions for the calculation of the acoustic field using in principle ghablem
defined by equation (4and the appropriate boundary conditions.

An excellent source of these codes tiee OALIB (Ocean Acoustics Library). Interested
researchers can find executable versions of several codes that have been devielopalsting
forward and inverse acoustic propagation problems in the marine environment. We have chosen
to work with threebasic modelskRAKENG®ELLHOBnd RAMGegeach one representing a
different approach for solving the acoustic propagation problem in the marine environment.

KRAKENC and BELLHOP have been both developed by Michael Porter. KRAKENC is based on
normal mode egansion of the acoustipressure (Porter 1992001), while BELLHOP is based

on raytheory (Porter 2011). RAMGeo was initially developed by Mike Collins and it is based on

the Parabolic Approximation of the basic Helmholtz equation (Collins 1993b, 1993c).

! https://www.emodnet-bathymetry.eu/

2 https://www.seadatanet.org/

8 https://www.copernicus.eu/en

4www.coriolis.eu.org/DateProducts/Cata-Delivery

5 https://oalib-acoustics.org
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The models solve the acoustic equation for the acoystssureprovidingthe pressure field
over range and depth for a given frequentie theory of acoustic propagatiompon which the
abovethree models are basechin be found in the extensive relevditerature.

3.3.2. General comments on the applicability of the modelsed

Following a systematic analysis on the applicability of the abovementioned models in general
environments, we can summarize their edfivenessin the following Tale 1. Instead of

merntioning specific codes, the underlying thedsypresented in the Table faonsisterry with

other publications (see e.gWang et al. 2014, Borsani et al. 201Red denotes & b 2 (i

I LILINE Lyebow ried/éa & [ A YA U SR IrédhX \AFON @IAE S\ &1 8¢{ dzyRF &@f S a ;

Table 1. Applicability of the acoustic propagation models in the marine environment

Low Frequency High Frequency
Shallow Water Deep Water Shallow Water Deep Water
Normal Mode Normal Mode Normal Mode
Parabolic Parabolic Parabolic
Approximation Approximation Approximation

- Ray Theory Ray Theory Ray Theory

Note that this table presents a general assessment based on specific benchmark exercises. In
the current report, the applicability of the models will be based on the areas under consideration

in the Mediterranean and Black Se#s the focus is on noise duo low-frequencymarine

traffic, no systematic assessment of the performance of the models at high frequencies will be
made.

Instead the specific geometry of the watesea bed interface will be shown to be an additional
factor determining the applicaliy of the models.

3.3.3. Basic nformation onthe use ofthe selectednumerical ®des

In this section additional informatiois providedon the specific codes chosen for evaluation.

The Transmission Lo6BEL)plots were plotted using the plotshd and plottlr functions found in

the Acoustics Toolbox. The conversion of the pressure field to transmission loss is coded in those
functions. For RAMGeo the appropriate AcCTUP routimese useddirectly givingthe TL fora
specified depth and rang&pecific choices and input data for the execution of the codes can be
found in section 5.2.2.

KRAKENC

KRAKENC uses the expansiothefpressure field in terms of odes. The calculation of the
modes in the waveguide is perfoed numerically. The hafpace above the sesurface is

treated as vacuum, whiléne bottom haltspace is considered elastic and the roughness of both
boundaries is zero. The sound speed profile (SSP) is given in the form of depth and sound speed
pairs and the variation in depth of the SSP is considered linear. Additional sediment layers can
also be included in the modeling of the environment.
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The information about the environment and the necessary parameters to be used for the
calculation, must be speail by the user in an input file (*.env). TB&Rs specified in this file

and the number of mesh points used for the water column for the numerical treatment of the
problem is calculated automatically by KRAKENC.

KRAKENC also allows the user to spedyrtimimum and maximum phase speed to be included
in the calculations, which directly relates to the range of modes (or the propagation angles) to
be included in the pressure series expansion.

Rangedependent boundaries can be handled by discretizing theblem into Nprof
asS3aySyda 2F avlft hgyIKSE aSARSYKEY (@WBISi&E NI dza
pressure and normal velocity at the hypothetical vertical interfaces. Discretization is not-a built

in functionality olKkRAKENC, therefore the useill have to writetheir own script that ompiles

a large number of disete environmental profiles into one input file or use thkraken_rd2

function found in Matlab written for the Acoustics ToolboxThe tange_ rddscript inearly

interpolates bathymetry and SSP to create the segments.

KRAKENC stores the modes in a dedicated binary file (*.mod) as output. After the calculation of
modes is successful, a second computation routine must be executed. FIELD uses the binary file
containing the modes and a second input file (*.flp) that specifies the calculation of the pressure
field. The field can be calculated using the Coupled Mode Theory or the Adiabatic
Approximation.

All the remaining parameters are caspecific and direcyl relate to the dimensions of the
waveguide. The number of segments used to linearize the range dependency must be specified
again in the (*.flp) file.

Finally, FIELD produces as output a binary file containing the pressure field (*.shd).

RAMGeo

RAMGeo ithe second generation of a computational model developed by Michael Collins using
the parabolic equationit takes one file as input (*.in) containing all the information about the
waveguide dimensions and the parameters used in the calculation of tresyme field. The
sound speed profile and geometwere inputin more or less the same way as before. The user
specifies the bathymetry of the environment providing rardgpth pairs in meters, the SSP that
applies and the bottom properties. A feature of RAMGeo is that it can handle range dependence
in all these fatures by specifying at which range span these properties apply.

A very important variable, both in terms of accuracy and computational time, is the range step
used, Qi The computational (execution) time for RAMGeo depend®a(the larger dr gives

less execution timeko a good compromise should bearched foby modelers using RAMGeo

for shippingnoise modeling.

RAMGeo requires two different parameters to define the maximum computational depiplt
defines the maximum plotting boundary azthaxprovides the maximum depth used in the
computations.zmaxis associated with the placement of an artificial absorbing bottom at that
depth, to eliminate artificial boundary reflections, for the reliable inclusion of the bottom
influence on the propagatiofield. Further analysis of the underlying theory falls beyond the
scope of this report and can be foumd(Collins, 1993.
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The original outputs of the RAMGeo model are a couple of files containing the transmission loss:
tl.line in every rangelefinedin the input filg andtl.grid as a decimated rangeepth grid

AcTUP contains routines that translate tl.grid to an (*.shd) file in order to be compatible with
the Acoustics Toolbox pressure file format and we have exclusively used this. In principle,
someone could alter the Fortran code to compute and output only the files needed to decrease
execution time. Furthermoregne could also exploran implementation of RAM code iython,
PyRamwhich supportanulti-threading and can bfound in OALIB.

BELLHOP

BELLHOP is a ray tracing program that can produce a variety of useful outputs including the
pressure field as ¢*.shd) file using Gaussian Beam TraciBging an integral part of the
Acoustics Toolbox, BELLHOP shares similarities in inputs and outputs formats with KRAKEN.

BELLHOP requires only one basic input file (*.env) that describes the environment. Its structure
is similar to the KRAKEN input flée used the same parameters with KRAKEN where possible,
such as SSP interpolation, automatic calculation of Nmesh points, boundary rougtine$he
same(*.bty) file was used for bathymetry input.

As before, there are some parameters that are casepeddent and some that are related to
the dimensions of the waveguide, whiofustbe specified on each run.

¢CKS ydzYoSNJ 2F o06SkYa dzaSR F2NJ NI & GNIY OAyS3
automatically calculate the best number for the given probléme same is true for the ray step.

To model the point source as omnidirectional, the rays must be launched in an angular spread
of wrmtd w 1t Jhe box inside which the beam calculation takes place should be slightly bigger
x p b than the waveguide boundass.

The elationshipbetween the number of receivers and computational time is linear.

D4.2.Recommendations on the applicability of acous 1981 DG ENV/MSFD 20
propagation modelling approaches for continuous sou

assessment in the Mediterranean Sea and Black

regions

QX



quict E

4. Marine areas in Mediterranean and Black Seas according to their
physical characteristics. Classification andcoustic propagation
modelling challenges

4.1. General physical characteristics

A general overview of thIEDNB 3 A 2 Yy Q& LIK& 4 A Ol fregutht @decplyIndeited NB FS | §
coastline, especially in the nortBpecifically, narrow and steep continental shelves exist off the

coasts of southern and northern Turkey, Crete, Maritime Alps, Africa, Sardinia, Corsica and
western Italian coast, Iberian Peninguand the Balearic Islan@idlediterranean Quality Status

Report, 2017)Wide (more than 50 km) continental shelves are encountered off the estuaries of

the Ebro and Rhone riverBhe most extensive continental margins are the Adriatic Sea and the
Tunisia-Libyan marginAsubmarine ridge between the island ®icilyand the African coast

divides theMEDinto western and eastern part§hedeepest point 267 m -the Calypso Deep

is located in the Helld@c Trench

MEDin generdly characterized as a deep sdawever,it exhibits some special bathymetric
features.Only 14% isinder 100 mdepth, while 69%exceeds 500 m, 58&xceeds 100@n and
40% exceed2000m. The 07% exceeds 4000 mAs regards theémplementationof MSFDMED
is separated ito the following sulregions Western Medterranean Sealonian and Central
Mediterranean Sea, Adriatic Sea and Aegkamantine Segsee e.g.Jensen & Panagiotidis,
2017) Among the abovesulregions only the Adriatic exhibits the low percentage of ¥®
exceeding 500 mwhile thecorrespondingpercentagedgor the other subregions arabout78%,
68% and 73% for Western Mediterranean Sea, lonian and Central Mediterraneaan®ea
AegeanlLevantine Seaespectively.The AegeanLevantine, althouglit is considereda single
sulregion,could beseparatednto two sulregionsbased orthe starkdifference in bathymetric
features More specifically, the grcentage ofmarine areas exceeding 500 m depth ftire
Aegeanis about 36% whereasdt is about 85%n Levantinemarineareas Furthermore,Aegean
shallow water areas (less than 100 m) cover ab@8% and only 11%exceed1000 m. In
contrast in Levantine, shallowvaters cover only about 8%while about 76% exceed 1000 m
depth.

The MEDis also characterized by high salinities, temperatures, and densifiébgsalinity is

uniformly high throughout the basinThe MEDsurface layer presents a longitudinal salinity

gradient ranging from 36.2 psu near Gibraltar to 38.6 psu in the Levantine. Bagirannual
averageMEDsea surface temperaturdSSTarecalculatedo bem o @ 7 g, Whé much warmer
wateroccurred especially to the easttbie Levantinesutd F a Ay ® ¢ KS YdzOK O2f RSNJ
occurred especially in the Gulf of Lion andtte north of the northern Adriatic sukbasin

(Shaltout & Omstedt, 2014} urthermore,the horizontal spatial distribution of annual mean

sound speed at a 50 m depth displays a northwest to southeast gradient, with values between

1506 and 1508n/s located in the Gulf of Lip a minimum of 1505 m/s in the northern Adriatic

Sea, and a maximum of up to 1527 mféthe easternmosMEDcoast(Saloret al.,2003)

TheMEDis a crucial biodiversity spot, as its highly diverse marine ecosystem hosts around 4

18% ofthes 2 NI RQa YI NAY S 0 A 2 Bandt&Moki(i280Q)lthodghitha8d | f & n
low nutrient levelsAdditionally MEDprovides vital areas for the reproduction of various pelagic

species, such as sea turtlasd Atlantic bluefin tuna.
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TheBSon theother hand,is anenclosedsea whichaccordingo the MSFD is considered a single
subregion not divided ino smaller subregions very large shallow continental shelf within the
north-western BS (about 25 % of the total area of the sea\isigue physical characteristif
the subregionRegardinglepth, 32% isunder 100 m,with a transitional range of 6% between
100-500 m.Moreover,about62% exceeds00 m and 56% exceeds 1000 m defie maimum
depth of 212mis located in the soutltentral sector of the sea.

Themain characteristiof BSis thatnearly 87% of the Sea is entirely anoxic (without oxygen)

and contains high levels of hydrogen sulphide. In particalygenis dissolved only in the upper

water levels. Below a depth of about 70 to 100 m at the centre and 100 to 150 m near the edge,

there is no oxygen; in those reaches the sea is contaminatéyydnpgen sulfidewhich results

AY I al 4ddzNF GSRX 3f 22 Y ebyhaR&inadapted t@thoSe candifdnisdzS y i S R
(Maftei, 2015)

Thebasin interior has higher saity than the peripheryThesalinityof the surface waterss
between 17 and 18 parts per thousanghereas arincreaseof up to 21 parts per thousand
occurs at depths of 50 to 150 (ililadinovaet al.,2016.¢ KS &SI Qa RSSLISad LI NI &
are distinguished by highly stable temperatures between 8.5 and 9 °C and salinities of 28 to 30
parts per thousandThe average sound speed of tA8basin is equal to 1487.0 m/Ehe averag

sound speedi the0¢300 mlayer is about 1469.8 m/s and in td80¢2000 mlayer, 1490.2 m/s
Processes of winter convection leadasteady increasing of sound speed with degitoviding
positive refraction and favourable conditions of sound propagation. Seasonally, the
predominant sound propagation conditions can be described as follows: wigQtpositive
refraction; summer¢ negative refraction and SOFABound Fixing and Rang Channel)
propagation(Mihailov, 2020)The number of species in tl&Sis around one third of that in the

MED Yet, the abundance, total biomassd productivity of theBSare much higher than ithe

MED.

4.2. Classification and modelling challenges

1 Areas with depthsf over 500 meters can be describeddepwaterareasandcan be found
all overthe MED .Here, the focus is on tHarge,deepwater areasFrom a quickiew ofthe
EMODnet bathymetry database) iwo of the fourMEDsubregions (WesterMED lonian
and CentraMEDSea), most othe marine water areas are deeper than 202800 m (see
also 4.1).

TheWestern ME@Rndespeciallithe Tyrrheniarbasinas a part of itinclude areas with deep
water, with a maximum depthof 3785 mand anaveragedepth of 2000 m TheWestern
MEDmarine water areasetweenthe Balearic Islands and Sanih, vary between 2500 and
3500 m with a sectionwhere the depth is more than 2500 rhetween theNorth African
coastandFrance

lonian andCentral MED Seaast of Sicily (between Sicily atige lonian Islands)contains
deepmarine waterswith more than 3000 m depth angtaching 4000 m ithe central MED
Also,the Hellenic Trench ithe lonian Seancludes depthf more than3000 m,with the
deepest point othe MEDreachingmore than 5000 m, as described in 4.1.
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The AegeanLevantineregionalsocontainssomedeepwater areas(the Aegean Seaannot
be characterised as a deeyater areg however(seebelow)). Inthe Aegean Sedhere area

few areas with deep water®.g.,close to Karpathos Islandith depthsof 20002500 m,
althoughit is not an extended deearea.ThelLevantine regiomms auniquearea thatincludes
deepwater areassouth of Crete(depths arebetween 30084300 msoutheastof Creg),

being part ofthe Hellenic ArcAnother area with deep waters is the arsautheasern of

Rhodes Islandrhe depth reaches approximately 4400 m.

In the Black Seadeep waters close to 2000 m are present in ttenter of the region.
Arguably,the main body othe Black Sea ig deep waters(with two exceptions in the

northeast and Azov Sea)

1 Extremeslopes meaningareas where great depths are reached within a few kilometfes
the coast exist all oveithe MEDregion. These abrupt slopeare scattered ovethe MED
with an average anglef over 25 in areassuch ashe northwest coast ofAfrica, close to
Touon, east of Sicilyclose toSyracusk Pylos inthe Hellenic Trenchwest of Karpathos
Island and thewhole Hellenic Arcln the BS the continental slope is steep everywhere,
descending with an average angle between 5° and 8° (but the gradiemeaah 2@30° in
some sectiongBarale & Gade, 2008)

1 Extremely complex bathymetric featurean be found in areas where shallow waters, deep
waters and abrupt bathymetric features exist in paralléh the MED,unique areasare the
archipehgo ofthe Aegean SedFig. 4and the Sicilian Channgtig.5).

TheAegean Searghipelagois a special case due to the presencehahdreds of islandsf

the CycladesNorthern Sporades, Dodecangsetc. Aegean morphology includes many
basins, ridgessubmarine mountainsetc., from north to suth. Representative part®f
shallow watersare, e.g, the Thermaic Gulin the north with 100 meters depth, Thracian Sea
with also100 mdepth, Cyclades Plateaand the area between Samos and Kos Island with
similar depths.The southern part of the Aegean Basin is a rather geometric arcuate deep
basin, separating the Cycladstands to the north from Crete to the south (Papanikolaou et
al., 2002).

Depth profile

JJJJJJJ

Figure4. Transectin the Aegean Se#&with orange colour]eft); depth profile of the depictedtransect
(right). The exceedance ofrfeter level indicates land, iparticular islands(From EMODnet Bathymetry
Portal).
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Additionally, i the North Aegean betweenthe Thermaic Gulf and Thracian Sea there are
deep waters reaching 1000 meteExtreme slopes and depths can also be fqung, inthe
South Aegeanwith deep waters over 2500 meters and extrenstéopes e.g, in the

Carpathian and Cretan S¢east of Crete).

The SiciliatChannelon the other handjs characterised by wide continental shelves, deep
and shallow channels as well as widg/sdal plainsTheChannel comprises two sill systems

separated by an internal deep baskrarrow shelf separates these large sill systems in the
central part where theshape ofthe slope is extremely irregular, incised by many canyons,

trenches andsteep slopegUNERMAP,2015)

Depth

om 85km

Depth profile

169km 254km 338km 423km

Figureb. Transecin SicilianChannel(orangecoloured, left),depth profile of the depictedransect(right).
The exceedance of-Oneters level indicatetand, in particular islandgFrom EMODnet Bathymetry

Portal).

9 Areas below 100 meters are described as shallow waters. Extended areas with shallow waters
can be found irGulf of Lion, Northern Aegean Sea, Adriatic Sea (especially Northern), waters
between Tunisia and Libyan coasts and waters close to Alegandtgypt. IBS the wesern
part of the region, especialin the northwest and Sea of Azawntainshallow waters, up to

60 meters.
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5. Acoustic propagation radelling tests at selectedmarine areas in
Mediterranean and Black Seas

5.1. Selection ofthe test marine areas
5.1.1, Selection criteria
Thetest marine areasre selected based otwo criteria, both of which should be met

A. The test areas should be representative of the different bathymetric features
encountered in théour subregions of th&1EDand theBSregion.

B. The test areas should constitute important habitats of cetacean or other representative
species.

As regards criterion (A), the selectionpaftential areas follows the rationalof Section 4.2 As
regardsthe criterion (B) the potential areashouldbe part of at least oneof the following
marine biodiversity protection schemeSommonly, the following criteria overlap.

B1 EBSAs (Ecologically and Biologically Significant, AZB&s

EBSAs are special areas in the octmat support the healthy functioning of ocaa and the
many services that they provid&he scientific criteria for identifying EBSAs have been set by
the Convention on Biological Diversity (CBIbp EBSAs ftilne MEDandBScan be identified in

the interactive map inmhttps://www.cbd.int/ebsa while detailedrelevant informationcan be
found inhttps://www.cbd.int/ebsa/ebsady seleting the appropriate EBSA region.

B2 Important Marine Mammal Areas (IMMAS)

IMMAS can be defined as discrete portions of habitat, important for one or more marine

mammal species, that have the potential to be delineated and managed for conservatiomr, wher
GAYLRNIFY(GéE 6Ay (KS 02y i SE tanyeiroiniedal cordaidn, Of I & & A
biological property, or value of a place, which supports marine mammals, and maintains or
improves their conservation status. The criteria for identifying IMMAS have been set yGine

Marine Mammal Protected Areas Task FofedPATF)The IMMAs fothe MEDand BSand

detailed relevant information can be identified in theinteractive map in
https://www.marinemammalhabitat.org/immeeatlas

B3. CCH (Cetacean Criticlabitats, ACCOBAMS)

CCHwere defined as placgor areasregularly used by a cetacean group, population or species

to perform tasks essential for survival and equilibrium maintenabid¢EPMAP RAC/SPA, 2011,
Hoyt, 2005). ACCOBAMS is working ondhbatification of new relevan€CH in the ACCOBAMS
area, to prgose appropriate threats management or spatial management measures. The
identification is based on the overlapping of areas of interest for Marine Mammals (IMid&s,

B2 abovég and mapping of anthropogenic threatslaps of CCH#&r the MED and BS also
induding nationally designated MPAs (see B4 below) and specific Natura 2000 sites (see B5
below),can be found imnttps://accobams.org/conservationaction/protectedareas

B4.SPAMIs (Specially Protected Areas of Mediterranean Importance)
The Protocol for Specially Protected Areas and Biological Diversity in the Mediterranean (SPA/BD
Protocol of Barcelona Conventior@stablished the List of Specially Protected Areas of

Mediterranean Importance (SPAMIist). The SPAMIList may include sites whictare of
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importance for conserving the components of biological diversity in KhED contain
ecosystems specific to thdEDarea or the habitats of endangered speciasg/or are of speal
interest at the scientific, aesthetic, cultural or educational levdlee List with relevant
information can be found inttp://www.rac-spa.org/spami

B5. Marine Protected Areas (MPAadNatura 2000 sites

MPAs involve the protective management ofharine areas according to pre
definedmanagement objectivesMPAs can be conserved for a number of reasons including
economic resources, biodiversity conservation, and species protedtatara 2000 is aetwork

of core breeding and resting sites for rare and threatened species, and some rare natural habitat
types. The aim of the network is to ensure the ldagn survival of Europe's most valuable and
threatened species and habitafseg e.g, Natura 20@ network viewer) listed under both the

Birds Directive and the Habitats Directive, both on land and atRel@vant information can be
found inhttps://www.eea.europa.efi and https://www.protectedplanet.net/en

It was also taken into account thawo test marine arealave been selected in the framework

of the Activities 6 and 8 of the QUIETSEAS Prdajéce area covering thBlorthwestMED Slope

and Canyon System IMMA (including almost all the Western Ligurian Sea and Genoa Canyon
IMMA) and theShelf of the Gulf of Lion IMMA; tifie Kaliakra to Danube Delta IMMAhese

areas will be examinefirst with regards to thdulfiiment of criteria A and B

5.1.2. The selected test areas

According to the selein criteria described in 5.1.1he test areas that are chosen atke
following:

I. Northwest MED) Slope and Canyon System IMMA and the Shelf ofaihk of Lion IMMA
(Subregion: WesterMED,.

Il. The Hellenic TrencB(bregion lonian Sea and CentrislED

lll. Aegean Sed&(bregion:AegeanLevantine Séa

IV. The northern Adriatic (SubregipAdriatic Sen

V. TheKaliakra to Danube Delta IMMAupregion BS

The above test areas fulfill the selection criteria atithe same time are representative areas
of all the subregions dhe MEDandBSaccording to MSFD.

I. The area covering the NorthwegtED Slope and Canyon System IMgidd the Shelf of the
Gulf of Lion IMMA (abrupt slopes)

This areah y Of dzZRS & | 0 Pelrgos Banctub®y 2 N & EBA BSNNI y Sty al NAyY:
06SaiSNY LI NIoOXE ¢gKAOK A &Celacedn migratiorEcortidgrRf the 6 2 dzi K |
a SRA G S NMhioh &lalgcta SPAMI (northern part). TMMA Shelf of the Gulf of Lion

completes the selected areaee Fig. 6The area is also mesthe EBSAriteria (Northwestern

Mediterranean Benthic and Pelagic Ecosystems). The importance lies in the fact that abrupt

6 https://www.eea.europa.eu/themes/water/europeseasand-coasts/assessments/marine

protected-areas
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slopes and deep and rich waters in the shelf result in high seasonal concentrations of plankton,

playing a key role as a refuge and reprodeethabitat for a variety of species. The eastern part

(Genoa Canyons) hesmarine mammal species and tie/ SGF OSFy YAINF GA2y O2 N
a S RA (i S NNHe ywéstcghtainshabitat for cetacean species (pilot whale, sperm whale,

| dz&A SN a obBtHehoSeRdolghik Bnid StrBed dolphin, among others). Various Natura

2000 and MPAs are establishéére. Lastly, almost half of a CCH northwest of Sardinia is

included in this selected area.
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Figure 6 Selected Area dflorthwest MED, Slope ar@danyon System IMMA and the Shelf of the Gulf of
Lion IMMA The different protection schemes are illustratedth different colouring and pattern

Il. The Hellenic Trench (deep water)

Hellenic Trench is a long bathymetric feature that consists of a s#riegar trenchesnd small

troughs, in which the depth increases steemge Fig. .7The 1000 m contour is typically within

3¢10km of the closest island or mainland coast. The area as an IMMA and am€BSAN

important feeding ground for spermhales in the eastern MED and even appears to be their

core habitat for calving and nursing (Frantzis et al., 2014; Lewis et &), 2@itionally, it also

features a sukarea which is the largest among five higénsity areas oMEDoccurrence for

VulneNI 6t S / dz@A SNRA 0S|I | SRHedack thé HaenicoTkerchiiicluded O @A NJ
several CCH, Natura 2000 and MPAs.
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Figure 7 Selected Area of Hellenic Trench as it is illustrated according to IMMA criterion.

lll. The Aegean SeArchipelago)ery irregular topography

Figure 8 Selected Area of Aegean Sea Archipelago, following the EBSA criterion.

The Aegean has an intricate configuration, wathextensive archipelago of hundreds of small
islands.TheCentral and North Aegean are considered EBSA #seasFig. 8)and the Central

Aegean, North Sporades and Northern Coast and Island of Thracian Sea are also TNEMAs.

Northern Sporades includes thiational Marine Park of Alonissos aischn MPA, which was

established specifically to protect a colony of Endangered Mediterranean monkidealadhus

monachu}. TheNorthern Aegean includes some of the most important fishing grounds of the
Aegean. Natra 2000 sitesand MPAshave been identified in the areand the Northern
{L2N}FRS& YR b2NIKSNY !S3Sty {SI AyOftdzRS //1 3%
area.

IV. Northern Adriatic (shallow water)
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The northern Adriatic is a shallow basin witle thottom sloping gently to the south and reaching

a maximum of about 100 m, with an average depth of 3%ee Fig. 9The area hosts a strong
diversity of benthic and pelagic habitats, bottlenose dolphin, loggerhead turtle, blue smatk,
anchovies. Its one of the most productive areastimee MED. For all the above reasornsis
fulfilling the EBSA critexrias well aghose for anlIMMA. Additionally, several Natura 2000 and
MPAs are established in Northern Adriatic. Waters along east coast of the[ @e3A y 2
archipelago are a CCH.

Northern Adriatic
IMMA

g e M

Figure 9 Selected Area of Northern Adriatic, as it is illustrated according to IMMA criterion.

V. TheKaliakra to Danube Delta IMMA (shallow water)
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FigurelO. Selected Areaf Kaliakra to Danube Delta IMM#ith the two Natura 200@f Vama Veche
and Capul Tuzla.

This area is described by shallow waters, in which some of the rarest ecosystem types, such as
natural hypersalindakes, occursee Fig. 10The area, categorised as IMMA, contains habitats
of various species of marine mammals, fish and invertebratedevithis important for the
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survival and recovery for all three BS species of odontocetes. There are several Natura 2000 and
MPAs with the Capuz Tuzla Marine Area and the Vama Veche in Romanian waters, being very
important ones. Additionally, the area iaf of EBSAS.

5.2. Input data sets for the selected areas

5.2.1, Environmental data

The principles forcollectingenvironmental data setsre mentioned inSection 3.2.For the
purposes of theanalysis presented here, the sound speed profiles for summemamigr will

be taken from references Salon et al (20@8)d Mikhailov (2020).Extremecases will be
considered (warm water in summercold water in winter) expecting that these cases will be
enough to assess the functionality of the propagation models at the areas of intditest.
bathymetric structure of the seabed was extracted from EMODnet bathymetriby selecting

the appropriate areas and downloading the files in the GEOtiff format. A custom script was
implemented in Python using GDAReospatial Data Abstraction Librafg) raster and vector
geospatial data formats.

5.2.2. Parameters 6the numerical codes

KRAKENC

1 Range for the phase speedsto 5000m/s asa standardor every caseAll the propagating
modes plus a sampling of the evanescent maalesonsidered which was necessary to get
a better representation of the nedreld and also for estimating the interaction between
modes with greater accuracy (case of KARAKENC coupled).

1 We nitially adopted a standard rule for thdiscretization for each casBlprof = R, /2,
R,... maximum range b propagation(in m). For several cases this numbéad to be

modified because KRAKEM@s not able to reliably couple each segment when using a
second medium and large segmentation. Modelerstoppingnoisepredictioncodes should
find a general rule foprovidingthis number if KRAKENC is to be used.

1 Rangedependentbathymetrywasprovided in a spdfic file (*.bty) as 99 rangdepth pairs.

1 Seabed descriptionemiinfinite half space above which a sediment layerro&l thickness
was added with geoacoustic parameters equal to those of thedmte. The inclusion of
GKA& AFNGAFAOALFE €F@SNE gl a ySOSaal NBE F2N ydzy

T Number of normal modesmaximumallowed by the code

Source depth 10 m (in every case)

1 Receiver grid usedbr all codes1 m in depth {rom the surface to thaleepest point of the
waveguide, denoted a3__ ); 100 m in range é€ffectively creating rectangular grids of

E ]

(F{naxlloO)3 (DmaX +]) mesh point3. The +Ipoint is to account for a receiver placed right at

the surface.

7 https://www.emodnet-bathymetry.eu/
D4.2.Recommendations on the applicability of acous 2981 DG ENV/MSFD 20
propagation modelling approaches for continuous sou
assessment in the Mediterranean Sea and Black
regions



https://www.emodnet-bathymetry.eu/

quict E

RAMGEO

1 RAMGeowvasexecuted using the AcTUP v2.2, developed by Amos Maggi & Alec Duncan, in
the Matlab environment. This compiled version of RAM imposed a limit of 100 on the points
used to appoximate the bathymetry in each slice. This is the main reason for the use of 99
points to represent bathymetry in every cadecTUP GUGraphical User Interfac@)as not
used,but advantagevas takerof a feature that allows the user to directly et input file
before the execution of the code.

1 Padéterms in the pressure expansion: 8r(every casg A number of 5 should work 99% of
the times, but the user can use up to 10, which is the limit imposed by the program.

1 Reference speed: 1500 m/s.

1 Stability constraints are left to default value of 1 and the maximum range for constraints at
Om.

1 Decimation factors (both for range and depth) for the pressure field outdut(no
decimation).

1 A O p 7 i(Standardor all casesiue to dependence of the sedtarter onQ iand frequency
and apparently interference with the pressure in the nearfield)

9 Attenuation: 10 dB# (all bottoms); astandard rule for the depth of the artificial absorbing
bottom was not used.

BELLHOP

1 Receiver depths: 10 m intervals foeep seas (more than 1008 depth); 1 m intervals for
shallower seas
1 Range intervalst00 m(as inKRAKEN

1 Receiver griddRus 8Da 4 for deep water;

aR,.. @
oot +
¢l00 = QEOO @Dmax

1) for shallow water

5.3. Modeling tests¢ Comparison betweeracousticpropagationcodes

This section shows a comprehensive comparison of the modelksesr each test marine area
asdefined h Section 5.1.2For each areaspecific sites have been selected: three for Area |, one
for Area Il, and two for Areas IllI, IV and V.

The two basic frequencies of interest for the MSFD (63 and 12%&l® been consideredn

two sites the additional frequency of 1000 Hz was alsesiered.For eachsite one or two
transectsrepresenting characteristic environmental conditions have been tesié sound
source has been set at 10 m depth in all cases studied to represent a typical depth of the sound
source of ship noisd-or all thesites, typical simplified sound speed profiles fomsner and
winter have been used (see section 5.2Als0, for comparison reasons, a sandy seabed of
longitudinal sound speed of 1650 m/s, density of 1850 Kghnd attenuation of 0.5
dB/wavelengthare wsedfor all cases studied. Preliminary studies performed by changing the
geoacoustic parameters of the seabed showed a rather consistent difference between models
so it was decided for this study that a single type of seabed structure would be most tkesirab
(see alsdskarsoulis et al. 2017).
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The conclusions derived are based on a systematic study of the acoustic field as calculated by
the different models as a function of range and depth. Selected images representing
Transmission Loss (TL) versus range and depth as well as versus range spégific depths

are shown to support the conclusions derived. In all cases the selection of input paramseters
reported and the execution time of the codes is mentioned. The time is based on runs on a
computerequipped with an Intel i10750H Process@® 2.6GHz.

General comments on the resultsf each test case arsummarized while @nclusions and
recommendations coming out frorall the tests andmodel comparisons are presented in
Section 6.2, taking into accan specific onsiderations on MRUs and hdds in a riskbased
assessment framework for continuous nojsection 6.1).

For the sake of compactness and size of the Deliverti#esxact description of the SSPs used,
the results regarding the frequency of 1000 Hz ane resultsregarding TL.vange (which
actually are very supportive to producingnclusiveaesults for the performance of the models)
have been omitted and can be found in the extended rep®@aréudakis and Sapkas, 2022),
prepared from FORTH, subcontractor of HCMR, for QUIET &5#S$. p

5.3.1. Area |

Three testsites were selected from AreaWlarseilleQ >  W. | NSt 2 yTheSitedwffiR WDSy 2 ¢
the specific transectghe bathymetric profiles andhe SSBfor eachsite from Area | are shown

in Fgurel1l, while relevanenvironmental features and input parameters of the numermades

are described in Table 2

Table 2Environmental features and input parameters of the numerical codes for the test sites of the Area
L.

Wal NESA f W, I NOST WDSy 2 I !
Environmental Propagation from deef Propagation from Propagatio from deep
features sea to shore. Typical deep seato shallow sea to shallow water.
upslope environment. water. Relatively Upslope bathymetry
No abruptbathymetric simple environment  which presents a
changes up to with aprominent depressiorof

approximately 100 km shallow water part approximately 400 m
from the source. The  appearingabruptly depth close to the coast
bathymetry changes  during the last 2880  Thisdepressiorseen

abruptly afterwards km. This feature from another
maximum range could be challenging perspective signalizes a
approximately 118 km. for the reverse wide mount extending
propagation (see test from a distance of 20 to
case 5.3.5.3). 60km from the shore.
Parameters of
numerical codes
KRAKENC No. of segments in No. of segments in No. of segments in
range: 58; no range: 80; second, range: 41; a second,
intermediate medium intermediate, intermediate, medium
was used medium was used.  was used.
BELLHOP No. of receivers: No. of receivers: No. of receivers:
1161x251 1870x231 804x199
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RAMGeo Artificial, absorbing Artificial, absorbing  Artificial, absorbing
bottom placed at 2900 bottom placed at bottom placed at 3400
m depth. 3800 m depth. m depth.
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Figure11. Sites with transects, bathymetric profiles and S8&PsArea |. Left:Sites and propagation
transects; middle: &thymetric profie; right: SSPs for summgeft) and winter (right).
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5.3.1.1. Marseille
The results from the simulations for tiieequencyof 63 Hzare shown inFgure12.

Summer
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Freq =63 Hz 2= 10 m
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KRAKENC-Marseille Winter- Adiabatic
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Figurel2. Acoustiqropagationmodek outputs for summelleft column)and winter(right column)
profiles andthe four considered models (rowg)r the Marseilletest site (Area Iat 63 Hz.
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The results from the simulations for tifieequencyof 125 Hzare shown irHgure 13.
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Figurel3. Acousticpropagationmodel outputs for summex(left column)and winter(right column)
profiles andthe four considered models (rowB)r the Marseille test site (Aread}t 125Hz.
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In addition, simulationsvere performedwith incoherent addition of the modal and rays
contributionsthe acoustic fieldor this scenario dt 63 H3 using the KRAKENC and BELLHOP
codes(Fig. 14. The reason for performing this study is to have an indication of the differences
in the calculatiorof the acoustic field when the phase of the complex acoustic field represented
by a mode or a Gaussian beam is neglected. We lmtveory that incoherent treatment gives

an indication of the average energy structure of the field, whiebwever, can proe to be a

good solution in the calculation of the contribution of each ship to the noise field in the area of
interest, given the fact that the acoustic signature of the ship used instiipping noise
modeling does not contain information on the actualage of the component of the source
spectrum in each frequencyncoherent addition 6 modes or rays smooththe differences of

the acoustic field observed at different ranges or depths but eventually these differences may
be smaller than the uncertaintigaherent in the procedure to assign a specific source level for

a specific ship in a frequency of interest. As the purpose of this study was to evaluate the
accuracy of the various models in predicting the acoustic field at specific areas due to a given
source, and given the fact that there is no difference in the performance of the models in
incoherent vs. coherent mode, we perfoet this studyonly for one site of Area for the
frequency of 63 Hz and for the summer and winter SSP.
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Figurel4. Acoustigoropagationmodek (incoherent mode) outputs for summéleft column)and winter
(right column) profileandtwo models KRAKENC Adiabatic and BELLfDH)e Marseilletest site
(Area lat 63 Hz.
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Summary
Theexecution (runfimesof the codes for the summer and winter profiles 63 Hz, 125 Hz and
1000 Hzappear inTable 3.

Based on this table, the BELLHOP seems to be the fastest code to be apgiliesisimilar to

the Marseilleenvironment, as it provides reliable output at less than half the time required by
KRAKENC at the frequency of 63 Hz and one quarter of time required at 125 Hz. The
corresponding differences between BELLHOP and RAMGeo are not that sigasitiaey are

very close to each other for the summer SSP, while BELLHOP isdvidcstat 63 Hz and 125

Hz.

It should be noted thathe KRAKENC calculation of the propagation modes-igkied to the
calculation of the acoustic field. It is noticeable that there is no difference between calculations

of the acoustic field with KRAKENC adiabatic with respect to KRAKENC coupled which means
that the code is developed with enough efficiency to allow for the calculation of the coupling
terms at negligible time. Note that the time required BAMGeo is reduced to only 3 sec, if the
range step chosen is taken to be 100 m instead of 10 m.

Table3. Execution(run)times of theexaminedcodes for the Marseille test sit 63 Hz, 125 Hz and
1000 Hz

Summer Winter
B3 Hz 125 Hz 1000 Hz 63 Hz 125 Hz 1006 He
Exeoution time is seconds {s) Lxecution time s seconds {s)
Ml e 14 11 ~ A4k 14 EW ~149H
Incomerent KRAKFNC Adiabatic 111 Il Y 11 14 155
KRak | NG adiabatic g 1 3R 3 13 348
KRAKFNC Coupled G 12 12 1% 1% =]
RAMGe 7 ] 1 7 H 14

Coshasent ELLLHIP 4
Incoherent BELLHOP

5 12 1 5 12

In summary, KRAKENC adiabatic and KRAKENC coupled provide results very clos¢hereach
and they can be used with higlonfidence for predicting the acoustic field in areas similar to

the Marseille siteBELLHOP is a second choice. For the receiver depths under consideration (100
and 500 m)the differences of the predicted TLs with respect to those of the KRAKENC are not
significant. Taking into account the fact that BELLHOP is faster than KRAKENC it can be
considered as a good compromise. RAMGeo, seems to be less consistent with respect to
KRAKENC in predicting TL for all ranges.

The case of 1000 Hz indicates the suitgbdf BELLHOd® high frequencies. KRAKENC adiabatic
providesresults that are very close to BELLHORUButg much moréime. ThusBELLHOP is the

best option if relatively high frequencies are considered. KRAKENC coupled, at least for the
parameterscha Sy > RSTAYyAGSt e FLAf& (G2 LINBRAOG NBfAIFOE
this frequency range. Similar results are derived for RAMGeo.

With respect to the case of coherent vs. incoherent addition of modes, by comparing KRAKENC
adiabatic and BH.HOP, we observed differences that could be attributed to the way that the
two codes treat the incoherent addition of modes (KRAKENC) arAgesays (BELLHOP). Our
opinion is that if incoherent addition is required, KRAKENC adiabatic is the best codeglalth
there is no considerable gain in execution time when the incoherent addition is adopted.
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5.3.1.2. Barcelona
The results from the simulatiorier the frequencyof 63 Hzare shown irFigure 15.
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Figurel5. Acoustic propagation models outputs for summer (left column) and winter (right column)

profiles and the four considered models (rows) for B&rcelondest site (Area I) at 63 Hz.
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Summary

The execution (run) timesf the codes for the frequency of 63 Hz (summer and winter S8E's)

shown in theTable4.

Table4. Execution (run) times of thexaminedcodes for the Barcelona test siét 63 Hz

Frequency 63 Hz summer Winter
Model Execution time is saconds (s)
KRAKEMC Adiabatic 15 17
KRAKENC Coupled 15 17
RAMGED 24 25
Coherent BELLHOP ri =2

Based on the above, the BELLHOP seerne the fastest model to be applied $itessimilar to
the Barcelona environment, as it provides reliable output at less than hatfrtieerequired by

KRAKENC and one third the time required by RAMGeo. KRAKENC and RAMGeo need comparable
time to predict tre acoustic field at all ranges and depths required.

Apart from that, theBarcelona sitgoresentedno significant difference in the performance of
the models with respect tdarseille site Again, the KRAKENC (adiabatic or coupled) seem to
provide the mostaccurate results at reasonable time. In tBite, a second choice would once
more be the BELLHOP code, mainly due to its fast execution.

It should however, be noted once more that the execution time depends on the operational
parameters and for all thatesthe choice of the optimum parameter set, that is the parameter

set for which numerical results converge, would reduce or increase the execution time.
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5.3.1.3. Genova
The results from the simulatiorier the frequencyof 63 Hzare shown irFigure 16.
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Figurel6. Acoustic propagation models outputs for summer (left column) and winter (right column)
profiles and the four considered models (rows) for thenovatest site (Area I) at 63 Hz.
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Summary
The execution (run) timesf the codes for the frequency of 63 Hzrfsuer and winter SSPaje

shown in theTableb.

This area, although apparently complicated with respect to the bathymetry, presented coherent
results among the models for summer and winter sound speed profiles. As we are mainly
interested in shallow recegrs, all models can be used for the estimation of the TL in an area
and SSP with theharacteristics of the Genova@ronment.

Table5. Execution (run) times of the examined codes for the Genova test site at 63 Hz.

Frequency 63 Hz Summer Winter
Model Execution time is seconds (s)
KRAKENC Adiabatic 12 12
KRAKENC Coupled 12 12
RAMGeo 11 11
Coherent BELLHOP 2 2

Based on the above, the BELLHOP seems to be the most efficient model to be apgtes in

like the Genova environment, as it provides reliable outputseedalmost 5 timedasterthan

that of KRAKENC and RAMGeo. KRAKENC and RAMGeo need compasaiolgtadict the

acoustic field at all ranges and depths required. The only difference is that KRAKENC calculation
of the propagation modes is dinked to the calculation of the acoustic field. Propagation modes

are calculated in both cases at 11 secqmnsile calculation of the acoustic field requires only 1

sec. It is noticeable that there is no difference between calculations of the acoustic field with
KRAKENC adiabatic with respect to KRAKENC coupled which means that the code is developed
with enoughefficiency to allow for the calculation of the coupling terms at negligible time.
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5.3.2. Areal ll

One test site was selected froArea |l: the Hellenic Trench

Thesites with the specific transedhe bathymetric profileandthe SSBfor this site ofAreall is
shown in FHgure 17, while relevant environmental features and input parameters of the
numericd codes are described in Table 6

Table 6 Environmental features and input parameters of the numerical codes for the test sites aiethe A
I

Hellenic Trendid
Environmental  Propagation frorNW to SEComplicated environment involving very dee|
features areas and seabeds along a path of 150 km. The highest seabed react
depth of approximately 480 m while the maximum depthlimost 3000
m.

Parameters of
numerical codes

KRAKENC No. of segments in range: 101; a secameérmediate medium was used
BELLHOP No. of receivers: 308x304
RAMGeo Artificial, absorbing bottom placed at 88 m depth

Hellenic Trenciransect Hellenic TrencBathymetry

Range (m) x10%

Hellenic TrencBSP (summel Hellenic TrencBSP (winter)

Depth (m)
3
3
Depth (m)

510 1520 1530 1540 1550 1510 1520 1530 1540 1550
Sound Speed (m/s) Sound Speed (mis)

Figurel?7. The Hellenic Trench site withe transect, bathymetric profile and SSPs for Area Il. First row:
The site and propagation transect (left) and the bathymetric profile (right); second row: SSPs for
summer (left) and winter (right).
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5.3.2.1. Hellenic Trench

The results from the simulatiorier the frequencyof 63 Hzare shown irFigure 18.
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Figurel8. Acoustic propagation models outputs for summer (left column) and winter (dghtmn)
profiles and the four considered models (rows) for the Hellenic Trench test site (Area Il) at 63 Hz
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The results from the simulations for tifieequencyof 125 Hzare shown irHgure 19.
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Figurel9. Acoustic propagation models outputs for summer (left column) and winter (right column)
profiles and the four considered models (rows) for thellenic Trenchest site (Aredl) at125Hz
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Summary
The execution(run) times of the codesfor the frequencies 063 Hzand 125 Hfsummer and

winter SSPsjre presented ifmable7.

Based on this table, the BELLHOP seems to be the most efficient model to be apgiied in
similar to the Hellenic Trench 1 environment, as it provides reliable output-a622 of the tine
required by KRAKENC and approximately one third the time required by RAMGeo for 63 Hz and
just 7 % of the time required by KRAKENC and again one third the time required by RAMGeo for
125 Hz.

Table7. Executior(run)times of theexaminedcodes for the Hienic Trench test sitat 63 and 125 Hz

summer 63 Hz 125 Hz
Maodel Execution time is seconds (s)
KRAKFMC Adiabatic 41 152
KRAKENC Coupled 41 162
RAMGeD 25 s
Coherent BELLHOP 9 11
Winter 63 Hz 125 Hz
Maodel Execution time is seconds (s)
KRAKEMC Adiabatic 32 155
KRAKENC Coupled 40 155
RAMGEeD 25 25
Coherent BELLHOP 9 11

It is interesting to notethough, that given the fact that the calculation of the modes by KRAKENC
is the most timeconsuming part of the code, the advantage of the BELLHOP may be not as
important when the modes are defined for the whole area and then the field is calculated.

For this reaon, BELLHOP and KRAKENC coupled caadwith equal confidence in a sitath
the characteistics of the Hellenic TrenclRAMGeo would be the third choice. KRAKEN C
adiabatic is considered reliable only for shalaater receivers.
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5.3.3. Area lll

Twotest sites were selected from Ard. ¥ S PSS y  {U83 3 $1Qy THy $les wiitH tite P
specific transects, the bathymetric profiles and the SSPs for each site fronfl Ameagiown in
Figure2Q while relevant environmental features and inpudrameters of the numeridacodes
are described in Table 8
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Figure20. Steswith transecs, bathymetric profils and SSPs for Arelh Propagation transed, the
bathymetric profiless andSSPs foAegean Sea(left column) andAegean Sea (tight column).
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Table 8 Environmental features and input parameters of the numerical codes for the test sites of the
Area ll.

wS3Sty {SI L wS3Stry {S

Environmental  Site inCycladessl.complex Propagation Sitesouth of the Athos
features from NW toSE.tlwould be ideally treated a< peninsula. Propagation

3-D environmentue to the presence of from NE to SWt would be

numerous islandg-or the sake of avoiding ideally treated as-®

complexity a 2D transectbetween the environment see also

Amorgosisl.and Kinarogsl. is consideredn ~ Aegean Sea | sitarégular

this study bathymetry nvolving two

Irregular bathymetry involving three significant mountsand

significant mounts, the first one of which correspondinglepressions
reaching 50 ndepth. Two significant
depressiondetween seabedBathymetric
type resembledHellenic Trench site.
Parameters of
numerical codes

KRAKENC No. of segments in range: 7& second No. of segments in range:
intermediate medium was used 90; a second, intermediate,
medium was used.
BELLHOP No. of receiversi471x621 No. of receiversi849x161
RAMGeo Artificial, absorbing bottom placed at @8 Artificial, absorbing bottom
m depth. placed at2800 m depth.

The Aegean Sea | environment is very difficult for the acoustic propagation codes. Extensive
results and detailed commentan be foundn the report of Taroudakis and Sapkas (2022). It is

worth mentioning that in that report three subsectionsin the examined transect were
distinguished to analyse the performance of the propagation codée first section was

defined fromthe source to the peak of the first mount which occurs at a distance of 48 km from

the source.The cond sectiorwas defired from the peak of the first mount to the peak of the

second mount at a distance of 85 km from the source. The third sesi@sndefinecbetween

the peak of the second mount and the location of the receit#rthermore, the Aegean Sea |

site was chosen@a 2yS 2F GKS (G¢2 aAriSa o0GKS 20KSNJ A3
performance of the codes at the frequency of 1000 Hz.
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5.3.3.1. Aegean Sea |
The results from the simulations for tiieequency of63 Hzare shown irFigure2l.
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Figure21. Acoustic propagation models outputs for summer (left column) and winter (right column)
profiles and the four considered models (rows) for thegean Seatést site (Aredll) at 63 Hz
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The results from the simulations for tifieequencyof 125 Hzare shown irHgure22.
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Figure22. Acoustic propagation models outputs for sumngkaft column) and winter (right column)
profiles and the four considered models (rows) for thegean Seatést site (Aredll) at 125Hz
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Summary

Thissite is considered as a very complicated one, requiring further analysis. Wemeects
should beconsidered to compare results and conclusions derived and possibly more receiver
depths should be considered given the complexity of the acoustic field in thisNeeartheless,
some conclusions to be derived for this area could be considered as dotithé application

of sound field prediction models f@hippingnoise prediction.

The executionrun)times of the codedor 63Hz,125 Hzand 1000 Hare presented iTable9.

Table9. Executior(run)times of theexaminedcodes for the Aegean Sea | test site.

Summer Winter
63 He 125 He 1000 He 3 Hr 125 Hz
Model Execution time is seconds (s) Fxecution time is seconds (s}
KRAKENC Adiabatic _ . o L =
KRAKLCMNC Couplad c a5 506 ar T
AR e o o 10 o a
. 5

Coherent BELLHO! 16 7.5 175 a3 25

A general conclusion that can be derived for this area is that KRAdlMAtic cannot be used

for predicting the acoustic field at the deep parts of the environment, even for the low
frequencies. It cannot be used for the prediction of the acoustic field in shallow or deep water
at 1000 Hz, when the propagation is considkbeyond the peak of a shallow mount. However,

it can be used for an approximate prediction of the acoustic field in shallow water at the low
frequencies, when absolute accuracy is not required.

KRAKENC coupladthough in principle the most reliable moldeith respect to the underlying
theory, it faces several problems of applicability probably due to reasons associated with the
numerical treatment of the modal expansion of the acoustic fiBldther study is required to
assess the possibility of improg the reliability of the results by appropriate tuning of the
operational parameters. At the 1000 Hz frequency, it is very slow in calculating the modes and
its accuracy is questionabIBELLHOP results seem to be the most consistent model for summer
andwinter cases and for the various frequencies of interest. From this point of view and despite
the fact that the low frequency results must be interpreted with caution, it could be a good
choice for an environment with the characteristics of Aegean |I.

All the models provide comparable results in the first section which is described as shallow water
with irregular bathymetry facing an abrupt elevation of the $ke@r. The fact that the models
behave differently after the seabeglevationis becausehe environment is strongly range
dependent For reasons attributed to their numerical treatment, the models cannot show the
same performancdit is also interesting to note that KRAKENC seems to be the fastest code for
application in this area for 65 Hahile RAMGeo is the fastest in 125 Hz.

A general comment for thisite is that due toits complexity, no general conclusions can be
derived. For instance, for shallow receivers only, a good compromise between reliability,
requirements for traffic noise naelling and speed would be KRAKENC adiabatic if the
frequency of interest is 125 Hz. This not the case for the frequency of 63 Hz.

Obviously, this environment requires further study for defining the most appropriate code to be
used in connection with theet of optimal operational parameters.
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5.3.3.2. Aegean Sea Il

The results from the simulations for tiieequency of63 Hzare shown irFigure23.
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Figure23. Acoustic propagation modetsutputs for summer (left column) and winter (right column)
profiles and the four considered models (rows) for #hegean Sea tést site (Aredll) at 63 Hz
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The results from the simulations for tifieequencyof 125 Hzare shown irHgure 24.
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Figure23. Acoustic propagation models outputs for summer (left column) and winter (right column)
profiles and the four considered models (rows) for thegean Sea tést site (Aredll) at 125Hz
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Summary
The execution(run) times of thecodesfor the frequencies 063 Hzand 125 Hfsummer and
winter SSPs) are presented in Table

Tablel0. Executior(run)times of theexaminedcodes for the Aegean Seadst siteat 63 Hz and 125
Hz

summer 63 Hz 125 Hz
Model Fxecution time is seconds (s)
ERAKENC Adiabalic 12 A4
KRAKEMC Coupled 14 44
RAMGeD 17 17
Coherent BELLHOF 11 12
Winter B3 Hz 125 Hz
Model Fxecution Lime is seconds (s)
KRAKENC Adiabatic 125 495
KRAKEMC Coupled 125 49.5
RAMGeD 18 18
Coherent BELLHOF 11 12

Thesiteis considered as complicated with respect to the bathymetry. Iniplgir than that of

the Aegean Seadase, and the codes are able to predict similar acoustic fieldsstatiow
receiver depths all codes can be used with relative confidence and the results obtained by
summing the contribution from different sources which at some moments are placed at
different ranges (ships) are expected to be similar. With respect toinfe required to run the
codes, there is not much difference, with KRAKENC islg@mmilar execution time compared to
BELLHOP. Given the fact that the modelling of shgpingnoise can be made with the
propagation modes prealculated KRAKENC (adiabaticcoupled)may be the first choice for

this environment and for shallow receivers.

D4.2.Recommendations on the applicability of acous 52/81 DG ENV/MSFD 20
propagation modelling approaches for continuous sou

assessment in the Mediterranean Sea and Black

regions



9

viet
seqQs

5.3.4. Area IV

Two test sites were selected from Ard¥Y Adiéatic Sea t! y O2y | Q

2 NJ

Adriatic Seadt Sy A OS Q 2 NJ Thk Mésiwih the sp8iy trar&Q, dthe bathymetric
profiles and the SSPs for each site from Aid¥aare shown in Figur@5, while relevant
environmental features and input parameters of the numerical codes are described inlTable
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Figure24. Steswith transecs, bathymetric profilsand SSPs for Ared. Propagation transed, the
bathymetric profiles andSSPs fow ! y O@effdol@mn) andW + S y{rigk &mn) test sites
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Tablell. Environmental features and input parameters of the numerical codes for the test sites of the

Area V.

Wdriatic Sea4 Ancond

Wdriatic Sedl - Venic&

Environmental  Propagation from NE to SWWhe

features environment is characterégl as
shallow water with smooth
changes in the bathymetry, with
the exception of the sularea close
to the Croatian shore for which
upslope propagatioiis observed

Parameters of

numerical codes

KRAKENC No. of segments in range: 7&
secondintermediate medium was
used

BELLHOP No. of receiversi471x621

RAMGeo Artificial, absorbing bottom placec

at 1800 m depth.
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Propagation from SE to NVWhe
environment is characterisl asan
up-slope shallowwater one. It is
consideredvery simple

No. of segments in range99a
second, intermediate, medium was
used.

No. of receivers306x10a

Artificial, absorbing bottom placed at
190m depth.
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5.3.4.1. Adriatic Sea k Ancona
The results from the simulations for tlieequency of63 Hzare shown irHgure 26.
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Figure25. Acoustic propagation models outputs for summer (ftumn) and winter (right column)
profiles and the four considered models (rows) for theconatest site (AredV) at 63Hz
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